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NOTICE

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

empiasis and fortheconveniernce of the user of theCode. Tt isexpected tiattheCode tser 15
fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

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

When tests are run in accordance with a Code, the test results themselves{without adjustment
for uncertainty, yield the best available indication of the actual performance of the tested equip-
ment. ASME Performance Test Codes do not specify means to comparé those results to contractual
guarantees. Therefore, it is recommended that the parties to a commeicial test agree before starting
the test and preferably before signing the contract on the methiod*to be used for comparing the
test results to the contractual guarantees. It is beyond the scope of any Code to determine or
interpret how such comparisons shall be made.
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FOREWORD

The original Performance Test Codes Committee No. 22 was established in 1945 to develop a
test code on Gas Turbine Power Plants. This initial Code was published in 1953. Subsequent

versions of the Code were pubtistied T 1966 ard—1985; eactt time incorporating tatest practices
in accordance with the directives of PTC 1, General Instructions.

The 1997 version addressed for the first time the issue of measurement uncertainty, and also
recognized the significant advances in gas turbine and instrumentation technologies.

The efforts on the 2005 version began during the publication period of the 1997 Code/Its
objectives were to develop procedures for comparative (back-to-back, or before and aftér), testing
and for determining exhaust flow and energy for heat recovery applications. The.2005 version
incorporated these procedures, as well as updated calculations in many areas t0 reduce the
uncertainty of the results.

Work on the current edition began in 2007. The key objectives of this reyision were to correct
errors and omissions, provide harmonization with other codes and standatds;and provide clarifi-
cation to the intent of the Code as a result of industry feedback and interpretations to the
2005 version. Some of the most significant changes included incorporating the methodology for
determination of gas turbine exhaust energy, flow, and temperatydre into mandatory sections and
a mandatory appendix when these performance results are partof the object of the Code. Similarly,
when comparative performance is a test goal, the requirements and guidelines for comparative
testing are included in mandatory sections of the Code. As awesult of advances in instrumentation,
Section 4 was revised to include additional flow metering féchnology. Section 7 on Test Uncertainty
was revised to provide compliance with the methodolegy for determination of uncertainty used
in the revised PTC 19.1, Test Uncertainty and incérporate the most current engineering analysis
and experience.

This Code was approved and adopted as@n American National Standard on June 9, 2014.
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CORRESPONDENCE WITH THE PTC COMMITTEE

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

IMterpretations, proposing revisions or a Case, and attending Committee Mmeetings. COIrespon-
dence should be addressed to

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

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

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

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

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

Interpretations. Upon request, the PT€ Standards Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written request
sent to the Secretary of the PTG .Standards Committee at go.asme.org/Inquiry.

The request for an interpretation should be clear and unambiguous. It is further recommended
that the inquirer submit his/Her request in the following format:

Subject: Cite_the applicable paragraph number(s) and the topic of the inquiry.

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

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

suitable for general understanding and use, not as a request for an approval
of a proprietary design or situation. The inquirer may also include any plans
or drawings that are necessary to explain the question; however, they should
not contain proprietary names or information.

Requests that are not in this format may be rewritten in the appropriate format by the Committee

prior to being answered, which may inadvertently change the intent of the original request.

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

Attending Committee Meetings. The PTC Standards Committee and PTC Committees regularly
hold meetings and/or telephone conferences that are open to the public. Persons wishing to
attend any meeting and/or telephone conference should contact the Secretary of the PTC
Committee. Future Committee meeting dates and locations can be found on the Committee Page
at go.asme.org/PTCcommittee.
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GAS TURBINES

Section 1

1-1| OBJECT

This Test Code provides directions and rules for con-
ducf and report of results of thermal performance tests
for ppen cycle gas turbine power plants and gas turbine
englnes, hereafter referred to as gas turbines. The object is
to determine the thermal performance of the gas turbine
whgn operating at test conditions, and correcting these
testfresults to Specified Reference Conditions. This Code
proyides explicit procedures for the determination of
the following performance results:

(@) corrected power

W corrected heat rate (efficiency)

g corrected exhaust flow

a) corrected exhaust energy

(@ corrected exhaust temperature

Tests may be designed to satisfy differentgoals,
including absolute performance and comparative
performance.

It|is the intent of the Code to provide’results with
the [highest level of accuracy consistent with the best
engjneering knowledge and pragtice in the gas turbine
indgistry. In planning the test,(an uncertainty analysis
mugt demonstrate that the(proposed instrumentation
and| measurement techniques meet the requirements of
the [Code.

1-2| SCOPE

This Cede“provides for the testing of gas turbines
supplied” with gaseous or liquid fuels (or solid fuels
conyetted to liquid or gas prior to entrance to the gas

Object and Scope

advanced gas path components, modification|of com-
bustion system, control scheme'changes, increaged mass
flow, and changes to the inlet and exhaust syptems of
the gas turbine.

The Code does not.apply to the following:

(a) gas turbines\where useful output is other than
power to drive a generator or other load devige.

(b) environmental compliance testing [for gas
turbines for Jstack emissions and sound level§. Proce-
dures_developed by regulatory agencies, AN¥I, other
ASME PTC Committees, or other equivalent standard,
are available to govern the conduct of such tedting.

(c) overall plant power and thermal efficiengy of gas
turbine combined cycle and cogeneration facilitjes. Refer
to ASME PTC 46 or equivalent standard.

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

(e) performance of auxiliary systems of the[gas tur-
bine power plant, such as inlet cooling devicesfuel gas
booster compressors, etc.

(f) operational demonstration tests and rdliability
testing.

(g) itemized performance changes that are the result
of multiple actions, such as modifications, repairs, or
cleanings (i.e., compressor, inlet air filtration pystems,
etc.).

1-3 TEST UNCERTAINTY

1-3.1 Absolute Performance Test Uncertainty

For absolute performance tests, this Code esablishes
a limit for the uncertainty of each required meagurement

turbine). Tests of gas turbines with emission control
and/or power augmentation devices, such as injection
fluids and inlet-conditioning, are included. It may be
applied to gas turbines in combined cycle plants or with
other heat recovery systems.

This Code provides for comparative (back-to-back)
tests designed to verify performance differentials of the
gas turbine, primarily for testing before and after modifi-
cations, uprates, or overhauls. Improvements to achieve
additional performance may include application of

(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 proce-
dures defined herein and by ASME PTC 19.1. The
procedures include establishing a Code Limit test uncer-
tainty. Both pre- and post-test 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

ASME International
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differences in the scope of supply, fuels used, turbine
sensitivities, instruments selected, and driven equip-
ment 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 b
ASME HI'C 19.1. The test uncertainty of the performance

tions arq required. For comparative performance testing,
unlike gbsolute level testing, the uncertainty is more
complex since the desired result is the difference in per-
formande rather than the absolute level. Difficulty in
establisling the sensitivities (which depend on the age
of the equipment and the extent of the restoration) must
be considered, as well as the selection of instrumenta-
tion. Comparative performance between pre- and post-
tests willl typically result in differential performance val-
ues with lower uncertainty than the individual absolute
value pdrformance uncertainties, due to partial cancella-
tion of dystematic errors.

The parties must 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 for both before and after tests, and by the
sensitivities of the unit being tested. Thus the uncer-
tainty values can have considerable variation.

The applicable provisions of ASME PTC 1 are\a man-
datory part of this Code. It should be reviewed [and
followed when preparing the procedure for a gas|tur-
bine test.

ASME PTC 2 defines many of theterms and numetical
constants used in this Code. Thé JASME PTC 19 sefies,
Supplements on Instruments@nd ‘Apparatus, should be
consulted when selecting the'instruments used to 1pea-
sure the required test paramneters, and when calculdting
test uncertainties.

This Code relies O’ many references for test proce-
dures and data,.stich as ASTM, IEEE, etc. The pafties
shall agree touse’other recognized international sotfrces
for these procedures and data, including applicpble
revisions:

Provided by IHS under license with ASME
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Section 2
Definitions and Descriptions of Terms

2-1—GENERAL

Terms provided in this Section are confined to those
for phich clarification is considered to improve user’s
gragp of Code intent.

2-2| DEFINITIONS

absqlute performance: performance [power, heat rate
(efffciency), exhaust temperature, exhaust flow, and
exhqust energy] of the gas turbine at a specific point
in tjme.

auxfliary power: electrical power used in the operation
of the gas turbine or elsewhere as defined by the test
dary.

performed under conditions that are less controlled than
the Jaboratory calibrations with less rigorous measure-
ment and test equipment than provided Gngder a labora-
tory] calibration.

laporatory calibration: the process by-which calibrations
are [performed under very contrelled conditions with
highly specialized measurementand test equipment that
has|been calibrated by approved sources and remains
tradeable to National-Institute of Standards and
Technology (NIST), arecognized international standard
orgdnization, or a rfe¢ognized natural physical (intrinsic)
conptant through)an unbroken comparisons having
defined uncertainties.

Codp Linit:\the combination of applicable uncertainty

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 temperature of the work-
ing fluid exiting the gas turbine. Regardless of measure-
ment location, control temperature is internal to the test
boundary.

Provided by IHS under license with ASME
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corrected—performance—performance—parameternadjusted

mathematically to Specified Reference Conditipns.

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 the-working fluid exiting
the gas turbine at a point defined by the test bpundary.

exhaust gas flow: flow of the working fluid exjting the
gas turbine at a point defined by the test bourdary.

exhaust gas temperature: mass weighted average fempera-
ture of the working fluid exiting the gas turbine at a
point defined by the test boundary.

extractiofd nir: a defined airstream that interftionally
leaves the test boundary.

guas "hitbine: machine that converts thermal endrgy into
mecthanical work; it consists of one or several|rotating
compressors, a thermal device(s) that heats the working :
fluid, one or several turbines, a control systpm, and ;
essential auxiliary equipment. Any heat exchangers -
(excluding exhaust heat recovery exchanger) in the -
main working fluid circuit are considered to bg part of
the gas turbine. It includes the gas turbine and gll essen-
tial equipment necessary for the production ¢f 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 fa super-
heated or saturated vapor under conditions of use.

heat input: the flow of fuel(s) multiplied by the higher
or lower heating value of the fuel(s).

heat loss: energy quantity that leaves the test bpundary
outside defined exits.

heat rate: the ratio of the heat input to the powdr output

the test
- verk ways be
expressed as either lower heating value or higher heat-
ing value.

higher heating value (HHV) at constant pressure (gaseous
fuels): the heat produced by the combustion of a unit
quantity of gaseous fuel(s) at constant pressure under
specified conditions. All water vapor formed by the com-
bustion reaction is condensed to the liquid state.

higher heating value (HHV) at constant volume (liquid fuels):
the heat produced by the combustion of a unit quantity
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of liquid fuel at constant volume under specified condi-
tions, as in an oxygen bomb calorimeter. All water vapor
from the combustion reaction is condensed to the lig-
uid state.

injection fluid: nonfuel gaseous or liquid stream that
enters the test boundary.

inlet air-conditioning: the devices used to cool or heat the
inlet air prior to entry into the gas turbine compressor.
The test[poundary must cleaily state whether the device
is insidg or outside of the scope of the test.

liquid fifel: mixture of combustibles with or without
inerts, which is composed almost entirely of liquid com-
ponents|under conditions of use.

lower heqting value (LHV) (liquid or gaseous fuels): the heat
produced by combustion of a unit quantity of fuel at
conditigns such that all of the water in the products
remains|in the vapor phase. It is calculated from the
higher heating value at constant volume for liquid
fuel(s), gnd from the high heating value at constant pres-
sure for|gaseous fuel(s).

measureffient uncertainty: estimated uncertainty associ-
ated with the measurement of a process parameter or
variable

open cyde: working fluid is primarily atmospheric air
with hegt addition through a direct combustion of fuel.

parametqdr: a direct measurement; a physical quantity at
a locatign that is determined by a single instrument, or
by the gverage of several measurements of the same
physical quantity.

power oufput: electrical or mechanical output baséd-upon
direct measurement at the test boundary.

random grror, (&): the portion of total error that varies
randomly in repeated measurements| of the true value
throughput a test process.

Specified| Reference Conditions: the values of all the condi-
tions to |which the test results are corrected.

systematic errot, (B): sometimes called bias; the portion
of total error that remains constant in repeated measure-
ments of the true value throughout a test process.

test: group of test runs for which operating conditions
may vary.

test boundary: thermodynamic control volume defined
by the scope of the test, and for which the mass and
energy flows must be determined. Depending on the
€5t, more than one boundary may be applicable. Defini-
tion of the test boundary or boundaries is an extrémely
important visual tool that aids in understanding| the
scope of test and the required measurements!

test reading: one recording of all pequired [test
instrumentation.

test run: group of readings taken over a specific fime
period over which operating,éehditions remain condtant
or nearly so.

test uncertainty: uncertainty associated with a correfted
test result.

thermal efficiencyxatio of the power produced to thelfuel
energy supplied/per unit time. Thermal efficiency may
be expressed ‘on either a lower heating value or higher
heating¢valtie basis.

tolerafice: a commercial allowance for deviation from
contract performance levels.

uncertainty: the interval about the measurement or r¢sult
that contains the true value for a 95% confidence l¢vel.

variable: a quantity that cannot be measured directly] but
is calculated from other measured parameters.

verification: a set of operations which establish evidence
by calibration or inspection that specified requiremjents
have been met.

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 2-201-2.
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Table 2-2.1-1 Symbols

Units

Symbol Description U.S. Customary Sl
ACOC AC to DC conversion efficiency factor

B Expanded systematic uncertainty

C Orifice discharge coefficient S .

G Specific heat capacity at constant pressure Btu/(lb*°R) k) (kg*K)
CTR Current transformer marked ratio - .

D Diameter pipe ft, in. mJ mm
d Diameter orifice plate ft, in. m] mm
Excloss Exciter power kw k

FC Field current A A

2% Field voltage Y \Y

ge Conversion constant IBm-ft/Ibf-sec? kgtm/N-s?
H Percent of hydrogen (H,) D .

h Specific enthalpy Btu/lb k)fkg
He Exhaust gas enthalpy Btu/lb k)fkg
HH Fuel higher heating value Btu/lb k) fkg
HI Total heat input Btu/hr kjfh

HR Heat rate Btu/kW-hr kJfkW-h
HV Fuel heating value Btu/lb k)fkg

/ Current A A

k Isentropic exponent - ..
LHW Fuel lower heating value Btu/lb k) fkg

M Mass flow rate lbm/hr, lbm/sec kgl/s
McC Meter calibration factor

MF Mole fraction ce .

Mo Molar flow lbmol/hr knol/h
MW Molecular weight Ib/lbmol kgl kmol
P Power kW, MW kv, MW
p Pressure Psia bar, MPa
PA Phase angle

PF Power factor e .

Q Energy flow Btu/hr kjfh

q Volumetrie-flow rate ft3/hr m{i/h

S Standard deviation o ..

SH Sensible heat Btu/lb k) fkg

T Temperature °F, °R °Cf K

U Uncertainty .. .

% Voltage volts volts
varg vars for three phases vars vafs
VTR Voltage transformer marked ratio

VTVp Voltage transformer voltage drop

watfs Watts for three phases

WF Wetght fraction

X Mole fraction of gas component - ..

y Height difference ft m

z Compressibility factor

ASME International
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Table 2-2.1-1 Symbols (Cont’d)

Units
Symbol Description U.S. Customary Sl
a Shift in the power meter phase angle, coefficient of
thermal expansion, or multiplicative correction factor
for power
B Shift in the current transformer phase angle, ratio of
orifice and pipe diameters, multiplicative correction
Ird(,LUl IrUI iICdL dic, Ul by)lCIIIdLiL ASLLASA
y Shift in the voltage transformer phase angle, or multi-
plicative correction factor for exhaust flow
ApH° Heat of formation Btu/mol J/mol
AP Differential pressure psi, in. H,0 Pa, bar
S Additive correction factor for exhaust temperature S
€ Multiplicative correction factor for exhaust energy,
expansion factor, or random error
n Efficiency
(¢ Sensitivity coefficient for uncertainty calculation .. -
p Density lbm/ft? kg/m?>
T Torque Ibf*ft N*m

Table 2-2.1-2 Subscripts

ASME International
Provided by IHS under license with ASME

Subscript Description
air Air

atm Atmaspheric

avg Average calculated
corr Corrected

exc Excitation

exh Exhaust

ext Extraction

f Fuel, or fluid

FIM Fuel meter

gas Gas

gen Generator

HB Heat balance
highside Highside of the transformer
H,0 Water

i Constituent

Inj Injection fluid

j Fuel constituent

k Non-water 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

4 Constant volume

No reproduction or networking permitted without license from IHS
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Section 3
Guiding Principles

3-1 —AGREEMENTS
3-1/1 General Agreements Before the Test

The parties to the test shall agree in writing on the
scope of the test. Agreements shall be reached and writ-
ten jon the following:

(@) objectives of test including specifying the parame-
ters|{to be determined by the performance test

(4) the division of responsibilities of each of the
parfies

(@ schedule and location for the test to be conducted
4) test boundaries identifying inputs and outputs
such as the location of compressor inlet and turbine
exhqwust interface points and identifying measurement
locdtions

(@ confirmation of Specified Reference Conditions
and| guarantees

(f) acceptance criteria for the test results

(g) test plan including test procedures

() test final report format and contents

i} selection of alternative instruments and/or calcu-
latign procedures not covered by this Code

(j) Code Limit test uncertainty

(K degradation, if applicable

These and all mutual agreements shall be approved,
pridr to the testing, by authorized signatures of all par-
ties|to the test.

~

~

3-12 Design, Construction, and Start-Up
Considerations

The following recommendations should be consid-
ered concerning the-requirements of instrumentation
accyracy, calibration, recalibration documentation, and
loclion of permanent plant and temporary test instru-
merjtation, that will be used for performance testing.

(@) Thelocation of permanent plant and temporary
testlinstrumentation that will be used for performance

3 1il dta tl aie £ 1 H 4 L'Onand/
are-ahy 1SSteS Wit e garatotheirnarofchRtat

or location.
(b) The connections and spool sections\reqiired for
temporary test instrumentation such as ptessurg connec-
tions, thermowells, spool sections for(flow meters, and
electrical metering tie-ins for temporary test indtrumen-
tation should be incorporated intothe plant design. Flow
conditioners are recommendéd for differential pressure
type and turbine flow met€rs. The flow elementfinstalla-
tion should occur afteriacid cleaning and/or flushes.
(c) The applicability’of the instrumentation should be
considered for measuring the desired test process value.
Note in the testplan whether the recorded value is an
instantaneous or average value. Note also the Ristorical
logging ‘capabilities necessary for the testing.
(d) YAccess and isolation capability is reqyired for
inspection, calibration, and any temporary ingtrument
installation and removal.
(e) Review the quantity of devices and ingtrument
ports available at each location to reduce ungertainty
and provide contingency data acquisition. An pxample
is using two single-element thermocouples or dne dual-
element thermocouple to measure critical temppratures.
(f) Lay out the instrument loops to minimize theasure-
ment error. Precautions are listed in Section f# of this
Code. If instrument transformers are used, ddequate
wire size should be used to reduce voltage drops and a
neutral cable should be provided to enable fccurate
three-phase watt metering.
(g) The design should include the ability to quplicate
critical test measurements. This allows a validation of
process values and includes a contingency plan for test
measurements. A separate device should be imentiﬁed
to corroborate and backup a test measurement.
(h) A review should be performed of the water leg
correction necessary for accurate process yariable
measurement.
(i) Use the same instrumentation in accordahce with

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 calibra-
tion reports, certifications, or calibration results for all
instrumentation used for the test, as applicable. The
ability to do post-test recalibrations or verifications is
required as described in this Code. As design progresses
and installation is completed the location of this instru-
mentation will need to be reviewed to determine if there

Provided by IHS under license with ASME
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this Code for comparative performance between pre-
and post-test results to achieve the minimum uncer-
tainty. 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
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includes 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 set-
ting of required operating conditions with the plant
operations staff. Procurement and installation responsi-
bilities for test equipment shall also be defined. Repre-
sentatives from each of the parties to the test should be
designated to observe the test, agree upon revisions to
the test requirements during the test, and confirm that it

testing, by authorized signatures of all parties to the
test. The following are 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 measurements locations

(d) Complete pretest uncertainty analysis, with sys-
tematic uncertainties established for each measurement

was conflucted in accordance with the test requirements.

3-1.4 Skhedule and Location of Test Activities

A tesf schedule shall be prepared that should include
the sequlence of events and anticipated time of test, noti-
fication pf the parties to the test, test plan preparations,
test preparation and conduct, and preparation of the
report of results. All parties shall be notified and mutu-
ally agr¢e on the location of the test that will be either
the actual plant site or at 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 t¢st 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.

3-1.9.1 Generic Test Boundaries.
test boundaries are

(a) the hardware scope boundary for determination
of corregted performance [power output and heatirate
(efficienfy)] of the equipment within.

(b) thp energy balance boundary for calculation of the
exhaust|gas mass flow and energy. Thissboundary is
typically much tighter around the gas turbine unit.

For a particular test, the parties to_the test shall estab-
lish'the est boundaries specific td their machine configu-
ration gdnd testing requirements. Typical boundary
locationp are shown in Fig.8-1.5.1-1.

The two typical

.2 Required Measurements. Flexibility is
in defining the test boundary since it is depen-

(e) Specific type, location, and calibration réguire-
ments for all instrumentation and measurement sysfems

(f) Method for establishing stabilization prior to|test
and maintaining constancy of load and©thér test coandi-
tions for the test

(g) Fuelsample collection, handling, method of arjaly-
sis, collection frequency, provision of duplicate samples
for each party, and identification of testing laboratdries
to be used for fuel analyses

(h) Allowable range of fuel conditions, including fon-
stituents and heating)value

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

(j) Required levels of equipment cleanliness jand
inspection procedures

(k) Control curves or control algorithms used t¢ set

the normal operating limit

(I) Control parameters and allowable deviatiorfs of
these parameters during the test

(m) Procedure for recording test readings jand

observations
(n) Number of test runs and durations of each fun
(0) Test loads and rotating speeds at which the|test
is to be conducted
(p) Frequency of data acquisition, data acceptgnce
and rejection criteria
(9) The method for combining test runs to calcylate
the final test results
(r) Numerical values, curves or algorithms for cofrec-
tions and adjustments to be applied to test deternfina-

tions when tests are conducted under conditjons
differing from the specified conditions

3-1.6 Tes

A detailed test plan shall be prepared prior to conduct-
ing a Code test. It will document agreements on all issues
affecting the conduct of the test and provide detailed
procedures for performing the test. It shall reflect any
contract requirements that pertain to the test objectives,
guarantees, the schedule of test activities, responsibili-
ties of the parties to the test, test procedures, report of
results, and provide any needed clarifications of contract
issues. The test plan shall be approved, prior to the

Provided by IHS under license with ASME
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(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) The requirements for data storage, document
retention, data and test report distribution

(v) Method for agreeing and documenting any modi-
fication to test plan
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Fig. 3-1.5.1-1 Generic Test Boundaries

Net power Inlet Extraction Fuel (heat) Injection Exhaust
output air air input fluid gas
[
Fuel
uxillary! preheater Heat losses
power : T
| Air filter | l Emissions
- ( g >
Inlet air-
conditioning
‘ I Compressor .
Heat balande boundary
Hardware scope boundary
GENERAL NOTES:
(@) $treams 1, 2, 3, 4, 5, and 6 required to determine‘power and heat rate calculations.
(b) $treams 1, 2, 3, 4, 5, 6, and 7 required to determine exhaust flow, energy, and temperature calculations.
() HEmissions 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
Enefgy Stream Power and Heat Rate Exhaust Flow, Energy, and Temperature
1 Inlpt air Temperature, pressure, humidity Temperature, pressure, humidit
2 Fugl Flow, temperature, pressure, composition Flow, temperature, pressure, composition
3 Injpction fluid Flow, temperature, pressure, composition Flow, temperature, pressure, composition
4 Exhaust.gas Temperature, pressure Temperature
5 Pojver. Power output, power factor, shaft speed Power output, power factor, shift speed
6 Exraction air Flow, temperature, pressure Flow, temperature
7 Heat losses - Flow, temperature
[Note (1)]

. GENERALNOTE: Determinations of emissions are outside the scope of this Code, and as such, no emission limitations or required measurements
;5 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 it crosses the test
i boundary is only necessary for exhaust flow or energy test. Estimated values may be used in lieu of actual measurements.
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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 Pretes

Dimensions and physical conditions of parts of the
gas turhine required for calculations or other test pur-
poses shall be determined and recorded prior to the test.

:Serial nhmbers and data from nameplates should be
‘recorded to identify the gas turbine and auxiliary equip-
‘ment tepted. All instrumentation for the test shall be

“identifi

“algorith
‘offsets,

ASME International

d, and model and serial numbers recorded.
Docugnentation shall be provided for verification of
ms, constants, scaling, calibration corrections,
base points, and conversions to document the
as-testedl condition.

3-2.3 Pyeservation of Instrument Uncertainty

Instrumentation used for data collection shall be at
least as|accurate as instrumentation identified in the
pretest fincertainty analysis. This instrumentation can
either b¢ permanent plant instrumentation or temporary
test instfumentation.

Multiple instruments should be used as needed to
reduce ¢verall test uncertainty. The frequency of data
collectign is dependent on the particular measurement
and the| duration of the test. To the extent practical,
multiplg readings should be collected to minimize the
randomlerror impact on the post-test uncertainty analy-
sis. The|use of automated data acquisition ‘systems is
recommended to facilitate acquiring sufficient data.

Calibgation or adequate checks of allinstruments prior
to the t¢st shall be carried out,@and those records and
calibratipn reports shall be nfade” available. Following
the test) verification is reqtired for those instruments
that prepent an observedtinconsistency.

3-2.4 E

Prior fo conddeting a test, the cleanliness and condi-
tion of the equipment shall be determined by inspection
of equipment.or review of operational records, or both,
and withessed by all parties, Cleaning should be com-

fuipment Inspection and Cleanliness

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 Preliminary Operation and Adjustment

Before starting the test, the gas turbine shall be oper-
ated for sufficient time to demonstrate that there is
23 i Fertd rohand

pro-

instruments shall be checked.

3-2.6 Preliminary Testing

adjustments, and modify the test requirements and
test equipment, /Results from the preliminary tedti
should be caléulated and reviewed to identify any prob-
lems with\the quantity and quality of measured dta.
It isvecommended that an energy balance calculdtion
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 off the
following;:
(a) Design exhaust flow
(b) HRSG heat balance
(c) O, calculated versus O, measured at the staqk
(d) CO, calculated versus CO, measured at the gtack
(e) Measured exhaust flow from traverse$ of
exhaust gas

3-2.7 Pretest Considerations for Comparative Testing

the
e to
s of

3-2.7.1  The parties will have to agree on how
test results will be corrected. It may be appropriaf
correct post-modification performance to conditiox
the pre-modification test since the manufacturer [will
usually provide a new description of sensitivity fadtors
for the post-modification condition. Testing ove an

pleted prior to the test and equipment cleanliness agreed
upon.

The gas turbine should be checked to ensure that
equipment and subsystems are installed and operating
in accordance 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, and care in operation and maintenance of
the gas turbines. It is recommended that there be an
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tests may provide additional basis for correcting results
to a common reference condition although extreme care
must be taken in the interpretation of this type of test
result. In any case it 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
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are examples of restorative action. The parties to a com-
parative test need to recognize the value of this addi-
tional restorative work and how it may be factored into
the final results.

3-2.7.3  Testing should be conducted just prior to
shutdown for the outage and immediately following
startup of the gas turbine at the conclusion of the outage.
It is recommended that the pre-modification test be con-

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

dIl(_ Cd fU}lUVVillé o LUllllJJ.CDDUI VVClD}l. T}lc ll,illlc fj.cuuc
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

These conditions are defined by the guarantees or
objdct of the test and they form the baseline for the
performance corrections. Every effort should be made
to riin the test as close to Specified Reference Conditions
as ppssible, in order 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
starfing time.

3-3.2.1 Starting Criteria. Prior to starting the pers
forrhance test, the following conditions shall be satisfied:
(d) Verification. Check configuration of equipment
and| instrumentation noting any deficiencies.in equip-
ment or procedures, and the disposition for testing has
been reached in accordance with the test requirements,
incliding

(1) equipment operation and-method of control
(2) availability of consistent fuel within the allow-
ablg limits of the fuel specifieation (by analysis as soon
as gracticable preceding the“test)

(3) gas turbine operation within the bounds of the
performance correction curves, algorithms, or programs
(4) equipment<operation within allowable values,
manufacturer/and emissions limits

(6) equipment tuning completed and documented
with a printotit of the control constants for baseline per-
forrhanee)for inclusion in the final report

(6) operating conditions will meet the requirements

e.g.

All equipment necessary for normal and\spstained
operation at the specified conditions shall be pperated
during the test or accounted for in the corrections. Inter-
mittent operation of equipment within/the test bpundary
should be accounted for in a mannér agreealjle to all
parties.

3-3.3.1 Operating Mode." The gas turbine|shall be
operated in a manner consistent with the basis ¢f design
or guarantee, and in &manner that will permit cgrrection
from test operating”conditions to Specified Reference
Conditions. The-gas turbine operating mode shall be in
accordance fith the bounds of the correctiop curves
provided-prior to commencement of the test. It i manda-
tory thatthe control constants and inputs affeqting tur-
bine. performance be recorded during the test.

3-3.3.2 Auxiliary Equipment Operation. Equipment
that is necessary for operation or that would formally
be required for the gas turbine to operate at $pecified
Reference Conditions shall be operating or adcounted
for in determining auxiliary power loads. Intgrmittent
auxiliary loads shall also be accounted for in an dquitable
manner and applied to the power consumptiof. Exam-
ples of intermittent loads are heaters and heat|tracing.

3-3.3.3 Inlet Air-Conditioning (Evaporative|Coolers,
Chillers, Foggers, Heaters). The decision to indlude air-
conditioning equipment in operation during a perform-
ance test is the choice of the parties to the test anfl should
be part of the agreement in writing. The perfprmance
testing guidelines in this Code address solely |the per-
formance of the gas turbine. When testing with finlet air-
conditioning in service, the ambient air conditipns shall
be within the equipment operational requiremgnts. The
parties to the test shall agree on acceptable |ambient
conditions during a performance test. If it is fequired
to test with the inlet air-conditioning in operafion, it is

of para. 3-3.5.

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

(c) Data Collection. Data acquisition system(s) func-
tioning, and test personnel in place and ready to collect
samples or record data.
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stror 151_y recommernded—that—at—teast—orme—rm be per-
formed 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
agreement of all the parties to the test.
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Table 3-3.5-1 Maximum Permissible Variations in
Operating Conditions

Variable Sample Standard Deviation

3-4 TEST RECORDS
3-4.1 Test Readings

To the extent possible, test readings shall be recorded

Power output (electrical) 0.65% on a data acquisition system. A complete set of unaltered
Torque 0.65% data acquisition sheets and recorded charts, electronic
Barometric pressure 0.16% . ..
) media or facsimiles thereof, shall become the property
Inlet air temperature 1.3°F (0.7°0) P h h h d of th h
Fuel flow 0.65% of eac Party to t e test at the en o the test. ﬂT e
Rotating speed 0.339 observations shall include the date and time of day. They
shall be the actual readings without application (effany
corrections. The log sheets and all recorded chaxts.copsti-
tute a complete record.
3-3.4 Dwration of Test Run and Frequency of
adings 3-4.2 Direct Readings
The duration of a test run and the frequency of the Direct manual readings of instriments are tp be
readingg shall be selected to provide a reliable average  recorded at uniform frequent intérvals during a tet. It

being s¢parately corrected, then averaged. While this
Code dges not require multiple runs, the advantages of
multiple runs should be recognized as providing a
means for valid rejection of questionable test runs,
reducing random uncertainty and to verify the repeat-
ability of results.

3-3.5 Maximum Permissible Variations in Operating
Cpnditions

The calculated standard deviation of the data sample
shall nqt exceed the values given in Table 3-3.541.°If
operatir|g conditions vary during any test run beyond
the limifs prescribed in Table 3-3.5-1, the results of the
test run|shall be discarded.

: et air temperature, the limits ate;given as abso-
dard deviation of the sample-ealculated as:

N
SN (N1—1> 2 (x; - %)
i=1
where
1 N
X = N E X
i=1
For al] other variables, the limit is given as the relative

is preferable to observe simultaneously all instrumients
at the same intervals.

3-4.3 Certified Data

It is recommenided that data considered to be efspe-
cially important be confirmed by a second observe

3-4.4 Test'log

Every event connected with the progress of a
however unimportant it may appear at the time, shpuld
be'recorded on the test log sheets together with the fime
of occurrence and the name of the observer. Partiqular
care should be taken to record any adjustments njade
to any equipment under test, whether made duripg a
run or between runs. The reasons for each adjustrhent
shall be stated in the test records. This information ghall
be included in the final report.

test,

3-4.5 Test Recording Errors

Manual data shall be recorded in ink. In case of grror
in a recorded observation, a line shall be drawn in{ ink
through the incorrect entry, the correct reading is tp be
recorded in ink and initialed above the incorrect eptry,
and an explanation entered in the proper place ir{ the
test records. A comparison of these observations shpuld
be made as soon as possible and any discrepancies refon-
ciled before the end of the test.

standard deviation ol the sample calculated as:

1) 2

Sn

where
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3-5 TEST VALIDITY
3-5.1 Validity of Results

If, during the conduct of a test or during the subse-
quent analysis or interpretation of the observed data,
an inconsistency 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 consti-
tute a rejection of the run or test.
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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

test. The test uncertainty is a function of the number 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 per-
formance at the Specified Reference Conditions, the type
of fuel used, and the ability to measure the power output
of the driven equipment. The Code defines uncertainty
limits for each of the measured parameters; the combina-
tion of the applicable limits will determine the Code

PUll \.UlllPIUliUll Uf S5t O6 duLiug LllC st ilbelf, LI[C
test| data shall be reviewed to determine if any data
shopild be rejected prior to the calculation of test results.
Shopld serious inconsistencies which affect the results
be detected, the run shall be invalidated completely, or
it may be invalidated only in part if the affected part
is af the beginning or 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

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

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

g identifies the contribution of each measurement
to the overall uncertainty

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

-~

3-6J2 Uncertainty Calculations

This Code provides a test procedure that produces
resylts with the lowest practical uncertainties. However,
no measurement is without error, and the uncertainty
of each measurement should be'evaluated by the parties.
Allfuncertainty values that’have been determined
and| agreed upon shall-be-included in the report (see
Sectiion 6). Calculations.shown in Section 7 are in accor-
danfe with ASME®PTC 19.1.

3-6J3 Differences in Uncertainties

This Code specifies procedures for typical acceptance
typ¢ tests,for power output and heat rate (efficiency);
enefgy’balance tests for exhaust flow, energy, and/or

Limit for that particular configuration and tesf.

This Code requires the procedures spedified in
paras. 3-6.4.1.1 through 3-6.4.1.3 for establishing test
uncertainties that qualify as Code teSts for an pbsolute
performance test goal.

3-6.4.1.1 A pretest uncertdinty analysis{ shall be
performed so that the test can’be designed to mget Code
requirements. Calculaté@ /maximum uncertpinty by
using the Code Limit:for each measurement (from
Table 4-1.2.1-1) along-with the appropriate sdnsitivity
coefficients for the turbine being tested. This wjll estab-
lish the Code Limit test uncertainty.
Due to the'significant influence of inlet air empera-
ture on fest'results, and the variation of this s¢nsitivity
over the.ambient temperature range, it is recomjmended
that‘Code Limits be established for several inlef air tem-
peratures, or range of temperatures, so that fhe final
post-test uncertainty can be compared directly tp a Code
Limit test uncertainty at or near the test jnlet air
temperature.

3-6.4.1.2 The parties shall then select thgnumber
and type of instrument(s) for each parameter that will
result in an uncertainty equal to or less than the fequired
Code uncertainty. This should provide somd margin
below the Code Limit to allow for unexpected d¢viations
during the test, as determined in the post-test pnalysis.

3-6.4.1.3 A post-test uncertainty analyjsis shall
also be performed to reveal the actual quality of the test.
If the post-test analysis shows that the uncertainfy of any
measurement exceeds the Code Limit, but the gxceeded
measurement(s) do not result in an overall tegt uncer-
tainty greater than the Code Limit from paral 3-6.4.1,
the test should be considered valid. A post-tgst 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. Hor com-

temperature; and comparative tests for later uprates and
modifications. The uncertainty calculation method for
each type is different, and 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 in order to be designated a Code
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parative 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
calculation method will not be the same as for
para. 3-6.4.1. Both pre- and post-test uncertainty calcula-
tions are required. For comparative testing, the parties
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shall agree beforehand whether a test can be designed
with an uncertainty that is significantly lower than the
expected performance benefit. Experience has shown
that as-tested uncertainty can be a value as large, or
larger, than the performance benefit to be verified
resulting in an inconclusive test. In addition, the parties
should realize that a cost/benefit analysis of the modifi-
cation and its comparative test should determine the
scope, cost, and required accuracy of the test.

14
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Section 4
Instruments and Methods of Measurement

4-1 —GENERAL-REQUIREMENTS T: 2 P
4-1]1 Introduction Measurement Uncertainties
This Section presents the mandatory requirements for Parameter or Variable Yncertainty
insfrumentation selection and application. The  ac power d.25%
Instfuments and Apparatus Supplement (ASME PTC 19 Auxiliary power 4%
Serips) outlines the governing requirements for all ASME ~ DC power q.5%
performance testing. This Code will refer to the pertinent ~ Torque 15%
ASNIE PTC 19 Code for each type of measuring device. ~ >P¢ed 1%
. A Time J.05%
New devices and methods may be employed in lieu of
any instrurr.lentation re.commended in this Code as they it air temperature 1°F (0.6°0)
becpme available, provided that they meet the maximum Barometric pressure d.075%
alldwable wuncertainty limits specified herein.  Humidity: Wet bulb, or 3°F 2°0
U.S] Customary units are primary and the SI units are ~ RH from meter 2%
secgndary and shown in parentheses. However, any Extraction /injection flows (water, steam, N, 1%
othdr consistent set of units may be used. rotor cooh
Extractionyinjection temperature 9°F (3°0)
4-122 Maximum Uncertainties ,
Gas)fuel heat input [Note (1)] d.75%
4-1.2.1 Absolute Test Uncertainty. This Codeidenti- _*\0il fuel heat input [Note (1)] d.65%
fies [specific uncertainty limits that shall be met for each
testl measurement. Table 4-1.2.1-1 summarizes thése Gas fuel temperature (for sensible heat calculation) J°F (2°0)
maimum allowable uncertainties for absolute perform- Oil fuel temperature (for sensible heat calculation) J°F (2°0)
ance tests. These r.nandatory uncertginty limits represent |t total pressure drop 1o
the |total uncertainty of each particular méasurement Exhaust static pressure drop 10%
incliding all systematic (which include spatial) and ran-
donp effects. These values are to be compared to the  Exhaust temperature (Mandatory Appendix ) 10°F (6°0)

actdal uncertainty for each measurement individually
prigr to multiplying by the relative sensitivity factors

hust energy, or exhaust/temperature]. If the uncer-

tainfies in this table are.met, the test shall be deemed a

 Jul OINpdid g C NCe dil] N )
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 must be reached on the type of instrumen-
tation (existing station instrumentation, test grade
instrumentation, and/or calibrated to known standards
or not) that will be used for the test. The use of plant
grade instruments becomes possible in a comparative
test due to the potential for reduced effect of systematic
error in the uncertainty of performance differences. The

ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

15

NOTE:

(1) For guidance in evaluation the uncertainties of the va
surements required for Heat Input, refer to the appro|
paragraphs in Sections 4 and 7.

reduced effect of systematic error is achieved
the same instruments in both the pre-modifica
post-modification tests, provided also that the
atic errors are known to remain constant in b
and post-tests.

ious mea-
priate

by using
fion and
system-
oth pre-

t 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
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 utilizing the same calibration techniques and
reference standards as prior to the pretest to reduce the
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effect of the systematic error below that which would
occur as a result of the calibration drift. Care must be
taken with instruments that will be removed during
the outage that they be replaced and used in the same
manner 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 opera-

4-1.3.2 Verification. Verification provides a means
for checking that the deviations between values indi-
cated by a 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 either to restore to service, or to perform
adjustments, or to repair, or to downgrade, or to declare

tions which establish, under specitied conditions, the
relationghip between values indicated by a measuring
instrument or measuring system, and the corresponding
referencp standard or known values derived from the
referencp standard. The result of a calibration permits
the estithation of errors of indication of the measuring
instrument, measuring system, or the assignment of val-
ues to mjarks on arbitrary scales. The result of a calibra-
tion is spmetimes expressed as a calibration factor, or as
a series pf calibration factors in the form of a calibration
curve. (alibrations shall be performed in a controlled
ent to the extent necessary to ensure valid
ue consideration shall be given to temperature,
, lighting, vibration, dust control, cleanliness,
electronfagnetic interference, and other factors affecting
the calihration. Where pertinent, these factors shall be
monitorpd and recorded, and, as applicable, compensat-
ing corgections shall be applied to calibration results
obtained in an environment which departs from accept-
able corfditions. Calibrations performed in accordance
with this Code are categorized as either laboratory or
field caljbrations.

4-113.1.1 Laboratory Calibration. Laboratory’ cali-
brationg shall be performed in strict compliance with
establisled policy, requirements, and objectives of a lab-
oratoryls quality assurance progranm Consideration
must bg taken to ensure proper gpace, lighting, and
environental conditions such as temperature, humid-
ity, ventjlation, and low noise and vibration levels.

4-1{3.1.2 Field Calibration. Adequate measures
shall be|taken to ensute-that the necessary calibration
status of reference standards is maintained during trans-
portation and while on-site. The response of the refer-
ence standards.to environmental changes or other
relevant| pafameters shall be known and documented.

Field cqlibration measurement and test equipment

obsolete.

Verification techniques include field calibrations, fon-
destructive inspections, intercomparison of|redunglant
instruments, check of transmitter zerds),and en¢rgy
stream accounting practices. Nondestructive inspections
include, but are not limited to, atmespheric prespure
observations on absolute pressure transmitters, field
checks including visual inspeétion, and no load readjings
on power meters. Intercontpatisons include, but arq not
limited to, water or electronic bath checks on tempera-
ture measurement de¥ices and reconciliations on reglun-
dant instruments: Energy stream accounting practices
include, but are'not limited to, mass, heat, and energy
balance compuitations. The applicable field verification
requirements shall be judged based on the unique
requirements of each setup. As appropriate, manufadtur-
er’s-fecommendations and the Instruments jand
Apparatus Supplements to ASME Performance [Test
Codes should be referenced for further field verificdtion
techniques.

4-1.3.3 Reference Standards. Reference standprds
are generally of the highest metrological quality
which the measurements made at that locatio
derived. Reference standards include all measure
and test equipment and reference materials that h
direct bearing on the traceability and accuracy of cali
tions. Reference standards shall be routinely calib

accuracy, stability, range, and resolution for the interf{ded
use. They shall be maintained for proper calibrati
handling, and usage in strict compliance with a calj
tion laboratory quality program. When it is nece
to utilize reference standards for field calibrations,
quate measures shall be taken to ensure that the ngces-

requires calibration by approved sources that remain
traceable to NIST, a recognized national or international
standard organization, or a recognized natural physical
(intrinsic) constant through unbroken comparisons hav-
ing defined uncertainties. Field calibration achievable
uncertainties can normally be expected to be larger than
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.
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sary calibration status is maintained during
transportation and while on-site. The integrity of refer-
ence standards shall be verified by proficiency testing
or interlaboratory comparisons. All reference standards
should be calibrated as specified by the manufacturer
or other frequency as the user has data to support exten-
sion of the calibration period. Supporting data is histori-
cal calibration data that demonstrates a calibration drift
less than the accuracy of the reference standard for the
desired calibration period.
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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 employed if the uncertainty
of the reference standard combined with the random

include at least a loop calibration, as defined below, 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 post-test calibration indicates the drift is less
than the instrument bias uncertainty, the drift is consid-
ered acceptable and the pretest calibration is used as
the basis for determining the test results. Occasionally

uncprtainty of the instrument being calibrated is less
thar the uncertainty requirement of the instrument. For
exaI‘tple, for some kinds of flow metering, the 25% rule
canfot be met.

4-1.3.4 Environmental Conditions. Calibration of
instruments should be performed in a manner that con-
sidgrs the conditions under which the instrument will
be ysed to make the test measurements. As it is often
not:[practical or possible to perform calibrations under
replicated environmental conditions, additional elemen-
tal grror sources should be identified and estimated error
soufce considerations should be given to all ambient
conglitions which may significantly affect the measure-
ment uncertainty.

4-1.3.5 Instrument Ranges and Calibration. The
nuniber of calibration points depends upon the magni-
tud¢ of the measurement’s sensitivity factor relative to
the tested parameter. The calibration should bracket the
expgcted measurement values as close as possible. All
insttuments should be calibrated such that the expected
valyes are approached from a higher value(as well as
a lower value. This approach will minirhize hysteresis
effefts. Test instruments should be calibrated at two
poimts more than the order of calibration curve fit. Instru-
ments with variable ranges of pperations must be cali-
brafed at each range that might'be used during the test.
Irjstruments used to measure variables not directly
inptit into test calculatighs can be checked in place with
two| or more instruments measuring the variable with
resplect to the samédocation or can be calibrated against
a pevious calibrated instrument. The calibration of the
instfument 4s ‘sufficient at one point in the expected
range of eperation.

4-13.6 Timing of Calibration. Calibrations should

the instrument calibration drift is unacceptabld. Should
the calibration drift, combined with the reference stan-
dard accuracy as the square root of /the sum of the
squares, exceed the required accuracyof the insfrument,
it is unacceptable. Calibration drift|r€sults fropn many
sources including instrument malfunction, trapsporta-
tion, installation, or remoyal ‘'of the test insffrument.
Should unacceptable calibtation drift occur, engineering
judgment must be used to.determine whether the initial
calibration or the recalibration is correct. Below fire some
practices that lead tg'the application of good engineering
judgment.

(1) Whenlifistrumentation 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
isolaterwhen the drift may have occurred. Exapnples of
this check include vented pressure transmitterp, equal-
ized AP transmitters, no load on power meters, and ice
point temperature instrument checks.

(b) In locations where redundant instrumenftation is
employed, calibration drift should be analyzed fo deter-
mine which calibration data (the initial or recaljbration)
produces better agreement between redundant
instruments.

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

4-1.3.8 Loop Calibration. All test instjuments
should be loop-calibrated when practicable. Lpop cali-
bration involves the calibration of the test ingtrument
through the test signal conditioning equipment. This is
normally accomplished by pairing the instrunpent and
the signal conditioner prior to calibration, then|calibrat-
ing both at the same time. When this is done, tHe instru-
ment and signal conditioner must remain paired for the
loop calibration to remain valid.
When a loop calibration is not possible, the ingtrument

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. Equip-
ment manufacturers’ requirements and indications
should be used as a basis for determination of the opti-
mum time interval needed to keep the calibration drift
to a minimum.

The Code recommends conducting a post-test instru-
ment calibration if the recorded data indicates a possibil-
ity of instrument error. The post-test checking should
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and signal conditioner may be calibrated separately. The
instrument is calibrated using a known process and a
high accuracy signal conditioner. The signal conditioner
is calibrated by applying a known input signal generated
by a precision signal generator. When this method is
used, the total measurement uncertainty is the combina-
tion of the instrument and signal conditioner uncertain-
ties. The combined uncertainty of both the instrument
and signal conditioner must still meet the measurement
system accuracy requirements described herein.
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4-1.3.9 Quality Assurance Program. Each calibra-
tion laboratory must 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

the data point number and time, test site location, date,
and name of the person recording.

4-1.4.3 Design of Data Collection Systems. With
advances in computer technology, data collection system
configurations have a great deal of flexibility. These can
consist of a centralized processing unit or distributed
processing to multiple plant locations. Each measure-
ment loop must be designed with the ability to be loop

(e) ingtrument calibration histories

The quality assurance program should be designed
to ensurp that the laboratory standards are calibrated as
required. The program also ensures that properly trained
technicjans calibrate the equipment in the correct
manner,

All pdrties to the test should be allowed access to the
calibratipn facility as the instruments are calibrated. The
quality gssurance program should also be made avail-
able duging the visit.

4-1.4 Data Collection and Handling

.4.1 Data Collection and Calculation Systems.
collection system should be carried out in
accordafce with accepted practice and procedures as
discussdd in ASME PTC 19.22. A data collection system
should Qe designed to accept multiple instrument inputs
and be @ble to sample and record data from all of the
instruments within one minute. The data collection sys<
tems shguld be time synchronized to provide consistent
time baged data sampling and recording.

The dlata calculation system should have (the" ability
to average each input collected during the test and calcu-
late test|results based on the averaged fesults. The sys-
tem shquld also calculate standard deviation and

instruments should be stored to permit post test data
correctign forapplication of new calibration corrections.
The engin€ering units for each instrument along with

calibrated separately, and so that it can mdividually be
checked for continuity and power supply, if applicgble,
to trace problems during equipment setup and.checKout.
Each instrument cable should be designed,with a shjield
around the conductor, and the shield should be
grounded on one end to drain anhy stray indyced
currents.

When considering the accuracy of a measurenjent,
the accuracy of the entire_measurement loop mudt be
considered. This includesthe instrument and the signal
conditioning loop or, process. Ideally, when an ingtru-
ment is calibrated itshould be connected to the posjtion
on the data collection system that will be emplgyed
during the test. Should this be impractical, each giece
of equipmentiin the measurement loop should be indi-
vidually, calibrated. Separate pieces of equipnpent
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 td the
test should be allowed to spot check the measurethent
loop using a signal generator to satisfy that the combjned
inaccuracy of the measurement loop is within| the
expected value.

The Code does not prohibit the use of the plant pea-
surement and control system for a test. However the
system must meet the requirements of this Section. Spme
cautions are mentioned below.

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

(b) Often the plant systems do not have the abilify to
apply calibration correction electronically. The oultput
of some instrumentation like thermocouples canngt be
modified so electronic calibration is necessary.

ally
the

the calculated results should be stored for reporting and
future reference. Prior to leaving the test site all test data
should be stored in removable media (such as floppy
disks, CDs, and/or hard copy printouts) in case collec-
tion system equipment is damaged during transport. 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. The data sheets should each identify
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(c) Some plant systems do not allow the raw instru-
ment signal to be displayed or stored prior to condition-
ing. This raw signal must 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 must 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.
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4-2 PRESSURE MEASUREMENT
4-2.1 General

All pressure measurements should be carried out in
accordance with ASME PTC 19.2. Calibrated transmit-
ters, calibrated transducers, manometers, deadweight
gages or calibrated elastic gages shall be used for reading
pressures.

Pressure instruments should be installed with an iso-

4-2.2.3 Elastic Gages. Bourdon gages or other
elastic 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 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 by this Code, per Table 4-1.2.1-1.

lati¢gn valve at the end of the sensing line upstream of
the [instrument. The line should be vented before the
insttument installation. For steam service, a sufficient
tim¢ 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 Itisrecommended that electronic trans-
mitfers and transducers be used for the low-uncertainty
medsurements to minimize random error.

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

4-2.2.1.3 Prior to calibration, the pressure trans-
ducgr range may need to be altered to better match the
progess. Some pressure transducers have the capability
of changing the range once the transmitter is installed.
All fransmitters must be calibrated at each range to be
usedl during the test period.

4-2.2.1.4 Pressure transmitters should bé-tem-
perdture compensated. If temperature compensation is
not favailable, the ambient temperature at-the measure-
merjt location during the test period must-be compared
to the temperature during calibratiori:to ‘allow compen-
satipn or to determine if the decrease in accuracy is
accgptable.

4-2.2.1.5 Transmitters should be installed in the
same orientation they are calibrated. Digital signals are
preferred between the transmitters and recorders to
elinfinate the digital*to-analog and analog-to-digital
conyersions and(to)preclude signal interference. All ana-
log pignal cables'must have a grounded shield to drain
any|induced ctrrents from nearby electrical equipment.
All analog'signal cables are to be installed as much away
as ppssible from EMF producing devices such as motors,

4-2.3 Typical Gas Turbine Measurement Parameters

4-2.3.1 Barometric Pressure. Absplute pressure
transmitters or electronic cells areyrecommended for
sensing barometric pressure/Two baromefters are
required. The barometers shall\be’located outdpors in a
stable environment. The baremeters shall be pgsitioned
upright (to be the same as{when calibrated) at the same
elevation as the gas purbine shaft centerline. The eleva-
tion of the barometer:(0r a photo recording its Jocation)
shall be includediin the test report.

4-2.3.2_Inlet Total Pressure. Inlet pressufe is the
absolute~total pressure at the mutually agre¢d upon
inlet interface. Unless agreed otherwise, inlet pressure
is considered to be atmospheric barometric pressure.
Total pressure readings at the gas turbine inlef may be
taken at multiple centers of equal areas us|ng Kiel
probes; i.e., shrouded Pitot tubes. If it is not pgssible to
acquire total pressure readings at the gas turbjine inlet
due to physical arrangement, the total pressur¢ may be
computed using calculated velocity and the average of
at least two separate static pressure readings frpm loca-
tions equally spaced around the gas turbine iflet. The
total pressure is then
Piota = (Air Density)(Velocity)z/ 2g. + Static Pressurp  (4-2.1)
where g. is the conversion constant, the proporftionality
constant relating mass, and force.
When the bellmouth throat is outfitted with jpressure
indication, the pressure should be recorded, for|baseline
flow information, unless agreed otherwise.

4-2.3.3 Static Pressure in Ducts. Static pr¢ssure in
ducts shall be the average of the readings at a njinimum
of three stations equally spaced around the duct in the
same plane, and each read separately. Where dict walls

generators, electrical conduit, cable trays, and electrical
service panels.

4-2.2.2 Manometers. Manometers should be of the
vertical U-tube or single leg type. A bore of % in.
(7.94 mm) or more is required. In a single-leg manometer,
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 by this Code,
per Table 4-1.2.1-1.
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are smooth and parallel, static pressure taps are pre-
ferred to pressure probes. The diameter of the static tap
hole shall not exceed %44 in. (1.59 mm). The length of
the static hole shall have a minimum length of 2.5 times
the tap hole diameter and a maximum length 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 assure that static pressure probes are oriented along
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flow streamlines and are not located in regions of steep
pressure gradients.

4-2.3.4 Compressor Discharge Pressure/Combustion
Chamber Pressure. For units that use the subject pres-
sure as part of the fuel control algorithm, the compressor
discharge pressure being used for control shall be
recorded, along with a test instrument for verification.

4-2.3.5 Exhaust Pressure. Exhaust pressure is the

Fig. 4-2.3.8-1 Five-Way Manifold for Differential
Pressure (DP) Instruments

A

static ;iressure at the turbine exhaust duct plus
barometyric pressure. For method of measurement, refer
to para.[4-2.3.3 on static pressure in ducts.

The exhaust pressure shall be measured at the exhaust
connectjon or at a mutually agreed interface point. This
point is usually at the limit of supply of the gas turbine
manufa¢turer. Any equipment installed downstream of
this poipt will result in backpressure which must be
consideted in the performance test results. Adjustment
for any|difference in this measured value and the
Specifieql Reference Conditions must be made using the
correctjon factors. Any velocity component of the
exhaust|pressure at this interface point is to be consid-
ered as Jost, 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 utilized, static pressure should be mea-
sured afl the flow element on the upstream side of the

flow element.

4-2.3
static ga
element

4-2.3
When fu

7 GasFuel Pressure. For gas fuel applications,
s fuel pressure shall be measured at the flow
on the upstream side of the flow element.

.8 Differential Pressure (as for Fuel_Flow).
el flow is measured with a differential pressure
device {nozzle or orifice), two differential pressure
instruments are required. The differential pressure shall
be recojded (and not just the ealculated flow) so the
flow calfulation can be verifiéd:

Diffeﬂlentlal pressure trahsmitters shall be installed
using a five-way manifoldas'shown in Fig. 4-2.3.8-1. This
manifoldl is required rather than a three-way manifold
because|the five-way eliminates the possibility of leak-
age pasf the equalizing valve, a frequent source of error.

Two three-way.\manifolds are acceptable, providing it
verified that there is 5 N0 leakage past the equal—

has beer
izing val )

Once the 1r1strumer1t is 1r1stalled in the field, at the
expected test process line static pressure the differential
pressure shall be equalized and a zero value read. This
zero bias must be subtracted from the test-measured
differential pressure or if applicable the differential pres-
sure instrument trimmed to minimize the effects of the
process static line pressure and mounting position.

During test preparations or during the test, the vent
must be checked to ensure the equalizing valves are not
leaking, and so noted in the test report.
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For differential pressure-transmitters on flow devjces,
the transmitter output is often an extracted square froot
value unless the squate root is applied in the plant fon-
trol system. Caré\should be taken to ensure thaff the
square root i§ applied only once. The transmitter ouftput
may also be computed flow. The flow calculation fon-
tained in'the transmitter must be verified as contaiping
the_full flow equation. When possible, the calculpted
flow>should be treated as a backup reading, in fhvor
of*the raw differential pressure, temperature and sfatic
pressure readings.

For vacuum or gaseous service, sensing lines
installed with the sensing line sloping continuo
upwards to the instrument so any condensed liquid
flow out of the sensing lines. For gaseous service, [it is
recommended that differential pressure taps located
near the bottom of the flowmeter for a horizontal inptal-
lation not to be used due to the potential for liguid
hydrocarbon accumulation at this location.

4-2.3.8.1 Liquid in Sensing Lines (Water Leg$).
For vacuum or gaseous service, sensing lines|are
installed with the sensing line sloping continuofisly
upwards to the instrument so any condensed liquid|will
flow out of the sensing lines. If this is not possible} the
low points must be drained, before reading|the
instrument.

For steam and liquid processes at pressures larger
lled
with the sensing line sloplng Contmuously downwards
to the instrument to eliminate any gas pockets. If this
is not possible, the high points must 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 must 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

are
1sly

will
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Fig. 4-2.3.9-1 Differential Pressure (DP) Correction for Flow in Nonhorizontal Lines

<

..... —

y = height difference in water legs

Vent

..... ) (A

at thhe sensing line temperature. This static head adjust- 81 & local acceleration due to gravity, ft sec? per
ment may be applied at the transmitter, in the data an acknowledged source, or may|be esti-
acqyisition system, or manually by the user after the mated as:

raw]| data is collected. Care must be taken to ensure g = 32.17245 x {1 - 0.0026373 x|cos(2 X

this|adjustment is applied properly and that it is only
applied once.

-2.3.9 Differential Pressure Meters for Flow\in
Norhorizontal Lines. When a differential préssure

degrees latitude X w/180) + 0.00p0059 X
[cos? (2 x degrees latitude x 1/180)]}
— 0.000003086 X feet elevation
or for SI, g m/sec?

9.80616 X%

metpr is installed on a flow element that is lodated in a {1 - 0.0026373 x cos(2 x dezgrees latitude
nonhorizontal line, the measurement mustbe-corrected x ."T/ 180) + 0.0000059 X [cos” (2 X|degrees
for| the difference in sensing \line height latitude x w/180)]} — 0.000003086 %X meters

(see| Fig. 4-2.3.9-1). For steam, the semsing lines should
be fininsulated, and should pretritde horizontally
roughly 2 ft (0.6 m) from the pipe. Fhis horizontal length

elevation

NOTE: The conversion constant, g, is not necessary with the

SI units used here. Conv = 12 in./ft (100 cm/m).

will allow condensation to-fofm completely so the
downward portion will b¢'completely full of water. The Note that for process liquids, the correction [is small,
cortection is as follows: being due only to the difference in temperature petween

APcorr = APmea’s +y X (psen - pﬂuid) /g[ (4_22)

x (gr/Conv?)

the sensing line fluid and the process fluid.

4-2.4 Calibration of Pressure Instruments

4-2.4.1 Calibration of Absolute Pressure Insfruments

whgre
AFCOH L corrected differential pressure, 1bf/in.2 (e.g., Barometers). Absolute pressure instrumfents can
(N /12 — DPa) be calibrated using one of two methods. The firs{ method
AP0 = measured differential pressure, 1bf/in.? involves connecting the test instrument to a device that
(N/m? = Pa) develops an accurate vacuum at desired levels. Such a
y = downstream tap elevation — upstream tap ~ device can be a deadweight gage in a bell jar referenced

elevation, in. (cm)
NOTE: ywillbe positive for flow up and negative for flow down.

density of sensing line fluid, Ibm/ft* (kg /m?)

to zero pressure or a divider piston mechanism with 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 mecha-

Psen =
pivia = density of process fluid, Ibm/ 3 (kg/ m?) nism. The test instrument and the calibration standard
g = conversion constant = 32.1740486 (Ibm-ft)/ are both connected to the chamber. The chamber must

(Ibf-sec?) [or for SI, 1 (kg-m)/(N-s%)]

21

be maintained at constant vacuum during the calibration
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of the instrument. Other devices can be utilized to cali-
brate absolute pressure 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 must be corrected for local gravity, air
buoyancy, piston surface tension, piston area deflection,
actual nyass-e i : :
mediu
of weights is determined each time the deadweight gage
is calibrpted. Other devices can be utilized to calibrate
gage pre¢ssure instruments provided that the same level
of care is taken.

4-2]4.3 Calibration of Differential Pressure

Instruments. Differential pressure instruments used to
measurg low-uncertainty variables must be calibrated
at line gtatic pressure unless information is available
about thie effect of high line static pressure on the instru-
uracy. Calibrations at line static pressure are
ed by applying the actual expected process pres-
sure to he instrument as it is being calibrated. Calibra-
tions at Jine static pressure can be accomplished by one
of three|methods:

(a) two highly accurate deadweight gages

(b) a fleadweight gage and divider combination, or

(c) orle deadweight gage and one differential pressure
standardl

Differpntial pressure instruments used to measure sec-
ondary yariables do not require calibration at line statie
pressurg and can be calibrated using one accuratedead-
weight gage connected to the “high” side of theinstru-
ment. If{line static pressure is not used, the span must
be correfted for high line static pressure shift unless the
instrument is internally compensated for the effect.

Other|devices can be utilized to Calibrate differential
pressurg instruments provided (that the same level of
care is thken.

4-3 THEMPERATURE MEASUREMENT
4-3.1

Temperature measurement should be carried out in
accordance with*accepted practice and procedures as
discussgd irASME PTC 19.3. Temperature shall be mea-

sured wiith{ resistance thermometers or calibrated ther-

neral

Fig. 4-3.2.1-1 Four-Wire RTDs

Measurement
loop

— —

~ ~

N

Current

loop
_——

Fig. 4-3.2.1-2 Three-Wire RTDs

Compensation or lead
resistance loop

/\

Current and
measurement

Np

be used to measure from —454°F to 1562°F (-270°(C to
850°C). ASTM E1137 provides standard specificatfions
for industrial platinum resistance thermometers which
includes requirements for manufacture, pressure, vibra-
tion, and mechanical shock to improve the performance
and longevity of these devices.

Measurement errors associated with RTDs are fypi-
cally comprised of the following primary sources:

(a) self-heating

(b) environmental

(c) thermal shunting

(d) thermal emf

(e) stability

(f) immersion

mocouples used with precision-reading instruments. If
not prohibited, calibrated mercury in-glass thermome-
ters may be used for such secondary readings as temper-
atures at manometer and barometer. Stagnation type
devices shall be used, or computed velocity corrections
applied where such correction exceeds 1°F (0.6°C).

4-3.2 Temperature Instruments

4-3.2.1 Resistance Temperature Detectors (RTDs).
Resistance Temperature Detectors (RTDs) should only
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Although RTDs are considered a more linear device
than thermocouples, due to manufacturing technology,
RTDs are more susceptible to vibrational applications.
As such, care should be taken in the specification and
application of RTDs with consideration for the effect on
the devices stability.

Grade A four-wire platinum resistance thermometer
as presented in Fig. 4-3.2.1-1 should be used. Three-wire
RTDs (see Fig. 4-3.2.1-2) are acceptable only if they can
be shown to meet the uncertainty requirements of this
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Code. The four-wire technique is preferred to minimize
effects associated with lead wire resistance due to dis-
similar lead wires.

4-3.2.2 Thermistors. Thermistors are constructed
with ceramic like semi-conducting material that acts as
a thermally sensitive variable resistor. This device may
be used on any measurement below 300°F (149°C).
Above this temperature the 51gna1 is low and susceptlble

torslhave a negative temperature Coeff1c1ent (TC); that s,
unlike an RTD, their resistance decreases with increasing
temperature. The negative TC can be as large as several
perdent per degree Celsius, allowing the thermistor cir-
cuit|to detect minute changes in temperature that could
not [be observed with an RTD or thermocouple circuit.
As duch, the thermistor is best characterized for its sensi-
tivify while the thermocouple is the most versatile and
the RTD the most stable.

Measurement errors associated with thermistors are
typically comprised of the following primary sources:
(@) self-heating
(@ environmental
(@ thermal shunting
4) decalibration
@ stability
(f) immersion
The four-wire resistance measurement is not required
for thermistors due to its high resistivity. The measure-
ment lead resistance produces an error magnittide' less
than the equivalent RTD error. Thermistors are'generally
mote fragile than RTDs and thermocouples-and must
be darefully mounted and handled in aceerdance with
the manufacturer’s specifications to%avdid crushing or
bon{ separation.

—_ ~

-3.2.3 Thermocouples,- Thermocouples may be
useql to measure temperatute/of any fluid above 200°F
(93%C). The maximum temperature is dependent on the
typ¢ of thermocouple ‘arid sheath material used. Ther-
modouples shouldot be used for measurements below
2001F (93°C). The)thermocouple is a differential-type
devfice. The’thermocouple measures the difference
betyeen the theasurement location in question and a
refefence-temperature. The greater this difference, the
higherthe emf from the thermocouple. Therefore, below

(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 tempera-
ture difference between the measuring and the reference
junction. If, however, the wires are not homogeneous,
and the 1nhomogene1ty is present in a region where a
) will be
developed and the output of the thermoco ple will
depend upon factors in addition to the temperdture dif-
ference between the two junctions. The'homoggneity of
the thermocouple wire, therefore, is.an important factor
in accurate measurements.” '

“All base-metal thermocouples become infiomoge-
neous with use at high temperatures, however,|if all the
inhomogeneous portions(of the thermocouple yvires are
in a region of uniform temperature, the inhomdgeneous
portions have no effectupon the indications of the ther-
mocouple. Therefore, an increase in the depth of immer-
sion of a used thermocouple has the effect of pringing
previouslyuntheated portion of the wires into the region
of tempefature gradient, and thus the indicatiohs of the

part of the wires into the zone of uniform temperature.
If the immersion is decreased, more inhomogengdous por-
tions of the wire will be brought into the region of tem-
perature gradient, thus giving rise to a change in the
indicated emf. Furthermore a change in the temperature
distribution along inhomogeneous portions of [the wire
nearly always occurs when a couple is removied from
one installation and placed in another, even thpugh the
measured immersion and the temperature of the mea-
suring junction are the same in both cases. Thus the
indicated emf is changed.” 2

The elements of a thermocouple must be elgctrically
isolated from each other, from ground and from|conduc-
tors on which they may be mounted, except at the mea-
suring junction. When a thermocouple is mounteed along
a conductor, such as a pipe or metal structurd, special
care should be exercised to ensure good electricgl insula-
tion between the thermocouple wires and the cgnductor
to prevent stray currents in the conductor from fentering
the thermocouple circuit and vitiating the rpadings.

200°F (93°C) the emf becomes low and subject to induced
noise causing increased systematic uncertainty and
inaccuracy.

Measurement errors associated with thermocouples
are typically comprised of the following primary
sources:

(a) junction connection

(b) decalibration of thermocouple wire

(c) shunt impedance

(d) galvanic action
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Sl[dy CUITCIts ITdy lrLlI l.}lUI 1UE rcduLed Wilil l} e use Of
guarded integrating A /D techniques. Further, to reduce
the possibility of magnetically induced noise, the ther-
mocouple wires should be constructed in a twisted uni-
form manner.

! ASME PTC 19.3-1974 (R2004), Chapter 9, para. 70, page 106.

2 AL Dahl, “Stability of Base-metal Thermocouples in air from
800 to 2200°F.” National Bureau of Standards, Washington, D.C.
in Temperature, vol. 1, Reinhold, New York, 1941, page 1,238.
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Thermocouples are susceptible to drift after cycling.
Cycling is the act of exposing the thermocouple to pro-
cess temperature and removing to ambient conditions.
The number of times a thermocouple is cycled should
be kept to a minimum.

Thermocouples can effectively be used in high vibra-
tion areas. High vibration measurement locations may
not be conducive to other measurement devices. This
Code recommends that the highest emf per degree be

is proportional 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 Exhaust Gas Temperature. The exhaust gas
temperature must be measured near the test boundary,

used in g1l applications. NIST has recommended temper-
ature rapges 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, there may be cases where the
measurgment upstream or downstream may be more
practical] and result in a measurement of lower uncer-
tainty sfich as selecting to measure temperature inside
the inlef air duct instead of at the inlet of the duct (i.e.,
filter hguse inlet) because of better mixing to attain a
more representative bulk temperature measurement.

If medsurements are made at locations other than the
test boundary, the location selected shall be such that
no heat pddition or loss occurs between the test bound-
ary and|the selected measurement location.

Meastirement frequency and locations shall be suffi-
cient to account for stratification of the inlet air tempera-
ture afffer applications with inlet air-conditioning
systemgq. In applications with inlet air-conditioning
equipmlent in operation, the temperature sensing
devices $hall be capable of measuring dry-bulb tempera-
ture at the test boundary without the effects oficondensa-
tion or water droplet impingement. The number of
locationp and frequency of measurements;shall be deter-
mined bjy the pre-test uncertainty amalysis. At the speci-
fied loqation, the temperature of the air shall be
measurdd such that the total unicertainty will not exceed
the requjirements of Table 4<1.2.1-1. If a nonuniform pro-

used for every 100 ft* (9.3 m?) of duct cross-sectional
area, generally between at least four up to a maximum
of 16 devices per measurement plane. Additional mea-
surement points greater than the maximum specified
above may be required depending upon the spatial vari-
ation to meet the maximum allowable inlet air tempera-
ture measurement uncertainty.

Inlet air temperature should be measured using RTDs
or thermistors. Thermocouples should not be used
because the voltage signal generated by a thermocouple
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whith Tsofterr the-interface plarne betweern the gas
bine and HRSG or the gas turbine exhaust stacks
exhaust gas from a gas turbine usually s
non-uniform temperature and velocity profile. TH
fore, the exhaust gas temperature shallbe ealculatefl on
a mass weighted average basis. The parties to the|test
shall agree on how the mass weighted average is tp be
calculated. The preferred method+s for the manufacturer
to provide a calculation method based on either field
test data from other similar units, or from analyfical
means such as CFD madeling. The alternate methqd is
to conduct velocity, total temperature and total prespure
traverses at several locations in the exhaust duct to deter-
mine the basis{0f ‘the mass weighted average. Ref¢r to
ASME PTC\9.5 for guidance on velocity travprse
methods.

The réquired number of exhaust gas temperature thea-
suremieht devices shall be determined to meet a njaxi-
mum exhaust gas temperature uncertainty of 10°F (§°C).
Barge spatial variations in exhaust gas temperature rpad-
ings will most likely require a significant numbgr of
measurement points. The recommended number of thea-
surement points is as follows:

(a) located every 25 ft* (2.3 m?)

(b) for axial discharge, a minimum of 12 points
maximum of 36 points

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

Additional measurement points greater than the rhax-
imum specified above may be required depending ypon
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 measurerhent
point spacing is based on locating the measurerhent
points at the centroids of equal areas along dach
diameter.

and

and

t 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 require-
ment specified above. In the event that the uncertainty
requirement cannot be met using permanent devices,
temporary devices must be utilized.
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The total temperature of the gas stream is required
and if the average velocity in the area of temperature
measurement 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,/(2JgCy) =T+T,

It is recommended that the exhaust gas temperature
be measured at the test boundary; however, there may be
cases where the measurement upstream or downstream
may be more practical and result in a measurement of
lower uncertainty such as selecting to measure tempera-
ture 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

whgre
C], = the specific heat, Btu/lbm °F
g = the conversion constant as defined in Section 2,
32.1741 Ibm ft/Ibf sec”
| = the mechanical equivalent of heat,
778.1692623 ft Ibf/Btu
T = the measured temperature, °F
1} = the total temperature, °F
T}, = the dynamic temperature, °F
W = the gas velocity (ft/sec)
(SI UUnits)
T, =T+ V,/2JC)) =T+T,
whgre
(], = the specific heat, k] /kg °C
| = the mechanical equivalent of heat,

1000 kg*m2 /KJ*s?
= the measured temperature, °C
= the total temperature, °C
the dynamic temperature, °C
= the gas velocity, m/s

=

=4
Il

Exhaust gas combustion products flowing into and
thrqugh a duct are subject to spatialtvariations such as
nonuniform velocity, varying flow~angle, temperature,
and| composition. This is espedially true at the inlet of
a duict or near a flow disturbance, such as a bend, tee,
fan,|vane, damper, or trangition. Spatial variation effects,
if ngt addressed by the iméasurement approach, are con-
siddred errors of methed and contributors to the system-
atic|uncertainty jn.thé measurement system. Generally,
the [temperature uncertainty can be reduced either by
sampling more* points in a plane perpendicular to the
flow or bysusing more sophisticated calculation methods
such as’flow/velocity weighting and flow angle
conmlpensation

made at locations other than the test boundary, fthe loca-
tion selected shall be such that no heat additioh or loss
occurs between the test boundary and the selected mea-
surement location.

4-3.3.3 Fuel Temperature. Fpel témperaturgs of fuel
supply and, if applicable fordiquid fuel, of fugl return
lines, shall be measured at regresentative locati¢pns close
to the corresponding flowmeters. Two differgnt mea-
surement locations may-be required, one for fluel flow
measurement, andtene for the sensible heat af the test
boundary.

Refer to ASME'PTC 19.5 for guidance as to thie proper
location for“these temperature measurements.

4-3.3:4 Extraction/Injection Fluid Temperature.
Extraction/injection fluid temperature measyrements
(such as water, steam, nitrogen, air) shall be provided
fo determine the heat content of the fluid.

4-3.4 Calibration of Temperature Instruments|

This Code recommends that instrumentatior] used in
the measurement of temperature have a suitabl¢ calibra-
tion history (three or four sets of calibration data). The
calibration history should include the temperatjure level
the device experienced between calibrations. fA device
that is stable after being used at low temperatyres may
not be stable at higher temperatures. Hence, thqg calibra-
tion history of the device should be evaluated td demon-
strate the required stability of the parameter.

During the calibration of any thermocouple, the refer-
ence junction shall be held constant preferably gt the ice-
point with an electronic reference junction, ispthermal
reference junction or in an ice bath. The calibratfion shall
be made by an acceptable method, with the $tandard
being traceable to a recognized international orjnational
standards laboratory such as the National Indtitute of
Standards and Technology. The calibration shalll be con-
ducted over the temperature range in which the instru-

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 measurements points should
be determined such that the overall systematic uncer-
tainty of the average exhaust gas temperature measure-
ment devices is minimized as much as practically
possible.
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ment is used.

The calibration of temperature measurement 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 upon the required cali-
bration range and commonly consists of a block calibra-
tor, fluidized sand bath, or circulating bath. The
temperature of the calibration medium is then set to the
calibration temperature setpoint. The temperature of the
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calibration medium is allowed to stabilize until the tem-
perature of the standard is fluctuating less than the accu-
racy of the standard. The signal or reading from the
standard and the candidate temperature measurement
device are sampled to determine the bias of the candi-
date temperature device. See ASME PTC 19.3 for a more
detailed discussion of calibration methods.

4-4 G the
conduct of the test to avoid damage that can affect the
4-4.1 General device calibration. On-site inspection of the~fuel flow

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

(a) mass flow

(b) composition, including moisture content

(c) heat value

(d) sehsible heat

For cqmparative testing, flow elements should not be
cleaned pr replaced during the outage. Any maintenance
shouldie done before the pre-modification test.

4-4.2

Per pdra. 3-1.5, each energy stream is to be determined
with refprence to the point at which they cross the test
boundafy. The choice of the test boundary can have a
significgnt impact on the test results. It may be at a
different location depending on what parameter is being
determihed (i.e., heat rate vs. exhaust energy via heat
balance). Figure 4-4.2-1 provides some typical test
boundafies that should be considered when determining
the gas fuel heat input.

Leakalge and unmetered return flows may existduring
the test|(M; # M,) and care should also be_taken to
minimiZze and account for such flows (e.g., separate
metering in the return flow lines). Instanees of leakage
and unnpetered return flows should betreated on a case-
by-case |basis and the method fer accounting for such
flows should be agreed upon

s Fuel Test Boundary

4-4.3 Gas Fuel Flowmetefs

4-4.3.1 Gaseous Fuel Flowmeters. Gas fuel flows
shall be measured using a fuel flow device that has been
calibratgd in compliance with para. 4-1.3. The following
paragraphs will*describe the specific requirements of
various [flowmeters. Any flowmeter is permitted if it
meets the tincertainty requirements of Table 4-1.2.1-1. In

unlike volumetric flowmeters. It is further recom-
mended that the calibration curves or data obtained
from the calibration process be applied within the flow-
meter’s processor or output signals to correct the mea-
sured values.

Application, restriction of use, calibration and instal-
lation requirements of gas fuel flow measuring devices
shall be in accordance with ASME PTC 19.5. Fuel flow

devices prior to the conduct of the test is recommerjded
only if the inspection does not invalidate'the calibrgtion
results. Any activity that invalidates the calibraftion
results, including on-site inspection’of the fuel flow
device, shall not be permitted.

Start-up procedures must enure that spool piece$ are
provided during conditions;that may violate the irfteg-
rity of the flow measurement device to avoid altering
the devices characteristics. Such conditions may incjude
line blows. Whiletheflow measurement device is stdqred,
it must be capped and protected from environmgntal
damage such¢as moisture and dirt. During operatipn it
is recommended that a strainer be installed upstgeam
of the flow measurement device to protect the mnjeter
fromrobjects and debris.

The calibration results from a properly calibrated flow
device shall be used as the primary source in the d¢ter-
mination of the mass flow of the gas fuel.

4-4.3.1.1 Differential Pressure Flowmeters (g.g.,
Flange-Tap Orifice Flowmeter). Calibration of the flow-
meters may be conducted with either water or nafural
gas. However special consideration should be given to
the applicability of each type.

Calibrations conducted with water as the calibrgtion
fluid usually do not allow for calibration data tp be

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

4-4.3.1.2 Linear Scale Meters (e.g., Positive

order to achieve the highest level of accuracy consistent
with the object of the Code, it is recommended to use
gas fuel flowmeters that have an accuracy of 0.35% or
better. The calibration laboratory facilities should be able
to demonstrate a calibration accuracy consistent with
this criteria. Higher accuracy levels can often be
achieved by utilizing mass flowmeters versus volumet-
ric flowmeters due, in part, to mass flowmeters direct
mass flow measurement and its elimination of the
requirement for the gas fuel density compensation

Displacement Flowmeter or Turbine Flowmeter). Turbine
meter calibrations conducted with natural gas as the
calibration fluid shall be conducted at design pressures
and temperatures and calibration data points shall be
taken at flow rates that surround the range of flow rates
expected during the test.

Whenever volumetric flowmeters are used, the tem-
perature of the gas fuel (at a location consistent with
para. 4-4.2) and the fuel flow shall be measured simulta-
neously. The volumetric flow shall be determined from
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Fig. 4-4.2-1 Generic Gas Fuel Test Boundary

TsL Temn Temz The
| | | |
Filters, dryers, Fuel > .
compressors, >
scrubbers, etc. preheater |
1 1
| | | |
| [ [ [
Supply Fuel Fuel Heat
limit meter meter balance
LEGEND:
eTen|perature Reference Points:
Tem = fuel temperature at fuel meters
Tyg = fuel temperature at heat balance boundary

Ts. = fuel temperature at supply limit
- 1uel Meter Upstream of Fuel Preheater: Ts; = Temg # Tup

uel Meter Downstream of Fuel Preheater: Tsy # Temo = Ths
OTE:
gdnd downstream of the preheater.

eMags Flow Reference Points:

M, mass flow upstream of fuel meter
M, mass flow downstream of fuel meter

the totalized volume of gas fuel measured over a contin-
uous period of not less than 4 min, and the time med-
surgd with an accurate stopwatch or electronic timer.
Carg must be taken that the measured totalized velume
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
volymetric flow can be calculated\by known physical
dimensions of the metering séction. ASME PTC 19.5
Section 10 describes ultrasonic flowmeters in more
detqil.

Dlue to the sensitivity on velocity profile on its mea-
sur¢ment, a flow conditioner shall be used as well as
adequate upstreain and downstream straight-run
lengths. To ensure proper application, manufacturers
often provide-ultrasonic flowmeters complete with flow
conglitioneryand spool pieces of necessary straight-run
length and are calibrated in the lab in a complete assem-

Whenever a fuel preheater is included as part of the scope of supply, the/fueltemperature shall be measured bothf upstream

that the calibration factors determined during|lab cali-
bration are also applied correctly in the jmeter’s
Pprocessor.

4-4.3.1.4 Mass Flowmeters (e.g., [Coriolis
Flowmeter). Coriolis flowmeters measure mhss flow
directly. Due to the meters insensitivity to velogity pro-
file distortion and swirl, no straight-run or flow condi-
tioning requirements are typically required.
The calibration of the coriolis flowmeter is generally
conducted with water. Other fluids may be used because
the constants are valid for other fluids provided the
maximum allowable measurement uncertainty is met.
The calibration points shall be taken at flow rhtes that
surround the range of flow rates expected dyring the
test. The effect of operating pressure and temperature
on the flowmeter during the test should be applied to the
meters operation to correct for the influence of operating
conditions different than calibration conditions and

bled_cénfiguration

The lab calibration of ultrasonic flowmeters is typi-
cally conducted with natural gas at flow rates that sur-
round the range of flow experienced during base load
operation of the gas turbine. Care must 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 sen-
sor characteristics. In addition, it should be confirmed

ASME International
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improve the overall flowmeter performance.

4-4.3.2 Density. The density for each fuel sample
is calculated from the pressure, temperature, compress-
ibility factor, and gas fuel composition, all recorded at
a location consistent with para. 4-4.2. The applicable
equation for calculating gas fuel density is outlined in
para. 5-3.1.5. Compressibility factor, Z, shall be deter-
mined by the methods detailed in AGA Report No. 8 —
Detailed Characterization Method. For gas mixtures not
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covered by this Report, then an alternate method shall
be used.

4-4.4 Gas Fuel Composition

Methods of gas fuel composition determination shall
be in accordance with the standards set forth in
ASTM D1945. Alternative methods may be used if they
are equivalent in accuracy and are mutually agreed upon
by all parties prior to the test

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 upon by all parties
prior to the test. The fuel heating value shall be calcu-
lated in accordance with procedures delineated 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

Recognizing the importance of the gas composition
as one df the main contributors to the determination of
the heat|rate, the Code makes the following recommen-
dations,|which may reduce the error level.

The preferred solution for the determination of the
gas conjposition is the analysis in a laboratory using
methods and standards that are traceable to U.S.
Nationa| Institute of Standards and Technology (NIST).
Increasipg the number of laboratories where fuel sam-
ples arejanalyzed 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 agtee upon the laboratory(s) that will be used to
conduct the analysis of the test gas fuel samples. It
should be noted that the recommended values of the
ASTM D1945 for repeatability and reproducibility
should be considered the upper limit for determination
of the erfors. Conducting audits on quality of the labora-
tory(s), following the recommendations of the analyzing
equipmént manufacturer and using experienced techini=
cians copld significantly reduce these types of errofs.

The use of calibrated on-line gas chromatographs is
acceptalple provided that a laboratory certifiesthe qual-
ity of the results. Special care should be\given to the
frequen{ calibration of the on-line gaschromatograph
and use|of high quality calibration\gases.

4-4.401 Moisture Content. [When the fuel is pipeline
quality pnatural gas, the moisture content should be
minute [less than 4 lIb per\million standard cubic feet
or 64 milligrams per ciibic meter). It will therefore have
a negligible effect en-the gas heat value and the gas
constan{. In sucly cases, if it is mutually agreeable upon
by all pprties.tosthe test, the moisture content can be
taken frpm ‘the supplier’s records.

If reqpired, the gas moisture content shall be deter-

14.696 psia (1013 mbar). Other industry publicatfons
provide various combustion reference conditions uch
as 15°C, 20°C, and 25°C. Variations of heat ofcombugtion
due to changes in combustion reference) temperdture
are relatively small and generally comple, so it i not
necessary or practical to account fox_this provided the
selected data set is agreed by allparties prior to the ftest.

4-4.6 Gas Fuel Sensible Heat

For an exhaust flow ot-energy test, the sensible
must be determined %0 account for the differg
between the measuxed fuel temperature at the
boundary and thie’user selected enthalpy reference
perature. For-a‘heat rate test, if the heat rate is spec
to include thé\latent heat and the sensible heat, ther
sensible hieat must be determined to account for| the
difference between the measured fuel temperature af the
testboundary and the Specified Reference Temperature
[riot to be confused with the combustion reference fem-
perature of 60°F (15°C) as specified in GPA 2145]. If the
heat rate is specified to include only the latent lteat,
variations from the Specified Reference Temperajure
may be accounted for by applying a correction fact¢r to
heat rate which can be determined from a calculatidn of
sensible heat or application of a manufacturer suppglied
correction factor. The calculation of sensible heat is
described in para. 5-3.1.11.

heat
nce
test
em-
fied

the

4-4.7 Gas Fuel Sampling Sampling

CPA
ntly
rior
Hure
am-

Fuel samples shall be taken in accordance with
Standard 2166. A fuel sampling location shall be jo
identified and mutually agreed upon by all parties {
to the test. If it is suspected that the sampling proce
may result in a substantial gas fuel flow loss, the s
pling point shall be located as close as possible tq the
test boundary, upstream of the metering station, guch
that the gas sample represents the bulk of the gas flowing
through the flowmeter device, Special care shall be taken

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 that of the mass flow mea-
surement, 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

der license with ASME
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to ensure that the fuel sampling location is as far down-
stream of all processes outside of the test boundary that
may change the composition of the gas (e.g., filters,
dryers, compressors, scrubbers, etc.), such that the sam-
ples are a true representations of the fuel actually cross-
ing the test boundary.

A set of at least two gas 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
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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
duplicate samples from each set will be retained until
all fuel analysis is completed and results are concluded
to be acceptable. The criteria for acceptability and
method 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

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 tem-
perature 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 determined
from the totalized volume of liquid fuel measured over
a continuous period of not less than 10 min, and the

the |characteristics from the individual fuel samples
takgn before and after each test run.

4-5| LIQUID FUEL HEAT INPUT
4-5]1 General

Tp determine the heat input while operating on liquid
the following parameters shall be determined:

(@) mass flow

(@ heat value

(@ sensible heat

For comparative testing, flow elements should not be
cleaped or replaced during the outage. Any maintenance
shotild be done before the pre-modification test.

4-5{2 Liquid Fuel Test Boundary

Per para. 3-1.5, each energy stream is to be determined
reference to the point at which they cross the test
dary. This is particularly significant with respect

erature, and test results. It may be at a different
ion depending on what parameter is béing deter-
d (i.e., heat rate vs. exhaust energy via heat bal-

daries that should be consideredwhen determining
the Jliquid fuel heat input.

Leakage and unmetered returnflows may exist during
test (M; # M,) and care should also be taken to
mirfimize and account£or/such flows (e.g., separate
metering in the returniflow lines). Instances of leakage
and|unmetered retdrn'flows should be treated on a case-
by-dase basis arld the method for accounting for such
flows should be“agreed upon.

4-5)3 Liquid Fuel Mass Flow

Theluncertainty of the method to determine the mass

time measured with an accurate stopwatch o eJectronic
timer. Care must be taken that the measuted fotalized
volume of liquid fuel is not temperature‘compensated.

Application, restriction of use, calibration, anjd instal-
lation requirements of liquid fuelflow measuring
devices shall be in accordance‘\with ASME P[I'C 19.5.
On-site inspection of the fuge) flow devices pripr to the
conduct of the test is recomimended only if the inspection
does not invalidate the galibration results.

Subsection 5-3 outlines the applicable equations for
liquid fuel flow measurements using a metering orifice,
a positive displacement flowmeter and a|turbine
flowmeter.

4-5.3.2"Density and Relative Density (Ppecific
Gravity), *The density or relative density for gach fuel
sample shall be determined from a fuel analysis con-
dagted in accordance with ASTM D1480 or equivalent
standard. To obtain a correlation of density (o1 relative
density) and temperature, each sample shall be gnalyzed
for at least two different temperatures, with a empera-
ture range encompassing all of the liquid fuel fempera-
tures recorded during the test runs. The defpsity (or
relative density) at the test conditions for each individual
fuel sample shall be determined from the intefpolation
of the analysis results and flowing temperaturp during
the test run.

4-5.3.3 Kinematic Viscosity. The kinematif viscos-
ity of the liquid fuel at the test temperature i§ usually
different from the fluid used for the flowmeteq calibra-
tion. The effect of kinematic viscosity on the flpwmeter
calibration K-factor is unique. Hence, the flgwmeter
manufacturer’s curves shall be used to adjust th¢ calibra-
tion K-factor to the actual kinematic viscositly of the
liquid fuel at the test conditions. Measuremen{ of kine-
matic viscosity shall be in accordance with ASTM D445
or equivalent standard. To obtain a correlationf of kine-
matic viscosity and temperature, each sample|shall be

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 per-
mitted if the uncertainty of the mass flow measurement
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

- 29
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analyzed at three different temperatures, with a temper-
ature range encompassing all of the liquid fuel tempera-
tures 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.
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The heating value of each fuel sample shall be deter-
mined 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 (HHVy) 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

located as close as possible to the test boundary,
upstream of the metering station, such that the liquid
fuel sample represents the bulk of the liquid fuel flowing
through the flowmeter device. Special care shall be taken
to ensure that the fuel sampling location is as far down-
stream of all processes outside of the test boundary that
may change the composition of the liquid fuel (e.g.,
filters, strainers, conditioners, etc.), such that the sam-
ples are a true representations of the fuel actually cross-

hea'.Llls Vﬂ}uCD dltT lcfclcllkcd ;.U d D'Lalldalb‘l ;.Cllll.lcld;.ultf
basg¢ of 77°F (25°C). The lower heating value at constant
volyme (LHVy) is the higher heating value at constant
volyme minus the latent heat of condensed water vapor
at the same base temperature of 77°F (25°C).

-5.4.2 Heating Value at Constant Pressure. In gas
turljine combustors, the process is assumed to be a com-

watpr content in the exhaust gas at the boundary is still
in gpseous (noncondensed) state. The higher and lower

the pquations outlined in para. 5-3.1.9.

-5.4.3 Hydrogen Content. The hydrogen content
of epch fuel sample shall be determined in accordance
witlh 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
mugpt be determined to account’for the difference
betjveen the measured fuel témperature at the test
bouhdary and the user selected enthalpy reference tem-
perdture. For a heat rat€ test, if the heat rate is specified
to imclude the latent heat and the sensible heat, then the
sengible heat must¢be determined to account for the
difference between’the measured fuel temperature at the
testfpboundary and the Specified Reference Temperature
[nof to be.confused with the combustion reference tem-
perature-of 77°F (25°C)]. If the heat rate is specified to
inclpide only the latent heat, variations from the Specified

ing the test boundary.

A set of at least two liquid fuel samples shall pe taken
at the beginning and end of each test run:-Fuel|samples
may be taken more frequently, especially when ynsteady
fuel supply characteristics are suspected, provided that
the fuel sampling process doegmof disturb the fuel flow
measurements. One fuel samiple from each sef will be
delivered to a qualified/laboratory for analysis. The
duplicate samples from'each set will be retairfed until
all fuel analysis is completed and results are cqncluded
to be acceptable. The criteria for acceptability and
method for combining the analysis results shill be as
specified in the test plan. The fuel characteristicqused for
test run analysis shall be determined from the ayerage of
the characteristics from the individual fuel pamples
takenbefore and after each test run.

4-6 ELECTRICAL GENERATION MEASUREMENT
4-6.1 Introduction

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

4-6.2 Electrical Measurement System Connections

The connection of the primary elements for heasure-
ment of polyphase alternating current power systems is
subject to required uncertainty and the degree ¢f unbal-
ance between phases, which may be experiencgd. Many
different and special connections can be used for mea-
suring polyphase alternating current; however,|the con-
nections covered in this Code will be for threg-wire or

Reference Temperature may be accounted for by
applying a correction factor to heat rate which can be
determined from a calculation of sensible heat or appli-
cation of a manufacturer supplied correction factor. The
calculation of sensible heat is described in para. 5-3.1.10.

4-5.6 Liquid 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

Provided by IHS under license with ASME
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four-wire type systems and are recommended for meet-
ing the uncertainty requirements of this Code. The mini-
mum metering methods required for use on each of
these three-phase systems are as follows:

(a) three-wire generator connections — two single-
phase meters or one two-phase meter

(b) four-wire generator connections — three single-
phase meters or one three-phase meter

The following describes different types of three- and
four-wire generator connections that may exist.
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Fig. 4-6.2.1-1 Two-Meter Metering System for Use on Three-Wire Delta Connected Power Systems

CT
Delta connected 228 . Phase 1
generator
[ . _ Phase 2
/_NN J J J J ﬁ(r:;l; o J Phase 3
S \| )
8 VT L‘-"j VT
o O & é 5 & gﬁl
- - = 29 9 °
X /

Two watt meters, one two-element
watt-hour meter, or one two-element
watt meter. Connects here.

Fig. 4-6.2.1-2 Two-Meter Metering System for Use on Three-Wire Wye Connected Power Systems

Wye connected cT
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Two watt meters, one two-element
watt-hour meter, or one two-element
watt meter. Connects here.

4-6.2.1 Three-Wire Power Systems. Examples of
three-wjire power genération systems are shown in
Figs. 4-6¢.2.1-1 and 4+6:2.1-2. Various three-wire power
systems|exist duéto-the type of the connected generator.
It is recqmmended to review the particular type and the
site arrangerment before deciding which one is suitable

lcu-
b for

power to establish the power factor. Power factor cg
lation is provided in para. 5-1.2.1 including the cas
balanced three-phase sinusoidal circuits.

4-6.2.2 Four-Wire Power Systems. A typical four-
wire power system is shown in Fig. 4-6.2.2-1. In addifion,
with the exception of the “Open Delta” generator fon-

to a giveénmeasurement application

Power and energy in three-wire power systems can
be measured using two voltage transformers (VTs) and
two current transformers (CTs). The two-meter metering
system is shown in Figs. 4-6.2.1-1 and 4-6.2.1-2 for a Delta
connected and a Wye connected generator, respectively.

Several types of metering devices can be used in con-
nection with these instrument transformers: two watt
meters, two watt-hour meters, two element watt-hour
meters, or a two-element watt-hour meter. A var-type
meter is the recommended method to measure reactive

32

nection, all of the three-wire systems described in
para. 4-6.2.1 can also be measured using the four-wire
measurement system described in this Section.

The measurement of power and energy in a four-wire
power system is made using three VTs and three CTs
as shown in Fig. 4-6.2.2-1. Several metering devices can
be used in connection with these instrument transform-
ers: three watt/var meters, three watt-hour/var-hour
meters, a three-element watt/var meter, or a
three-element watt-hour/var-hour meter.

ASME International
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Fig. 4-6.2.2-1 Three-Meter Metering System for Use on Four-Wire Power Systems

Wye connected

cT Phase 1
generator
1
Solid or low CT Phase 2
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o 2 20 S B, Phase 3
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i i ] \I ] ] Neutral

i

Three watt meters, one three-element
watt-hour meter, or one three-element
watt meter. Connects here.

Ppwer factor calculation is provided in para. 5-1.2.2  of transforiner correction factor for a standard 0.8% accu-
inclpiding the option where each phase voltage and cur- ~ racy class voltage transformer (at 90% to 10(% rated
rent| (volt-amps) is measured. voltage) is 0.997 minimum and 1.003 maximpim. The

limits”of transformer correction factor for a $tandard
4-6{3 Instrument Transformers 0.3% accuracy class current transformer at 10Q% rated

Irfstrument transformers are used for the purpose of \ ‘“current is 0.997 minimum and 1.003 maximurh and at

(@) reducing the voltages and current to values which 10% rated current is 0.994 minimum anjd 1.006
can|be conveniently measured, typically to ranges\of = maximum.
120|V and 5 A, respectively For revenue metering applications, the mpximum

(i) insulating the metering instruments fropd-the high ~ uncertainties for accuracy tests and calculation| shall be
pot¢ntial that may exist on the circuit under:teét. Instru- ~ *0-1% for ratio and +0.9 mrad (3 min) for phase|angle as

ment transformer practice is described/in detail in
IEEE C57.13
The impedances in the transformyet circuits must be

established in IEEE C57.13. NIST publications™
the IEEE C57.13 uncertainty figures are relatively
uncertainties, with significantly lower calibratiq
tainties for ratio correction factor and phase ang

indicate
F modest
n uncer-
le being

congtant during the test. Protectivefelay devices or volt-
age|regulators shall not be gonnected to the instrument achievable. Sources of error in the calibration f instru-
tranjsformers used for thé test. Normal station instru- ~ ment transforms should be evaluated to determine the
merjtation may be conriedted to the test transformers if ~ actual uncertainty associated with the ratio cgrrection
the [resulting total burden is known and is within the factor and phase angle. Sources of error for thq calibra-
range of calibratiet( data. tion of voltage transformers may include, but not be
Table 4-1.2.1-1requires an overall power measurement li'mited to, bridge measurement, secondary Vollfage set-
uncprtainty Of 0.25%. In order to achieve this, the instru- ~ t1ng, .burden setting, transformer self-heating, and
merjt transformer uncertainties should be in the range ~ capacitance ratio measurement. Sources of errdr for the
of 0[1%46)0.15%. Current transformers shall be operated ~ calibration of current transformers may includ¢, but not

within{their rated burden range during the test and

be limited to, core magnetization, burden, trafisformer

should be operated near 100% of rated current to mini-
mize instrument error.

Instrument transformers accuracy ratings are typically
specified in terms of accuracy class. Accuracy class for
revenue metering is based on the requirement that the
transformer correction factor (TCF) of the voltage trans-
former or of the current transformer shall be within
specified limits when the power factor (lagging) of the
metered load has any value from 0.6 to 1.0, under speci-
fied conditions as established in IEEE C57.13. The limits

33

temperature, current value, primary winding position,
and electromagnetic interference.

3 NBS Measurement Services: A Calibration Service for Voltage
Transformers and High-Voltage Capacitors, Special Publication
250-33, William E. Anderson, U.S. Department of Commerce,
June 1998.

* NIST Measurement Services: A Calibration Service for Current
Transformers, NIST Special Publication 250-36, John D. Ramboz
and Oskars Petersons, U.S. Department of Commerce, June 1991.
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4-6.3.1 Voltage Transformers. Voltage transformers
measure either phase-to-phase voltage or phase-to-
neutral voltage. The voltage transformers serve to con-
vert the line or primary voltage to a lower or secondary
voltage safe for metering (typically 120 V for phase-to-
phase systems and 69 V for phase-to-neutral systems).
For this reason the secondary voltage measured by the
voltage transformer must be multiplied by a turns ratio
to calculate the primary voltage that actually exists in

4-6.3.3 Instrument Transformer Connections. Test
plans shall include a sketch showing the measurement
and the test boundary locations.

The leads to the instruments shall be arranged so that
inductance or any other similar cause will not influence
the readings. Inductance may be minimized by utilizing
twisted and shielded pairs for instrument leads. It is
desirable to check the whole arrangement of instruments
for stray fields.

the gendrator.

Correftly rated voltage transformers of at least 0.3%
accuracy class (metering type) shall be used for the tests.
The trafpsformers shall be calibrated for correction of
ratio anfd phase angle error prior to the test over the
ranges ¢f voltage, current, and burden expected to be
experieficed during the test. Accuracy tests shall be
made o1} each transformer and shall consist of measure-
ment of fratio and phase angle from approximately 90%
to 110% of rated primary voltage, when energized at
rated fr¢quency with zero burden, and with the maxi-
mum stgndard burden for which the transformer is rated
at its begt accuracy class. The method of calibration shall
permit the determination of the turns ratio and phase
angle to|an uncertainty of at least +0.1% and +0.9 mrad
(3 min), [respectively. The voltage transformer ratio cor-
rection factors shall be applied at the actual burdens of
the test,|which may be determined by calculation from
lead impedances, or by direct measurement. Actual volt-
ampere burdens shall be determined either by calcula-
tion from lead impedances or by direct measurement;
Correct]jons for voltage drop of the connecting, linés
should|be determined and applied as shewn in
Nonmandatory Appendix A-2.

.2 Current Transformers. The.current trans-
formers|convert the line or primary.current to a lower
secondafy current safe for metering:For this reason, the
secondafy current measured by-the/current transformers
must bg multiplied by a tutns ratio to calculate the
primary|current that actually €éxists in the generator out-
put wiring.

For the measurement of generator output in a gas
turbine fest, at least 0.3% accuracy class current trans-
formers|shall be.used. Accuracy tests should be made
on each frarisformer and should consist of measurement
of ratio pndphase angle at approximately 100% and at

4-6.3

In order to minimize the voltage drop in the voltage
circuit, wire gauge shall be chosen considering the lepgth
of wiring, the load of the voltage transformet cirfuit,
and the resistance of the safety fuses. The)erfors dye to
wiring resistance (including fuses) shall always be tdken
into account, either by direct voltage\drop measurerpent
or by calculation. An illustration/of these measuremlents
and corrections is shown in the sample calculation pro-
vided in Nonmandatory Appendix A-2.

4-6.3.4 Precautions-in the Use of Instrument
Transformers. Current 'transformer cores may be’}Jer-
manently magnetized by inadvertent operation with the
secondary ciregit ‘opened, resulting in a change ir| the
ratio and phase‘angle characteristics. If magnetizgtion
is suspected, it should be removed as describefl in
IEEE 120,-under “Precaution in the Use of Instrurhent
Transformers.”

4-6.3.5 Utilization of Existing Plant Instrument
Transformers. Existing station voltage or current trans-
formers may be used for the test if they meet the reqtiire-
ments of this Code.

4-6.4 Electrical Metering Equipment

The following are the five types of electrical metering
equipment that may be used to measure electfical
energy:

(a) watt meters

(b) watt-hour meters

(c) var meters

(d) var-hour meters

(e) power factor meters

Single or polyphase metering equipment may be used.

These meters are described in paras. 4-6.4.1 thrqugh
4-6.4.5.

4-6.4.1 Watt Meters. Watt meters measure instgnta-
neous active pOWF‘T‘

10% of rated current, when energized at rated frequency
with zero burden, and with maximum standard burden
for which the transformer is rated at its best accuracy
class.

Accuracy test results may be used from factory type
(design) tests in the determination of turns ratio and
phase angle correction factors. Type tests are commonly
performed on at least one transformer of each design
group that may have a different characteristic in a spe-
cific test.
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The instantaneous active power must be measured
frequently during a test run and averaged over the test
run period to determine average power (kilowatts) dur-
ing the test. Should the total active electrical energy
(kilowatt-hours) be desired, the average power must be
multiplied by the test duration in hours.

Watt meters measuring generator output must have
a systematic uncertainty equal to or less than 0.1% of
reading and a sampling rate of at least once per minute
during the test.
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4-6.4.2 Watt-hour Meters. Watt-hour meters mea-
sure cumulative active energy (kilowatt-hours) during
a test period. The measurement of watt-hours must be
divided by the test duration in hours to determine aver-
age active power (kilowatts) during the test period.
Watt-hour meters measuring generator output must
have an uncertainty equal to or less than 0.1% of reading.
The resolution of watt-hour meter output is often so
low that high inaccuracies can occur over a typical test

4-6.4.6 Existing Power Plant Instrumentation.
Existing station instrumentation may be used for mea-
surement of any of these parameters if it meets all of
the requirements of this Code.

4-6.5 Electrical Generation Instrumentation
Calibration

4-6.5.1 Watt and Watt-hour Meter Calibration. Watt

and watt hour meters collectivelyv referred to as power

period. Often watt-hour meters will have an analog or
digital output with a higher resolution that may be used
to ificrease the resolution. Some watt-hour meters will
oftep also have a pulse type output that may be summed
ovef time to determine an accurate total energy during
the ftest period.

For disk type watt-hour meters with no external out-
putf the disk revolutions can be timed and counted dur-
ing Ja test to increase resolution. Some electronic watt-
houfr meters also display blinking lights or LCD elements
that| correspond to disk revolutions that can be timed
to determine the generator electrical output. In such
casgs, much higher resolution can be achieved usually
by fiming a discrete repeatable event (e.g., a certain
nunpber of blinks of an LCD or complete rotations of a
disl) rather than counting the number of events in a
fixefl amount of time (e.g., number of rotations of a disk
in 5 min).

4-6.4.3 Var Meters. Var meters measure instanta-
neofis reactive power. The instantaneous reactive power
mugt be measured frequently during a test run and-aver-
agedl over the test run period to determine average reac-
tivel power (kilovars) during the test. Should the total

or digital output with a higher resolution or a pulse
type output that may be summed over time to determine
an accurate total energy during the test period.

4-6.4.5 Power Factor Meters. Power factor may be
measured directly using three-phase power factor trans-
ducers when balanced load and frequency conditions
prevail. Power factor transducers must have an uncer-
tainty equal to or less than 0.01 PF of the indicated
power factor.

ASME International
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meters, are calibrated by applying power thrgugh the
test power meter and a power meter standard [simulta-
neously. Should polyphase metering eqiipmentjbe used,
the output of each phase must be available or the meter
must be calibrated with all phases/simultanepusly in
three-phase operating conditien:

Portable instruments shalkbe calibrated in a c¢ntrolled
laboratory environment 4f there is an indicatjon of a
problem with the measurément. The value of th¢ voltage
maintained on the_pafential circuit of the insfruments
during calibration shall cover the range of expected test
values, based ohJthe manufacturer’s recommendations
for required\tncertainty. Polyphase meters, or netering
systems¢Which cannot be verified to be made up of
separate single-phase meters, shall not be usefd unless
thefz'can be calibrated three-phase.

4-6.5.2 Var and Var-hour Meter Calibration. |In order
to calibrate a var or var-hour meter, one mupt either
have a var standard or a watt meter standard and an
accurate phase angle measuring device. Also the device
used to supply power through the standard jand test
instruments must have the capability of shiftijg phase
to create several different stable power factorfs. These
different power factors create reactive power jover the
calibration range of the instrument.

Should a var meter standard be employed, tH
dure for calibration outlined above for watf meters
should be used. Should a watt meter standard afpd phase
angle meter be used, simultaneous measurements from
the standard, phase angle meter, and test ingtrument
should be taken. The var level will be calculafed from
the average watts and the average phase angld.

Var and var-hour meters should be calibrat¢d at the
electrical line frequency of the equipment under test,
i.e., do not calibrate meters at 60 Hz and use qn 50 Hz
equipment. Var and var-hour meters are particularly
sensitive to frequency and should be used withjn 0.5 Hz
of the calibration frequency.

e proce-

4-6.6 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 must
be determined. There are two methods, as follows:

(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

35
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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. The calculation is given in
para. 5-1.3.1.1.

(b) Derivation From Field Voltage and Current. Power
supplied to the exciter can also be estimated by calculat-
ing the power output by the exciter and by correcting

IEEE C57.12.90 as shown
Appendix A-4.

in Nonmandatory

4-7 MECHANICAL POWER MEASUREMENT

4-7.1 Torque and Speed Measurement

For gas turbines driving compressors, the determina-

tion of output shaft power is generally required. Refer-
1d baa ACNAL D’T‘C 10 7 £ 3 ance

1 dat pu |
R Ce-Sothrt—O TGt —TO—/ OVt 71O gtitr

for an 4ssumed AC to DC conversion efficiency. The
calculatfon is given in para. 5-1.3.1.2.

4-6.7 Measurement of Auxiliary Loads

If the test requires obtaining a net power output value
for the gas turbine, auxiliary loads associated with the
turbine must normally be measured. This is required
when the gross electrical power metering is located
upstrea;['l of the place where the auxiliary load power
is supplied. Besides excitation power (see para. 4-6.6),
the aux]liary loads generally consist of the electrical
loads of the lubrication and hydraulic systems; water
injection skids, external cooling air systems, etc. Another
significagnt auxiliary load is the power required by the
gas fuellcompressor, necessary sometimes to boost the
supply line gas pressure to the pressure required by the
combustion system. The measurement of the auxiliary
loads cqn be done with station permanent meters or
locally fising temporary instrumentation. In modern
power sfations, the permanent instrumentation used for
this purpose can be found at the Motors Control Centers
(MCC), where the electrical load is measured and, dis-
played gither as active power, or as voltage and-cfirrent.
It is recpmmended to create a list of all thé auxiliary
loads, njeasuring locations, and clearly identify which
system Js fed through which correspondinig MCC. The
data coyld be collected manually or. automated, but at
least thrpe readings shall be taken foreach performance
run. Foil loads measured locallyby temporary instru-
mentatipn, the exact measuring’point has to be clearly
identifigd and qualified jpexsonnel should connect the
meters fo avoid accidefits.

4-6.8 Measurement of Step-up and Step-down

Transformers

In mahy cases, the transformer losses of step-up and
step-down(transformers must be determined for a test.

in these measurements.

A torque-measuring device shall be installed “on
coupling between the gas turbine and its ‘driven
(or load gear). This device shall be calibrated beforg
test, and if not left in place shouldbe calibrated
the test. Speed of all gas turbine shaftsshall be recor|

the
oad
the
fter
Hed.

4-7.2 Other Parameters and{Variables

As required for generator drives, all other cycle|and
ambient data shall be fecorded to permit correction of
test data to Specified\ Reference Conditions. Sincq the
operation of the turbine may be restricted by the pip¢line
or process conditions, it is important to also record the
control pafameters such as exhaust (or confrol)
temperature.

4-8'."SPEED MEASUREMENT

Shaft speed is normally measured from either the s
connected to the electrical generator in multi-shaft
bines or the shaft driving the mechanical loafl in
mechanical load turbines. Typically, for nongeared|tur-
bines the shaft speed shall be 3,600 rpm for 60 Hz appli-
cations and 3,000 rpm for 50 Hz applications.

The shaft speed may be measured by standard sj
sensors used in the turbine control system. For gas|tur-
bines connected to AC electrical generators, the|line
frequency measured at the generator terminals mafy be
used instead of shaft speed to correct gas turbine per-
formance since the shaft speed is directly couplefd to
the line frequency. The chosen method must mee{ the
uncertainty requirement in this Code.

haft
tur-

eed

4-9 HUMIDITY MEASUREMENT

The moisture content of inlet air shall be meastired
directly with a hygrometer or indirectly by measuring

Since the power loss for a step-up/down transformer
cannot be accurately measured in the field, it is necessary
to use the results of the transformer’s factory perform-
ance tests. Normally the factory tests determining the
power loss are conducted at 0% and 100% rated load of
the transformer and at various voltages.

In order to calculate the transformer power loss, mea-
surements of the voltage and current at the high side of
the transformer must be recorded. The calculation is
then performed using the methodology described in

der license with ASME
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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 location
shall be shielded from direct sunlight.

4-9.1 Direct Measurement

This method is required if freezing conditions are pres-
ent during the test. The most common type of direct
humidity measurement is a capacitive type hygrometer.
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Appropriate calibration standards for field calibration
or recent factory calibration certification needs to be
available in order to ensure compliance with the mea-
surement uncertainty requirement. Be aware that uncer-
tainty 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

losses differently, but they 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 is such that deter-
mination of heat rejection may be accomplished with
an uncertainty not greater than 10%. Where the actual
measurement of heat loss is deemed unnecessary or

TFS method does not require special calibration stan-
dardls (other than what is needed for the temperature-
senging element). It can be used whenever conditions
are pbove freezing. Wet-bulb temperature is measured
by gnugly covering the temperature-sensing element
with a wetted cotton sock. Distilled water shall be used
as a wetting agent. Air velocity across the sensing ele-
ment shall be kept between 800 ft/min to 1,200 ft/min
(4 mp/s to 6 m/s) to ensure continuous evaporation of
the |distilled water. If the existing air velocity at the
megdsurement location is insufficient by being less than
800|ft/min (4 m/s), the air can be forced across the
senging element using a fan.

Wet-bulb temperature can be inferred by a properly
des]gned mechanically aspirated psychrometer. The
medhanically aspirated psychrometer should incorpo-
rate| the following features:

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

() The sensing element is suspended in-the airstream
and|is not in contact with the shield walls!

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

(d) The air velocity across the sensing element is main-
tained constant in thetange of 800 ft/min to 1,200 ft/min

(4 np/s to 6 m/s):
(@ Air is drawh across the sensing element in such a
manner thatdt-is not heated by the fan motor or other

4-10 HEAT 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
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impractical, the means of determining heat losq shall be
determined by agreement among the parties, tof the test.

4-10.1 Generator Losses

Generator losses typically include exciter and ollector
losses, which are a function/ef“generator oufput and
power factor, and windage lesses, which are a ffunction
of the generator cooling dedium temperature.|It is not
practical to measure these losses directly durinjg a test;
therefore, they must-be determined from curves pro-
vided by the geferator manufacturer. Generatpr losses
are typicallys on‘the order of 1% to 2% of the gross
electrical eutput.

4-10.2 Gearbox Losses

Gearbox losses must be determined for appllications
that require load gears for speed reduction betyveen the
turbine rotor and the generator rotor. Gearbox lpsses are
typically determined from data provided by thelgearbox
manufacturer. Gearbox losses can vary greatlyj but are
typically on the order of 1% to 2% of shaft oufput.

4-10.3 Fixed Losses

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

4-10.4 Variable Losses

Variable losses include heat rejected from th¢ turbine
rotor cooling system, overboard air or gas leakages, and
heat radiated from the turbine casings. The algorithms
for determining these losses should be provided by the
manufacturer.

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.
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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
these cases, a precision timing device such as a digital
stopwatch with a resolution to 0.1 sec is sufficient.

4-11.2 Flow

manufacturer’s specification will include a recom-
mended method of measurement and the allowable
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 tem-

Flow
should
Table 4-

measurements other than liquid or gas fuel
be in accordance with ASME PTC 19.5 and
[.2.1-1 of this Code.

4-11.3 [furbine Control Parameters

Gas t
turbine

irbines maintain a steady load by the use of
control parameters that adjust the fuel flow.
These cgntrol parameters should be measured during a
test because applicability of the manufacturer’s correc-
tion curyes depends on the appropriate operating condi-
tions; hgwever, these parameters do not have their own
correctign curves. The manufacturer determines which
parameﬂers are the controlling parameters and how each
parameter is measured during a test. Some turbine con-
trol pargmeters are variable guide vane position, turbine
control femperature, compressor discharge or combus-
tion chamber pressure, and fuel flow fractions.

4-11.8.1 Variable Guide Vane Position. Gas turbine
installatjons may use variable geometry in the airflow
path to [control the volume of air passing through the
gas turbjne. In many gas turbine designs, variable geom-
etry is dchieved through the use of mechanically actu-
ated gulde vanes. Frequently, the definitior{ of'a load
point, stich as base load, at which a test is.to be con-
ducted, may depend on a specific guideXane angle. The
position| of each of the guide vanes sheuld be measured
prior to the test to ensure that the-mean angle is consist-
ent with both the manufacturer’s-specification and the
indicatign in the turbine cofitrol system. Typically, the

between the turbine control temperature and the turpine
inlet temperature is defined in a control algorithm dé¢ter-
mined by the manufacturer. The manufacturer, thrqugh

experience, shall determine the number, type, and Joca-
tion of the control temperature measuréments to accpunt
for expected temperature levels/and inherent spatial
variations.

For comparative testing;-differences in the turpine
control temperature determination may exist between
the pre-modification and the post-modification test.
can change as a result of even changing one thermofou-
ple during the gutage. Change in the spatial distribytion
of this températare due to modifications of the turpine
or its operating condition (such as increased turpine
inlet temperature or change in air management) is[also
likely(8ince power is so sensitive to any shift in turpine
cotitrol temperature, it is advisable to perform any ther-
mocouple replacements and/or calibrations prior t¢ the
pretest to minimize uncertainty.

4-11.3.3 Compressor Discharge or Combustion
Chamber Pressure. Along with the turbine control fem-
perature, compressor discharge or combustion charhber
pressure is also often required as an input into the manu-
facturer’s control algorithm. This pressure is often
divided by the inlet pressure measurement to estirpate
a compression ratio. The manufacturer will deterthine
the number, type, and location of the measurement(s).
The pressure is measured using one or more static gres-
sure transmitter(s) in accordance with subsection 4-2.
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Section 5
Computation of Results
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ris-Seettorrineludes-the-detallsrequired-forcomput
power output and heat rate (efficiency). Additional
putations are provided in Mandatory Appendix I for
hust flow, exhaust energy, and exhaust temperature.

ELECTRICAL POWER CALCULATIONS

1 Introduction

ectrical measurements required for the evaluation of
turbine performance include gross electrical output,
rer factor, exciter power, and other auxiliary electrical
s. The measurement is discussed in subsection 4-6.
b subsection of the Code provides guidance and

requiirements for the calculation of these measurements.
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calculation method for average power or total
rgy should be performed in accordance with
E 120 for the specific type of measuring system used.
er measurements must be corrected for actual volt-
transformer ratio and for phase angle errors in accot-
ce with the procedures of IEEE C57.13.

detailed sample calculation for electric power out-
is given in Nonmandatory Appendix A2,

2 Electrical Measurement System Connections

ectrical measurement is based on the type of meter-
methods, as follows:

) three-wire power systems — two single-phase
prs or one two-phase meter

) four-wire powensystems — three single-phase
ers or one threé*phase meter

hragraphs 541.2.1 and 5-1.2.2 describe calculations
he two types of three- and four-wire power systems
may exist!

-1.2:1 Three-Wire Power Systems Power Factor

43 oz £ Lbal Jd4l 1
Tt Ra v ey To Darancea T Ce-—prasC-Sits

cuits, power factor may be calculated from
meter power measurement method usingthe f
formula:

1

WattSl_z - Watt53_2 2
1+3|——
Watt51_2 + Watt53_2

PF =

idal cir-
he two-
llowing

rom the
1la:

where
PF = powetrfactor
Watts;, = reallpower phase 1 to 2
Watts;, = (real power phase 3 to 2
5-1.2.2 Four-Wire Power Systems Power Factor
Calculation. Power factor can be calculated
watt ahd var meters using the following form
PF = Wattstotal
JWattsZ,, + Varsh
where
PF = power factor
Varsy,y = total vars for three phases
Wattsoryy = total watts for three phases

Alternatively, power factor may be detern
measuring each phase voltage and current (Vol
with the following equation:

Watts, .,
D
where
I; = phase current for each of the three pl
PF = power factor
Vi = phase voltage for each of the three p
5-1.3 Excitation Power Calculation

ined by
-Amps),

lases

nases

Calcutation—Fowerfactoris-therrdeterminedtusing-the———5-1.3 T Measured-Excitatiom. I the exciter is pow-

following formula:

PE Watts, .,

\/Wattstzotal + Vars%o‘(al

where
PF = power factor
Varsy, = total vars for three phases
Wattsi,y = total watts for three phases
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ered by current supplied from the main generator bus

at a point after the gross electrical output mete

ring, the

power supplied to the exciter must be determined, as
described in para. 4-6.6. Two methods for determining

the power supplied to the exciter are as spe
paras. 5-1.3.1.1 and 5-1.3.1.2.

cified in

5-1.3.1.1 Derivation From Breaker Currents.
Exciter power and any other auxiliary gas turbine loads
included in the gas turbine vendor scope of supply can
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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:

J3 X VX Lyg X PF
1,000

ExcLoss =

(c) in the case of power measurement, the power fac-
tor of the device being measured

The correction methodology is presented in
Nonmandatory Appendix A.

5-1.4.1 Voltage Transformers. The secondary volt-
age measured by the voltage transformer must be
multiplied by the voltage transformer marked ratio
(VIR) and by the voltage transformer ratio correction

where
ExcLogs = exciter power, kW
I}, = average phase current, A — measured

value

HF = power factor — measured or calculated
value

Vil = average phase voltage, V — measured
value

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

If the|measurement point is downstream of a step-
down tgansformer, a correction should be applied for
the tranpformer loss.

5-1.3.1.2 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 dorrecting for an assumed AC to DC conversion
efficiendy using the following formula:

FV x FC

ExcLoss = 1500 % ACDC

where
ACDC = AC to DC conversion efficiency:factor

(typically 0.975, assumed value)

ExcLogs = exciter power (kW)

HC = field current (DC amps)'— measured

value

field voltage (DC violts) — measured value

conversion factor from watts (W) to

kilowatt (kW)

5-1.3.2 Excitation Power Calculations From Supplier
Informafion. Excitation power may be determined from
supplieq information based on load and power factor at
the test conditions.

3%
1,0(

S
I

5-1.4 Iqstrument Transformers

ferctor (‘V7TRcorr) trrorder-tocatcutate-tire l,uiulcuy vu]tage
on the high side of the transformer. For the typical kcase
where VTs are dedicated to voltage measurément|and
not to relays or voltage regulators, the secondary bufden
can be assumed to be close to zero. Therefore, the calibra-
tion data at zero burden plus 0.0005 may be assutned,
leading to an estimated uncertainty, 6f +0.05%.

5-1.4.2 Current Transforniers. The current trpns-
former ratio correction faatot\(CTR,,,) is calculated in
a similar manner as the voltage transformer corredtion
factor (VIR.y). However, typical values at rated |pri-
mary current vary little between 0.9999 and 1.0. Vliues

outside this range’should be accounted for. It should be
emphasized that'the CTR.,, for operation at conditions
less than .the‘rated primary current increases sigpnifi-
cantly andyshould not be neglected. The error at [10%
currentis permitted to be two times the value of the grror
at100% rated primary current. CT calibration should
therefore be provided at two different burdens afd a
function of load as detailed in para. 4-6.3.2.

5-1.4.3 Calculation of Corrected Primary Power. [The
power for each phase is corrected by applying calipra-
tion data from the instrument transformers and the
power meter as follows:

Phighside = Plowside X VIR X CTR X MCF X VIR o X (TReor
X PAcorr X VTVD orr

where
CTR = the current transformer marked ratio

CTR.,x = the current transformer ratio corredtion

factor from calibration data

MCF = the meter correction factor from

calibration

Phighsiaee = the corrected power on the high side of

the transformer

Piowside = the power measured on the low side of

£ fpoa oL 3
tHe—tFansrormer

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

(a) theburden (number and kinds of instruments con-
nected to the transformer)

(b) the secondary current (in the case of current
transformers)

PA.r = the phase angle correction factor from
calibration data
VIR = the voltage transformer marked ratio
VTR = the voltage transformer ratio correction
factor from calibration data
VIVD,: = the voltage transformer voltage drop
correction

The meter correction factor (MCF) is determined from
calibration data. Each phase of the meter should be

40
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calibrated as a function of secondary current. The pro-
cess 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 (PA )
accounts for the phase shift that occurs in the voltage
transformer (A), current transformer (8), and the power
meter («). The Code will provide a more rigorous calcu-

on the method of adjusting the output and heat rate to
the specified conditions. Two methods are commonly
employed.

(a) The manufacturer may supply correction curves
or cycle data that will allow adjusting the data to rated
speed(s) and control temperature, from which the cor-
rections to Specified Reference Conditions may be made.

(b) The gas turbine may be run at several points
through a load and/or speed range to permit interpola-

latign; however, in most cases a linear interpolation as
disqussed below will provide a sufficiently accurate
cortection.

The phase shifts of each transformer could have an
offsptting 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 npt affected by a phase shift. Each of the phase shifts
shopild be determined from calibration data.

cos(—a+ B-) _ cos(0—a+ B-)

PAcorr = cos(6) (Power Factor)

whgre

= shift in the power meter phase angle

= shift in the current transformer phase angle
= shift in the voltage transformer phase angle
= arccos (power factor)

S T 8

Al good approximation in practice will be to assume
thal when power factor is 1, the PA,, will also be equal
to 1

5-2| MECHANICAL POWER OUTPUT CALCULATION

5-2J1 Mechanical Drive Power

Ppwer at the gas turbine shaft.isithe product of the
torque and speed, with apprepriate unit conversion
congtants.

(W.S. Customary Units)

Torque X Speed

ARy 5,252.1

tion or extrapolation of the data to the ratedlofqd point.
This generally involves normalizing the test r¢sults by
applying dimensionless parametets;” whiich are
described in most thermodynamic téxtbooks.

It is expected that the first system will be mofe preva-
lent, given the availability and ac¢uracy of gag turbine
cycle performance programs,

5-2.2 Efficiency

Heat rate, conventionally used for generatof drives,
may not be the¢préferred parameter for meg¢hanical
drives. If therm@l efficiency is required, it is

2,544.43

i = SHP % Heat Input

where heat input (Btu/hr in this case) is from subsec-
tion 5-3. Heat rate, in Btu/hp-hr, can be calculated from
Heat Input/SHP.

In SI Units, thermal efficiency can be calculdted by

nm = Power X 3.6/Heat Input

where power is in watts, and heat input (k]/Hr in this
case) is from subsection 5-3. Heat rate, in kJ/W-hr, can
be calculated from Heat Input/Power.

5-3 HEAT RATE CALCULATIONS
5-3.1 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 Nonmafdatory

The| general

whdre Appendix A-1.
SHP = $haft horsepower, with Torque in Ibf-ft and 5-3.1.1 Differential Pressure Meter.
Speed in rpm equation for mass flow rate through a differential pres-
1 Units) sure class meter for both liquids and gases is as{follows:

Power = Torque X Speed X 27/60

where Power is in watts, with Torque in N-m, and Speed
in rpm

5-2.1.1 Correction to Specified Reference
Conditions. If the gas turbine can be run at rated power,
the corrections proceed as shown for generator drives.
In the event that system conditions do not permit run-
ning the test at rated load, the parties will need to agree
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2* p(T,P) * AP * g,

My= 7 d*Crer a5 63
where
C = orifice discharge coefficient (determined
from calibration report)
D = diameter of pipe at flowing fluid
temperature
d = diameter of orifice at flowing fluid
temperature
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Typical Values for Unit Conversion Factor, Ny, Using Common Units of Measure

Symbol U.S Units U.S. Units U.S. Units Sl Units Sl Units S| Units
Calculation Constants
™ 3.14159 3.14159 3.14159 3.14159 3.14159 Universal constant
ge 32.1740 32.1740 32.1740 NA NA lbm*ft/ (Ibf*sec?
ge NA NA NA 1.0000 1.0000 kg*m/(N*sec?)
Units of Measure
d in in in mm mm
AP Ibf/in.? in.H,060°F in.H,068°F mbar kPa
p(T,P) lbm/ft3 lbm/ft3 lbm/ft3 kg/m? kg/m?
M¢ lbm/sec lbm/sec lbm/sec kg/s kg/s
N,y 0.525021 0.0997424 0.0997019 0.000351241 0.0000351241
gc| = units conversion constant Refer to ASME PTC 19.5, Section 2, for thermal expan-
M;| = fuel mass flow rate sion data.
4P| = differential pressure across orifice 5-3.1.3 Expansion Factor. The expansion factqr, e,
B| = ratio of orifice and pipe diameter (d/D), tes for the éhange in density due to a decrpase
both diameters at the flowing fluid compensates & y el
in pressure when the’fluid flows through the orifige:
temperature
€| = expansion factor o) . AP 1
p(T,P)| = fluid density at flowing temperature and €2 T~ (04140357 §) x N, * k * Py G35)
pressure
where
NOTE: vI.easul"ement units for the above parameters and vari- I\ isentropic exponent
ables are given in Table 5-3.1.1-1. _ Cp/(cp ~ 1.986/MWf), where
This equation can be further reduced to the following .
format: C, = specific heat at constant pressyre
MW; = molecular weight of fluid
My = Ny x d* x C x e X E, x Jo(T,P) X AP5:3.2) N, = unit conversion factor
P; = upstream static pressure of fluid
where B = ratio of orifice and pipe diameter (d/D), both
E, =| velocity of approach factor = I diameters at the flowing fluid temperature
N; =| unit conversion factor b8 AP = differential pressure
5-3.112 Orifice Dimensions. If the)flowing tempera- Typical values for unit conversion factor, N, are gjven
ture of fthe fluid is different than ‘the temperature at  in Table 5-3.1.3-1.
which thle pipe ar@ orifice d.imen.Sions were determined, 5-3.1.4 Compressibility. Fluid compressibility, Z
the meapured orifice and pipe’ dimensions must be cor- . o
. at flowing conditions shall be calculated based upon the
rected tp compensate for the temperature variations. methods outlined in AGA Report No. 8 utilizing| the
_ . . Detail Characterization Method (Input of individual gas
d = [1 wape ™ (I - TmeaaS)} Hmeas (5-33) constituents). Subsection 8.1 arIl)d Nonmanda §ry
Appendix A of AGA Report No. 8 present detailed irpfor-
Dy= [1 + app * (Tf - Tmeaas):| * Dmeas (5-3.4) mation for the Detail Characterization.
5-3-1.5Density —Gas—Fuel—Gasfluid—density at
where flowing fluid conditions is calculated from the following
Dmeas = measured diameter of the pipe at Theas equation:
dmeas = measured diameter of the orifice at Tieas
T; = temperature of the ﬂc.)v'ving ﬂu.id . ATP) = MWeasPy (5-3.6)
Tmeas = temperature of the orifice or pipe material ZRTy
when the diameters were measured
apr = coefficient of thermal expansion for the ori- where . .
fice material MWyg,s = molecular weight of the gas mixture
app = coefficient of thermal expansion for the
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n
MWgos = 2 x;* MW,
=1
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Table 5-3.1.3-1 Typical Values for Unit Conversion Factor, N,, Using Common Units of Measure

u.s
Customary
Symbol Units U.S. Units U.S. Units Metric Units Metric Units Metric Units
AP lb/in.2 in.H,060°F in.H,068°F kPa mbar Mbar
P lb/in.? lb/in.2 lb/in.? MPa bar MPa
N, 1.00000 27.7070 27.7300 1000.00 1000.00 0.0100000

MW; = molecular weight of gas component j
n = total number of components
P = static pressure of fluid before orifice
R = universal gas constant
T = temperature of fluid (absolute, °R or K)
x; = mole fraction of gas component j
Z¢ = fluid compressibility at flowing pressure
and temperature
p(T,P) = gas fluid density at flowing fluid tempera-

ture and pressure

§-3.1.6 Volumetric Meter. The general equation for
mags flow rate through a volumetric meter for both
liqufids and gases is as follows:

M; = q,* p (T,P) * MCF (5-3.7)

whgre

MCF = meter calibration factor
My = fuel mass flow rate

g, = actual volume flow rate

= V/At
V, = totalized volume of fluid meagured dur-
ing test
= final volume — starting volume
At = fluid volume timing period

p{T,P) = fluid density at flowing' fluid temperature
and pressure

5-3.1.7 Density — Liquid-Fuel. Liquid fuel density
is dptermined from thefollowing equation:

Pr = P20 * 8T (5-3.8)

whgre

sgr =\spécific gravity of the liquid fuel at the flow-
ing temperature

Amo~= density of water which was used to define

where

heat for liquid fuels is calculated as:

where

HHV; = higher heating value perjumnit rhass for
component j

LHV; = lower heating value per unit mass for
component j

MW; = molecular weight of gas componept j

total number’of components

xj = mole fractionof gas component j

2
I

5-3.1.9 Heating Values — Liquid Fuel. Fpr liquid

fuels, the higher<heating value at constant vplume is
determined by fuel analysis per para. 4-5.4.1. THe higher
and lowerdheating values at constant pressure afre deter-
mined frem’the following equations.

Forheating values in Btu/Ibm:
HHV, = HHV, + 2.64 * H (5-3.11)
LHV, = LHV, - 91.20 * H (5-3.12)

For heating values in k] /kg:

HHV, = HHV, + 614 * H (5-3.13)
LHV, = LHV, - 21213 * H (5-3.14)

where
H = percent of hydrogen (H,) by weight con-

tained in the liquid fuel
HHVp = higher heating value at constant pressure
HHVy = higher heating value at constant volume
LHVp = lower heating value at constant gressure

5-3.1.10 Sensible Heat — Liquid Fuel. Thq sensible

SH, = M;* (hr — hges) (5-3.15)

Specific gravity of fuel
pr = fluid density at flowing fluid temperature

5-3.1.8 Heating Values — Gas Fuel. The higher heat-
ing value (HHV) and lower heating value (LHV) of a
gas fuel mixture are given by

n n
HHV = 2 x* MW;* HHV;/3 x;* MW; (5-3.9)
=1 =1

n n
LHV = 3 x;* MW, * LHV;/> x;* MW; (5-3.10)
j=1 j=1
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hgret = specificenthalpy of the liquid fuel at the refer-
ence temperature.
hr = specific enthalpy of the liquid fuel at the flow-
ing temperature
My = actual mass flow
SHp = sensible heat at constant pressure

NOTE: Reference temperature for heat rate determination is fuel
temperature at Specified Reference Conditions. Reference tempera-
ture for heat balance determination is user specified enthalpy refer-

ence temperature.
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The specific enthalpy of liquid fuel is defined in
D.W. Gould’s equation from The Science of Petroleum,
Vol. 2, page 1,250 (out of print), and reads as follows:

I = Cy + Cy(°API) + [C3 + C4(CAPDI(T) + [Cs + Cs (CAPD)|(T?)

where, for specific enthalpy in Btu/lbm

(a) For power output and heat rate test, HV = lower
or higher heating value (LHV or HHV) of the fuel as
defined in Specified Reference Conditions.

(b) For exhaust flow or energy test, HV = lower heat-
ing value (LHV) of the fuel because the heat of vaporiza-
tion for water is not recovered inside the heat balance
boundary.

G = -30.016 SH = sensible heat input (may be different for power/
G, = —0.11426 heat rate test and heat balance calculation, see
G ¥ 0373 paras. 5-3.1.10 and 5-3.1.11)
Csy ¥ 0.00143
Cs + 2.18 x 10 NOTE: Often the agreed calculation of heat input f0r a heaf rate
Cc + 70 % 10—7 test is based solely on latent heat with no sensible heatcompopnent.
;; : o . In such cases, test correction curves may be used/to accounjt for
T T specific entha.lpyFln Btu/lbm variations in fuel supply temperature.
F temperature in °
°API ¥ API gravity 5-3.2 Heat Rate
and, for|specific enthalpy in kJ/kg The measured gas turbine heat rate is calculated|as a
&1 + 41535 ' ratio of the total heat input\to power output. Heat|rate
C, + -0.15766 is typically expressed itpunits of Btu/kWh, Btu/hp-hr,
C; + 16201 or kJ/kWh.
C, + 0.006175 The general equation to calculate heat rate from rhea-
Cs + 1.64 % 107 sured test datd is:
Ce F 528 x 10° HI,...
h # specific enthalpy in kJ/kg HRmeas = P
T F temperature in °C
°API = API gravity where
5-3.1.11 Sensible Heat — Gas Fuel. The sensible Hlmeas = the measured total heat input value of the
heat input for gaseous fuels is calculated as: fuel (see para. 5-3.1.12)
Preas = the measured value of power output|(see

SH = My * (hr - hger) (5¢3.16)
where

hret + specific enthalpy of the gasequs fuel at the
reference temperature

hy ¥ specific enthalpy of the gaseous fuel at the
flowing temperature
My F actual mass flow
SH ¥ sensible heat of gaseous fuel
NOTE: Reference temperature for heat rate determination is fuel

temperatyire at Specified Reference Conditions. Reference tempera-
ture for h¢at balance determination is user specified enthalpy refer-
ence tempperature.

© The specific enthalpy of the actual gaseous fuel can
be derivied fifom gas properties published by NIST and

subsection 5-1 or subsection 5-2)

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

Mth = C/HRpeas

where
C = 3,412.14 when HRye,s is expressed in Itu/
kW-h I
= 2,544.43 when HR,,s is expressed in Iptu/
hp-hr
= 3,600 when HR,,s is expressed in k] /kW-h
7y = thermal efficiency

5-4 CORRECTION OF TEST RESULTS —

others.

5-3.1.12 Heat Input. Calculation of heat input. The
total heat input is calculated as:

HI = M¢* HV + SH

where
HI = total heat input
HV = fuel heating value
My = fuel mass flow
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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.

Corrected power is expressed as

Pmeas + 2;":1 Ai

Pcorr =
17;:1 ay,
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Table 5-4-1 Summary of Additive Correction Factors for Power Fundamental Performance Equation
Uncontrollable External Condition

Power Requiring Correction Comments
Ay (%) Generator power factor Measured at the power measurement location
A, Generator excitation power When excitation power is supplied after power measurement
As Auxiliary loads If required by test boundary
A, Transformer losses If required by test boundary
GENERAL NOTE: The asterisk (*) indicates that either term is acceptable for generator power factor but not both

Table 5-4-2 Summary of Correction Factors in All Fundamental Performance Equations

Uncontrollable External
Condition Reqpiring

Power Heat Rate Exhaust Flow Exhaust Energy Exhaust Temperature Correctio

a B 71 € O Inlet air temperatufe
@ B2 72 & & Barometric pressurp

as Bs ” 5 e Inlet humidity

ay Bs YVa € A Fuel composition

as Bs s & e Injection fluid flow

g Bs Ye € {e Injection fluid enthplpy
az Bz V7 € e Injection fluid composition
ag Bs 78 & e Exhaust pressure lgss
ag Bo Yo € & Shaft speed

aio Bio Y10 €10 Gio Turbine extraction

ayy B 711 €11 1 Fuel temperature

ay) B12 Y12 €1 {12 Inlet pressure loss

a3 (%) . . Generator power factor
GENBRAL NOTE: The asterisk (*) indicates that either termis acceptable for generator power factor but not both.

Cprrected heat rate is expressed as

1 HImeas
112:1,371 Pmeas + z;n=1Al

HReorr = (

Cprrected exhaust flow/is expressed as

Mexh
17;(1 =1VYn

Mlexh,corr =

Cprrected exhaust energy is expressed as

Qexh

Qexh,corr =
ny =1 ‘fn

to make sure that the correction curves use the same
basis. Table 5-4-1 summarizes the additive cofrections
for the power fundamental performance equation.
Table 5-4-2 summarizes the correction factors|used in
all the fundamental performance equations.

While these correction factors are intended tq account
for all variations from Specified Reference Copditions,
it is possible that performance could be affected by pro-
cesses or conditions that were not foreseen at fthe time
this Code was written. In this case, additional c¢rrection
factors, either additive or multiplicative, wjould be
required.

For special gas turbine operating modes such §s power

limit or part load the correction mpl‘hnﬂn]ng 7 would

Corrected exhaust temperature is expressed as

fexh
— X _ ex
texh,corr = texh + 2 n=1 an or texh,corr -
n=1 671

Multiplicative correction factors a,, By, ¥, €., and &,
and additive correction factors Ai and §, are used to
correct measured results back to the Specified Reference
Conditions. Attention should be paid to the basis of
measured power and heat rate, as either net or gross,
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require use of parameters not included in Table 5-4-2.
For instance, in heavy duty gas turbines, IGV modula-
tion may have an effect and should be considered. For
aeroderivative 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 manu-
facturers (OEMs) may provide a model-based correction
method for these special operating modes. The correc-
tion factors that are not applicable to the specific type
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of gas turbine configuration being tested, or to the test
objective, are simply set equal to unity or zero,
depending on whether they are multiplicative correction
factors or additive correction factors, respectively.

All correction factors must 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
Reference Conditions, or not at all, in which case they

output (Qelect,corr) and corrected heat consumption
(Qtuelcorr = corr Power X corr Heat rate) will result
in exhaust energy evaluated at the Specified Reference
Conditions. (The remaining term, Qjoss cors has little
influence and can be estimated easily.)

5-5 APPLICATION OF CORRECTION FACTORS

The format of the fundamental equations allows

can also|be ignored. An example of this is the fuel com-
position| correction. If the pre-test uncertainty analysis
correction to be insignificant, these corrections
ored. An insignificant correction is one that
a correction of less than 0.05%.

the typd of gas turbine being tested and the goal of the
test. Spdcific examples of the fundamental performance
equations for different gas turbine configurations and
boundafy conditions are provided in Nonmandatory
Appendjix, para. A-3.

For cpmparative tests correcting the test data to
Specifiegl Reference Conditions may be the largest con-
tributor fo the test uncertainty, therefore corrections used
should e limited to those needed to establish the objec-
tive. Rather than use a full set of envelope corrections
around the test boundary as described in this Code, the
parties dan agree to a limited amount of correction fac-
tors baspd on the scope of modifications or restorative
actions performed. For example, it may be advisable to
correct ghe post-modification results to the same ambi-
ent, etc} conditions of the pre-modification test:\This
will elinjinate one set of corrections, which additionally
may be yery advantageous since preparing accurate cor-
rection ¢urves for a deteriorated turbine\will likely be
difficult

ternate Corrected Gas Turbine Exhaust
Epergy

The determination of gas\turbine exhaust energy is
outlined in Mandatory Appendix I and can be evaluated
at any c¢gndition incldding one that is consistent with the
Specifieql Reference-€onditions. Utilizing inputs already
correctefl to Specified Reference Conditions results in
the evaluationtof exhaust energy at the conditions of
interest} elinvinating the need, as an alternative, for

5-4.1

decoupling of the appropriate correction effects (ambi-
ent conditions, injection fluids, etc.) relative to the mea-
sured prime parameters of power, heat rate,’exhaust
flow or energy, and exhaust temperatur€)so’that rpea-
sured performance can be corrected tosthe Specified
Reference Conditions. Corrections\are calculated for
parameters at the test boundarydifferent than Specified
Reference Conditions, which.affect measured perf¢rm-
ance results.

Since the variation in power, heat rate, exhaust flop or
energy, and exhaust temperature due to various extgrnal
conditions is uniqueto each gas turbine, the manyfac-
turer may generdté a set of site specific correction cufrves
to be incorporated into the site specific test procedures
prior to the test. Each correction factor is calculatedl by
varyinggenly one parameter over the possible range of
deviations from the base reference condition. Somje of
the ¢orrection factors are summations of smaller cofrec-
tigns or require a family of curves. For example/ the
correction for fuel composition may be split into twlo or
more components to better characterize the impa¢t of
fuel composition on gas turbine performance.

Manufacturers sometimes supply curves that are| ref-
erenced to standard conditions other than the Speclfied
Reference Conditions. In this case, relative corrections
relating the measured test conditions and Specified
Reference Conditions must be calculated as showp in
the examples below

A1,

a] =
ayy

6 = [51a - 51b]

where the subscripts signify
a correction from measured point to standard
condition

b = correction from Specified Reference Condition

applyiuS coTrrection faL'Lula O1T c;\llaubl CITeTgY-
Expressed as
Qexh,corr = Qair,corr + quel,corr + Qinj,corr (5'41)

- Qelect,corr - Qloss,corr - Qext/corr

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
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£ s | = ks
to-Statrtratra—Cofraitiont

In lieu of application of the equations and correction
curves, a gas turbine simulation model provided by the
manufacturer may be applied after the test using the
appropriate test data and boundary conditions so that
all of the corrections for the particular test run are calcu-
lated simultaneously. Studies of different gas turbine
cycles using the performance curves and equations
instead of the simulation model have demonstrated that
interactivity between correction factors usually results
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in differences of less than 0.3%. An advantage of the
post-test model simulation is a reduction or elimination
of the efforts put forth to generate the correction curves
and to apply the correction curves to actual test data.
The gas turbine power, heat rate, exhaust energy or
flow, and exhaust temperature can be corrected to
Specified Reference Conditions based on ambient condi-
tions and other external quantltles using the mult1phca-

pargs. 5-5. 1 through 5 5.12.

5-5]1 Inlet Air Temperature Correction (a;;71€161)

Cprrection is made to gas turbine performance based
on the inlet air temperature crossing the test boundary.
The| inlet air temperature shall be measured in accor-
dange with subsection 4-3.

"55-5 2 Barometric Pressure Correction (a;f3;%>€:5,)

. Cprrection is made to gas turbine performance based
~on the site barometric pressure (or other pressure mea-
‘surdment location if agreed upon by the parties). Baro-
‘mefric pressure is measured in accordance with
‘subgection 4-2.

5-5J3 Inlet Humidity Correction (a38;7y3€363)

Cprrection is made to gas turbine performance based
on humidity of the air crossing the test boundary. Typi-
cally the humidity of the air will be equal to the ambient
hurhidity and will be measured in accordance with
subgection 4-9.

5-514 Fuel Composition Correction (a;8,7,€,05)

Diifferences in fuel properties between the reference
fuell analysis and the measured firel analysis affect the
performance of the gas turbihe: The fuel analysis shall
be rheasured near the test(botindary in accordance with
subgection 4-4 for gaseous fuels and subsection 4-5 for
liqulid fuels.

The fuel composition correction factors may be deter-
mined as a cembination of multiple factors to better
chafacterizg\the impact of the variance in composition
on gas tutbine performance. As another alternative, the
fuell composrtlon correction factors may be determrned

5-5.6 Injection Fluid Enthalpy Correction
(a6 B6 Y6 €5 9%6)

Correction is made to gas turbine performance based
on the injection fluid enthalpy crossing the test bound-
ary. 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
1n]ect10n fluid. In]ectron ﬂuld pressure shall be measured

temperature shall be measured in accordar ce with
subsection 4-3.

5-5.7 Injection Fluid Composition Correction

(a787 7’76757)

Differences in injection fluid composition betyveen the
reference injection fluid composition and the njeasured
injection fluid composition” affects the performance of
the gas turbine. Typically, the injection fluid fis either
water or steam wheréthe multiplicative corregtion fac-
tors are equal tp:1.0 and the additive correctign factor
is equal to zefo. If the injection fluid is a gaseouq mixture
such as a<itrogen/oxygen mixture in an IGCC plant,
then the\composition of the injection fluid will impact
gas, turbine performance and shall be deterrhined in
accordance with subsection 4-4.

5-5.8 Exhaust Pressure Loss Correction (agf34ys€sds)

Correction is made to gas turbine performange 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 nec-
essary, the exhaust gas static pressure loss is njeasured
in accordance with subsection 4-2.

5-5.9 Shaft Speed Correction (ayBy7y5€965)

Correction is made to gas turbine performanie based
on deviations of the shaft speed from the Specified
Reference Conditions. See subsection 4-8 for spg¢ed mea-
surement methods.

5-5.10 Turbine Extraction Correction
(@10B10710€10010)
Correction is made to gas turbine performane based

on the flow rate of any extractions from the gas turbine
measured where they cross the test boundary. Typically,

b t!l,. £ 4+l 1 £ | P

y the-menttfactarers-thermal-performance-simidation
model after the test, if agreed upon by the parties. The
manufacturer should provide a sample correction calcu-
lation in the detailed test procedures prior to the test.

5-5.5 Injection Fluid Flow Correction (asfs7ys€565)

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.

this correction might apply to an IGCC plant where
large quantities of compressor exit air are extracted for
use in the coal gasification process. Extraction flows
shall be measured in accordance with subsection 4-11,
as appropriate.

5-5.11 Fuel Temperature Correction (a;18117v11€11611)

Correction is made to gas turbine performance based
on the measured fuel temperature at the test boundary.
The fuel temperature shall be measured near the test
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boundary in accordance with subsection 4-4 for gaseous
fuels and subsection 4-5 for liquid fuels.

5-5.12 Inlet Pressure Loss Correction
(CV12,312‘)/12€12512)

Correction is made to gas turbine performance based
on the turbine inlet total pressure loss at the test bound-

scope of equipment within the test boundary. If neces-
sary, the inlet air total pressure loss is measured in accor-
dance with subsection 4-2.

5-6 DEGRADATION

The corrected results from subsection 5-5 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

ary. Thq need for this correction may depend on the

correction for performance degradation may be applied.
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Section 6
Report of Results

6-1 —GENERAL-REQUIREMENTS

6-5—CALCULATIONS-AND-RESULFS———

The test report shall provide definitive statements of
the purpose of the test, the methodology for attainment

(a) Tabulation of the operating conditions.and results
during all testing including any observations.

of the ObjeCtiVeS, and deSCriptiOnS of the results. It shall (b) Statement of the general performance 3quati0n
alsq clearly and concisely document all data generated  that is used based on the test goalland the applicable
by the test as well as all ensuing computations. corrections

The test report shall contain all the information
des¢ribed below.

(c) Tabulation of the reduced data necessary fto calcu-
late the results, summary{of additional operatirfg condi-
tions not part of suchweduced data

6-2] SUMMARY (d) Calculation of test results from the redufed data
] ) (see Nonmandatory Appendix A for examples of step-
(@ General information about the plant and the test,  py-step calculations for each plant type and test goal)

suclp as the location, plant turbine type and operating

(e) Detailed calculation of fuel flow rates from appli-

configuration, ar}d the test objective cable data, ‘ihcluding intermediate results, if r¢quired
(@ Date and time of the test (f) Detailed calculations of fuel properties|density,
(@ Summary of the results of the test compared to heating value (specifically state as higher or lower), con-
the fontractual guarantees for acceptance type tests stituent properties

(4) Calculated post-test uncertainty
(@ Any agreements among the parties to the test to
allow any major deviations from the test requirements

(¢) Identification and rationale for any elifnination
of data

(h) Comparison of repeatability of test runs| if more
than one test run was performed
6-3| TEST DESCRIPTION (i) Clarify as to whether reported heat rate [is based
o o on higher heating value or lower heating valup
(@) Test deserptlon a'nd objectives (j) Discussion of results as applicable
() General information about the plant and the test,
such as:

(1) Brief history of the unit\operation, from start
hrough the performance_tests

(2) Description of the-equipment to be tested and
all guch ancillary equipment that may influence the test
(3) Cycle diagram:showing the test boundary

up

6-6 APPENDICES

(a) Test procedures, including correction cfirves or
methodology and sample calculations
(b) Copies of original data sheets and/or dlectroni-

(d) Listing of te-representatives of the parties to  Cally acquired data in mutually agreed format
the ftest (c) Copies of test logs, messages or alarms, [or other
(d) Organization of the test personnel record of operating activity during each test
(@ All testvagreements (d) Documentation indicating operatioh in the
required configuration (such as inlet air-condfitioning,
compressor guide vane angle, and/or fluids dit-\jection,
6-4'—FESTEQUHPMENT

(a) Tabulation of test equipment used, including
quantity, make, model number, etc.

(b) Description of the location of the test equipment

(c) Means of data collection for each data point, e.g.,
temporary data acquisition system printout, plant con-
trol computer printout, or manual data sheet, and any
identifying tag number and/or address of each

(d) Description of data acquisition system(s) used

(e) Summary of test equipment calibration

49

etc.)

(e) Documentation of control settings affecting
performance

(f) Results of laboratory fuel analysis

(g) Instrumentation calibration results from
laboratories, certification from manufacturers

(h) Measurement uncertainty calculation, pre- and
post-test.

(i) Any pretest inspection sheets showing signatures
of witnesses.
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Section 7
Test Uncertainty

(subsectjon 7-5). It also summarizes some of the key

uncertdinty considerations from ASME PTC 19.1
(subsectfion 7-2).

7-2 UNDERSTANDING TEST UNCERTAINTY

7-2.1

Rand¢m and systematic uncertainties are the estimates
of the stindard deviation of the elemental error sources.
As the opjective of this Section is to calculate test uncer-
tainty, the discussion will concentrate on understanding

certainty Versus Error

uncertainty.
7-2.1.1 Systematic and Random Components of
Measurgment Errors. The total error, 0, for each mea-

suremerjt has two components, as follows:

(a) syptematic, B

(b) rapndom, €, as shown in Fig. 7-2.1.1-1

Value$ of the two components are detexrmined by cal-
culation| or estimation of each of the contributing error

sources.

7-2.2 Random Standard Uncertainty, Sx

] error sources assOciated with the test instru-
n are reflected’as scatter in the data over the
interval. It is'generally assumed that this scatter
is normally distributed, and can be approximated statis-
tically. for a sample measurement, the mean value is
given by

Sever
mentati
test timd

For the required 95% confidence\level, with N 3 30,
2szis equal to the expanded random uncertainty.

The RSU can be reduced Byiricreasing the numbér of
instruments, and sometimes by increasing the number
of readings (for cases whete N < 30). Typically the RSUs
are estimated for the\pretest uncertainty analysis|and
calculated by thé,data acquisition system where N is
usually greatet than 30. If N is significantly less than
30, refer to ASME PTC 19.1 for methods of determihing
the RSU.

W

7-2.3\Systematic Standard Uncertainty, b;

This is an estimate, based on experience, of the ¢rror
of the average value not eliminated through calibration.
It is a constant value despite repeated measureménts.
The systematic error can be reduced by better instrurhent
calibration and, if uncorrelated, by increasing the qpian-

tity of instruments.

7-2.3.1 Estimating Systematic Uncertainties, 4
Systematic uncertainties, b,, are estimated using
experience of the parties, and the suggestions and arjaly-
ses presented in ASME PTC 19.1. Estimates sh¢uld
reflect the 95% confidence level (2*b,) used for ASME
Performance Test Codes. For assistance in establishing
reasonable values for the systematic uncertainty, fon-
sider the following;:

(1) ASME PTC 19.1 on test uncertainty.

(b) ASME PTC 19 series on instrumentation (press
temperature, flow, power, data acquisition).

(c) the spatial variation expected, and the quanti

X

the

ure,

y of

D

X=-5

where X; represents the value of each individual mea-
surement in the sample and N is the number of sample
measurements. The standard deviation of the sample s,
is given by

der license with ASME
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mstruments used.

(d) the cumulative test experience of the parties.

(e) calibration lab’s accuracy and their experiences
with varieties of instrument types.

(f) laboratory standards for inter-laboratory
agreement. For example, the allowed variation in fuel
properties when the same fuel is submitted to differ-
ent labs.

(¢) comparison of measurements that depend on dif-
ferent principles.
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Fig. 7-2.1.1-1

True value

Illustration of Measurement Errors

Measurement population
mean, p

/TN

Frequency of Occlirrence

~——Total error, 8/-

~<—Systematc error,

\<—— Measurement
population
distribution

B

Measuyred
value,x;

Random

error, g;

) experience with duplicate instruments measuring
bame quantity, or with different instruments measur-

Measured Values

Forsthe 95% confidence level, bypatia neefls to be

multiplied by 2.

ing [the same quantity.
(i ‘ the data acquisition system to be used (If manual Bapatial = 2 X Dapatia
readings, how accurately can the scale be read? If auto-
matfic, will the data acquisition system be calibrated; Wh . s .
will| deadbands be removed, etc.). en spatial variation is expected, care.ful ]).le}nmng
for the number and location of sensors is cfitical to
1-2.3.2 Spatial Effects on Systematic Unceftainty. reducing this impact on uncertainty.
The|systematic uncertainty may be a combination of the
instfument accuracy and the spatial variation. For gas 7-2.3.3 Combining Systematic Uncertaintiess When
turljine tests, measurement of inlet air temperature in all the systematic influences have been evaluat¢d, at the
the prea of the filter house, and measturement of exhaust 95% confidence level By, they are combined intd a single
temperature in front of the HR8G,dre potential sources By factor for the measurement by the root surh square
of gpatial effects. Spatial effects are considered to be  method.
systematic, not randofm)~and can be evaluated
stat|stically. X 12
The spatial contribution can be calculated from By = {E (Bk)2]
bspatial = M - ;
ﬁ 7-2.3.4 Correlated Versus Uncorrelated Syistematic
Uncertainty. This equation assumes that the systematic -
standard uncertainties of the measured parampters are
B /{‘ ¥ T all independent of each other. There are, howevpr, many
P \/ = practical situations where this is not true; for example,
J-1 using the same instruments to measure different param-
where eters, or calibrating different instruments against the

ASME International
Provided by IHS under license with

J = number of sensors (i.e., spatial measure-
ment locations)
Sspatial = standard deviation of the multiple sensor
. time-averaged values
X; = average for the sampled measurand
X = grand average for all averaged
measurands
51
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same standard. In these cases, some of the systematic
errors are said to be correlated, and these nonindepen-
dent errors must be considered in the determination of
the systematic standard 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.
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Fig. 7-2.4-1 Test Uncertainty Diagram

The true value falls somewhere

between p - 20 and p + o 19 times out of 20.

The test value, is the
sample average.

Frequency of Measurement

|
|
|
|
|
|
|
|
|

Sample

/ distribution

Uncertainty, U,

/.

———

7-2.4 Cpnfidence Interval

1] M+ 20

the
5%,

of the systematic and random components. With|
systematic contributors estimated at the expanded

Figur¢ 7-2.4-1 illustrates the 95% confidence interval -
as +2 stqndard deviations (20) from theanean (). There or two standard deviation, level, and the random dom-
is a 95% probability that the unknown) true value lies ponent at the one standard deviation level, the fotal

within the test mean +20.

expanded uncertainty of the measurement is

7-2.4{1 Coverage Factor. Theuse of “2” as the multi- Ug = 2 x [(Bz/2)% + (s3)°
plier to |obtain the 95% corifidence level assumes that
the degtees of freedomys#, are above a certain level, where
nominally 30. The Student’s ¢ distribution tabulates the By = the expanded systematic uncertainty of the

degrees pf freedom required for several confidence inter-
vals. ASME PTC19:1, Nonmandatory Appendix B, dis-
cusses |this«subject and provides methods for
determihing-# Since uncertainty is not an exact science,
adherenice to rigorous application of the t value may not

measurand mean
sx = the random standard uncertainty of
measurand mean
the total uncertainty at a 95% confidence Jevel

the

be justified. For example, the value of t at » = 10 is
2.228, for 95% confidence, which is about 10% higher
than the value at » = 30 (t = 2.042). Considering these
factors, there is considerable justification for the use of
“2” except in cases where v is in the low single digits.

7-2.5 Combining Bx and sy for the Total
Measurement Uncertainty

The total uncertainty, Ug, for each parameter being
measured is calculated from the root sum square (RSS)

52

7-2.6 Sensitivity Coefficients, or Influence
Coefficients, 6;

The sensitivity coefficients are equal to the slope of
the correction curves at the conditions of the test run.
Most sensitivities are unique to each gas turbine design,
and are provided by the manufacturer. The parties must
agree on the source of these values before conducting
any uncertainty analyses. In the pretest analysis, use the
slope at the Specified Reference Condition, or, if known,
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at the condition expected during the test. In the post-
test analysis, use the slope at the test conditions.

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

The uncertainty of the result, Uy, is the RSS value of
the systematic and random standard uncertainties of
each measurement multiplied by the sensitivity coeffi-
cient, @, for that parameter. Thus:

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, which will be referred to as the
Code Limit. The example in the Tables is for a differential
pressure fuel measurement system; an orifice in this case.
The second step is to assess the instrumentation
xpected to be used for the test. The parties should
attempt to improve on the uncertainties allowdd by the

Sp = é (Bisx)? Code, in order to assure that the post-test ungertainty

i=1 i will come in at or below the Code Lirhit:“Accordingly,

7 Table 7-3.1-2 is prepared, using the' best estinpates for

Br = |3 (6Bx)* each parameter based on the selected instruméntation,

=1 I their calibration levels, and thelexperience of th¢ parties.

Ur = 2 x [/(Br/2)* + (Sp)? Note that the electrical power and heat input theasure-

ments have been broken down into their indivi

+ whgre surements, such that the‘results are within thie values
: Bx. = the expanded systematic uncertainty for  from Table 4-1.2.1-1,

measurement i The third stepjafter the test, is to calculate the post-

%, = the random standard uncertainty for  test uncertainty:-This reflects the values for the actual

measurement i instrumentation used and the random uncertaipties cal-

Ulr = the uncertainty of the result culated from the data. From an uncertainty stajdpoint,

O; = sensitivity coefficient for measurement i the test.shall be considered successful if the post-test

. . uncertainty does not exceed the Code Limit undertainty.

7-218 Uncertainty Is NOt Affected by Turbine Control Jable 7—3.1y-3 is a sample calculation for the post—tezt

Parameters Inside the Test Boundary case. This shows that the corrected heat rate ungertainty

The calculations include only those measurements;\* is below the pretest plan, and well within the Code

and)| their associated sensitivity @; values, necessary, to
adjyst the test point results to the Specified Reference
Corlditions. Internal control variables (such as compres-
sor flischarge pressure or exhaust temperatufe)-are gen-

Limit.

7-3.2 Uncertainty Calculations

erally not part of the uncertainty analysi§ for output or As specified in para. 7-2.7, the uncertainties fn power
heat rate. output and thermal efficiency are equal to the RSS value

of the uncertainty of each parameter multipli¢d by its
7-2{9 Post-test Uncertainty Analysis Sensitivity Coefficient. The calculations include fhe mea-

The data shall be plotted and“examined for sudden
shifts and outliers. A post;testuincertainty analysis shall
be donducted to replace~the assumptions made in the
prefest analysis. In patticular, the random uncertainty

surements and @values necessary to adjust the test point
results to the Specified Reference Conditions.
The calculation procedure is as follows:
(a) After systematic and random componfents are
established, the total uncertainty U, is calculafed from

cannow be calculated and incorporated. Also, in accor-
danke with para3-6.4, the sensitivities can now be recal- the RSS of the two components.
culdted at thetest values (in other words, the slopes at (b) The sensitivity @ is multiplied by B, and|2S, and

the
be 4

hpplicable’portion of the correction curves may now
sedCin*Table 7-3.1-3).

squared.
(c) All the U,? factors are summed and th¢
root taken to determine the uncertainty for thp

square
output

7-3 UNIT OUTPUT AND THERMAL EFFICIENCY
7-3.1 Uncertainty Calculation Logic

The three-step process defined in subsection 3-6 is
recommended for establishing the pre- and post-test
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

53

or efficiency.

(d) Gas turbine tests normally cannot be run at the
Specified Reference Conditions of inlet air temperature
and barometric pressure, therefore the test results must
be corrected to the Specified Reference Conditions. The
corrected power uncertainty is obtained in the same
manner as the measured power uncertainty, considering
the uncertainty and sensitivity for the added parameters
of inlet air temperature, barometric pressure, inlet
humidity, and others as required.
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(e) Heat rate is equal to heat input divided by power.
The corrected heat rate uncertainty is obtained similarly;
by establishing the sensitivities of each of the parameters
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-

saryto obtain the test results for the Pnrh'mﬂ:\r turbine

Therefore, the gross power systematic uncertainty is cal-
culated from (Reference Section 8 of ASME PTC 19.1):

By, = {[(@1Bpl)z +(@2Bp2)2 + (@3Bp3)2 +26,0,B,15 + 260,0;B,3
+26, @sszs] + [(@1Bct1)2 + (@ZBth)z + (@3Bct3)2
+20,0:B.13 + 26,03B.15+ 20:0:B 3] + [(61Byr)

+ (@sztz)z + (@331;:3)2 + 26010815 + 26,03B,13

@ opr 1\os
UNESA = A= LT A )

under test, and the instrumentation expected to be used.
Thig is a gas fired turbine with air extraction and water
injegtion (and is based on the same performance as the
exaple for exhaust energy in Mandatory Appendix I).
The|measurement uncertainty limit from Table 4-1.2.1-1
is r¢corded for each.

Then Table 7-3.1-2 is completed with assumed values
of rtandom and systematic uncertainties based on the
spegific instrumentation the parties intend to use. In
somje cases the random uncertainty is taken as zero,
whdre the number is a single value or calculation (e.g.,
orifjce flow coefficient) or a fixed factor (e.g., VT and
CT palues).

The three most critical calculations are for power, heat
inphit, and inlet air temperature, and are detailed in
pargs. 7-3.3.1 through 7-3.3.4.

71-3.3.1 Power. With the three watt-hour meter
method, total gross power is the sum of the three-phase
medsurements.

Py = Pi(CTy)(VTy) + Po(CT,)(VTy) + P3(CT3)(VES)

Since Py, P,, and P; are nearly equal, the pattial deriva-
tivep (normalized) will yield ® = . For éalibrated watt-
houfr meters, and CTs and VTs per para. 4-6.3, the sys-
temptic components of uncertainty. have been assumed
to be

Instjument Symbol Uncertainty
Whi| meter B, 0.1%

VT By 0.1%

CT B 0.15%

Bpsed on,the uncertainty limits provided by
IEEE C5%13,voltage transformer total uncertainties can
be gstimated as +0.1% when using +0.3% accuracy class
voltpgé transformers that are calibrated for turns ratio

The arithmetic here will show By, = 0,206%. It can
be shown that this is the same as the RSS valiyie of the
individual uncertainties: 0.1, 0.1, and 0.15. If the meters
and/or the transformers were not correlated, B . would
be less than 0.206%, since theappropriate 2@@B terms
would be dropped.

For net power Ppet = Pg¢ > Py if aux powet is 1.5%
of gross, @,y = 0.015:

To evaluate the unceértainty in corrected powef output,
from Section 5:

Peorr = (Pnet + A’S)/(alaz ae,,)

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

Since the A’s are relatively small and are gssumed
to“have no uncertainties, they can be neglectdd in the
tncertainty analysis.

The alpha terms are taken directly from the manufac-
turer’s correction curves or data and assumed tq have no
uncertainty. Each one, however, depends on a njeasured
variable or parameter that does have uncertainty. The
relationships of corrected power vs. inlet temperature,
humidity, air extraction, and water injection ar¢ unique
to each turbine model, and are usually provid¢d in the
form of % power per unit change in the vaifiable, as
shown in Table 7-3.1-2. The normalized valueq become
the sensitivities @ to be used in the uncertainty
calculation.

7-3.3.2 Heat Input — Gas Fuel. The comgflexity of
the uncertainty calculations for heat input is a ffunction
of the method used to arrive at the mass flow. [A meter
which determines mass flow directly, such as a] Coriolis
meter, simplifies the calculation, as the hept input

uncertainty is 2\/(BMf/2)2 + (Sxp)” + (Brv/2)*| A posi-
tive displacement meter measuring volume flpw adds

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 esti-
mated as +0.15% when operated within their rated bur-
den range during the test and operated 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.
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the density uncertainty to the equation. For a ditferential
pressure meter measuring gas flow, however, there are
several parameters that are dependent upon the constit-
uent analysis: molecular weight MW, heat value HV, and
expansion factor e. This case will be examined first.

7-3.3.2.1 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.
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(a) The orifice equation for mass flow shows a depen-
dence on the mol fractions MF; in several places: the
density p (molecular weight MW and compressibility
Z), and the expansion factor e (density again, and the
specific heat ratio «is a function of the MW). To calculate
heat input, the LHV is required, which is dependent on
MF; as well. Therefore, to determine the sensitivities
for MF; the entire heat input equation must be
differentiated.

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%.

The MF; uncertainty increases with fuel compositions
of many constituents, particularly if their percentages
are low.

(b) Looking at the orifice equation, the parameters

To simplify the calculus, an examination of the expan-
sion facfor shows that its sensitivity to MF; is very weak
compargd to that for the density and the heat value.
Therefoge, it will not be included in the following analy-
sis. Simflarly, the compressibility Z is not a straightfor-

ward fuhction of composition, and can be more easily Parameter Serittvlty, ©
handled| by including it in the orifice factors directly. S O
- The bpsic equations that rely on MF; are: ¢ 1

E AP 0.5
Density, p = (P*MW)/(R*T*Z) IT’ gg
Moleculdr Weight, MW = ¥ (MF*MW)) f “1)-5

Mass Flow (from orifice equation)

A

not a function of MF; can be examined for their conttfibu-
tion to the uncertainty calculation. For a calibrgted
metering section, there should be negligibleuncertdinty
in diameters d and D and their ratio B(This leav¢s P,
AP, T, Z, €, and C. Their sensitivities are straightforward:

For this example, the only other variable to condider
is the fuel sensible heat. It will be neglected here, but if

Heat Vallie, LHV = ¥ ME#MWLHV,/MW a test is run\with much higher fuel temperature it shgpuld
be included.

Heat Inpjt, HI = MALHV Ford@, a calibrated orifice section should have an
uncertainty no greater than 0.25%, per ASME PTC 19.5.

where i §s for each constituent C; to C,, plus inerts, if any.
Using the Chain Rule:

SHI/8MF; = SHI/8Mg* 8My/8MF; + 8HI/SLHV* SLHV//'8MF;

As discussed in ASME PTC 19.5, the uncertainfly in
the expansion factor calculated from the variables ir} the
equation is very small; however, there is considerpbly
more uncertainty in the accuracy of the equation. [It is
recommended that the uncertainty in € be 4AP/P,
expressed as a percentage. For the sample case here,

and:st SME, = M,/ MW SMW/ SMF; this is 4*111.24/(400%27.7), where 27.7 converts inthes
MW = 3 MEMW, of water to psi, and the uncertainty equals 0.04%.
SMWME, = MW, The remaining unknown is the uncertainty df Z.
LHV = 3 (MEAMWALHV,)/MW AGA Report No. 8 presents a chart of target uncertaities
SLHVIME, = MWALHV./MW for natural gas as a function of fuel temperature |and
SM/EMW = M,/2MW. pressure. For fuels at less than 1,750 psi, and between
f f 17°F and 143°F, the target uncertainty is 0.1%.

Then SHI/ SMF; = MEFMW,;/MW(0.5 + LHV;/LHV), Table 7-3.1-2 presents the sensitivity and uncertdinty
when tHe differentiation is normalized by multiplying  calculations for the fuel constituents and the orifice|fac-
by MF,|(M/LHY). tors, and the resultant heat input uncertainty of 0.690%.

The s¢nsitiyities’ can now be calculated. To complete For all the calculations in this section, and as redom-

the anallysis,each parameter’s uncertainty is assigned.
For the [fuel constituents, the chromatograph will pro-

mended in ASTM D3588, the uncertainties in the tabjular
values of molecular weight and heat value have peen

vide the mol percentages. In accordance with
Nonmandatory Appendix B, the uncertainties can be
related to the reproducibility figures given in
ASTM D1945 by dividing by the square root of 2.

neglected, as they are small compared to the uncertainty
of the composition.

The uncertainty for heat input for this example using
a calibrated orifice meter is over 0.6%. Experience as
well as the sensitivities emphasize that an accurate fuel

Constituent, % Reproducibility Buri_ analysis is critical, and frequently difficult to obtain.
0 to 0.1 0.02 0.014 The use of multiple samples and labs is strongly
0.1to 1.0 0.07 0.05 recommended.

1.0 to 5.0 0.10 0.07

5.0 to 10 0.12 0.085 7-3.3.2.2 Mass Flowmeter. In this case the com-

Over 10 0.15 0.106 plexity is reduced since all the variables in the orifice
58
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equation are eliminated. The sensitivity for the constit-
uents on the heat value must be calculated. The heat
input uncertainty is

Upr = 2,/ Bug/2? + (Sxug)® + (Bav/2)?

If the inlet velocity to the filter house is restricted
to 10 ft/sec, the flow area needs to be 1,000 ft%. The
recommendation in para. 4-3.2 is one measurement
device per 100 ft, so say 10 RTDs are used. Assume the
following data are taken:

for

willf be

RTD T °F Sit

Using the same data as in the prior example, the uncer- 1 78.6 0.3
tainty calculation is shown in Table 7-3.3.2.2-1. 2 794 04
3 807 0.4

1-3.3.3 Heat Input — Liquid Fuel. This example is 4 80.7 0.1

h distillate fuel measured with a volumetric flow- z ggz 8;
meter, and LHV and hydrogen content determined by ” 80.6 04
ASTM D4809 and D1018, respectively. The heat input 8 80.6 03
9 79.9 0.3

10 800 0.1

HI = M{LHV), Here S;r is the sampledstandard deviation of each of

whdre M is fuel mass flow which equals pV(MCF)/¢t
perleq. (5-3.7). The sensible heat has been neglected in
thisjuncertainty calculation, as it is very small compared
to the heat value. However, the sensible heat should
be included in the performance calculations. LHV) is
calculated from the ASTM D4809 value of HHV, by

LHV, = HHV, - 0.2122*%H (SI units)

Thus, HI = (pV(MCF)/t*(HHV, — 0.2122H)

Uncertainties are summarized in Table 7-3.3.3-1.

For this example, assume the following fuel values:

HHV, = 45.78M]/kg, so uncertainty ~~0.169/
45.78 = 0.369%

OHVp = 42.93M]/kg
H = 13.4%, so uncertainty\= 0.127/13.4 =
0.95%

Sengitivities from eq. (5-3:7) ate:

V=1

LHV HHV,/ERY, = 1.066

H -0.2122%%H/LHV,) = 0.066

and| the HéatInput uncertainty =
/(1 0.2)* % (0.369%1.066)> + (0.066%0.95)*

= 0.446%

the 30 readings taken during the test, obtained from the
DAS. The random standard uncertainty of the|inlet air
temperature is

05
10
RSU = sppor = [Eizl(QSinar)z]

O = sensitivity = 1/10 Sirpar
standard deviation of the mean
Sir/JN,and N = 30

For this case sp,,, = 0.0173°F
Assume the systematic standard uncertainty|has two
components: the RTDs and the spatial variation.

by = JbZ, + brmp

Assume brrp = 0.1°F |
For the spatial variation, by, = ssp/\/ J and

o 27705
Ssp = [2}():1{(%)}] , where Tavg =

J-1

J = 10. The value of Ssp is 0.745°F, and bsp = (.236°FE

Then br = 0.256°F and ur = (b +
sthad) . = 0.2566°F. For the 95% confidence level, Uy
would usually be close to 2*uy if the degrees of freedom
vr were 20 or higher. In this example vy is aboyt 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 considdring the

uncertainty in the estimates for the systematic uficertain-

B0°F and

7-3.3.4 Inlet Air Temperature. The most critical
parameter 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 Ib/hr, which at 80°F and 14.696 psia
barometric pressure is about 10,000 3 /sec.
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ties, the use of 2 is likely a reasonable compromise,
which would make Uy = 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 post-test
uncertainty, shown in Table 7-3.1-3, reflects the actual
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Table 7-3.3.2.2-1 Heat Input Uncertainty for Mass Flow Meter

STEP 1: Find Sensitivity SHI/SMF; = MF*MWLHV/(MW*LHVY)

Sensitivity,
MF; mw; MW Fract LHV; LHV Fract LHV,/LHV Our: SHI/SMF;
C1 82.78 16.0425 13.27998 21511.9 14600.744 1.0208498 0.692880064
c2 10.92 30.069 3.283535 20429.2 3428.4018 0.9694702 0.162695226
Cc3 5 44.0956 2.20478 19922.2 2244.9222 0.9454104 0.106533055
iC4 0.5 58.1222 0.290611 19589.8 290.96502 0.9296363 0.013807781
nC4 0.5 58,1222 0,290611 19657.8 29197502 0,9328633 0.01385571
iC5 0.1 72.1488 0.072149 19455.9 71.74294 0.9232821 0.00344457
nC5 0.2 72.1488 0.144298 19497.2 143.79047 0.925242 0.006823594
100 19.56596 21072.541
STEP 2: Cglculate Uncertainties for MF;
R %R By
MF; Absolute % of MF %R/N\2 (Bur™ Ogis)?
Cc1 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
Uyr = SQRT 0.353492
STEP 3: Hpat Input Uncertainty = SQRT (Upf + Unr?)
Mass flow meter Uy? = (B, + 2s,,7)
Bn 0.35 Unf 0.132500
Sm 0.05
Unr? 0.1249566
SUM 0.2574566
HEAT INPYT UNCERTAINTY SQRT 0.5074018
Table 7-3.3.3-1 Heat Input Uncertainties for Liquid Fuel
Parametgr Uncertainty
Density, p 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 M)/kg, so Byyy = 0.239/\/5 = 0.169M]/kg

%H R = 0.18, By = 0.127
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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 efficiency (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

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 7 can be
expressed as a ratio P,/ P}, where P, is the power after
modification corrected to the conditions of the before

power, P,,. The sensitivities will be the partial derivatives
of 2] combined wwith the conci{-ivi{-y coefficie nts @ as

in ppra. 3-6.4, each test will have its own value of uncer-
tainty, depending on the sensitivities, the scope of sup-
ply,|fuel used, type of load device, etc. It is important
thafjthis matrix of variables (Table 7-3.1-1) be established
and|agreed upon prior to the test, so that a proper uncer-
tainty level can be determined that will reflect the quality
of a| Code test.

7-3J6 Multiple Unit Tests

For a block of power, usually consisting of multiple
gas |turbines of the same model and rating, the uncer-
tainky must be calculated carefully. For this case, block
power is

Pblock = P1 + Pz + P3 + ... Pn

whdre

n| = number of units

Iff the units are equal in power, and there is no
corgelation among the instruments used, then the sensic

tivify @ = 1/n, and the block’s uncertainty will*be
05
Upplock = [ (6u,)?] , or U;/ /n. It is likely, however,

that| the VTs, CTs, and power meters are fromthe same
soufce, as may be the fuel properties, flowmeters and
othg¢r instruments. These correlations will tend to make
the pystematic component of Upyj,approach the value
in Y;, when all the 20@B terms-are/added. An analysis
sim{lar to Table 7-3.1-3 can be done for the block, separat-
ing the correlated and uncerrelated measurements, and
confbining the results by~reot sum square to obtain the
systematic uncertainty:"Fhe random component will be

equpl to /3 (O * 28)°.

7-4] COMPARATIVE TESTING UNCERTAINTY
7-4]1 General

T assist in minimizing the uncertainty of comparative

determined previously for each measured quarftity. The
partials for 7 are

1
—_

67/ 6P, = 1/Py; on a relative basis)* P, /7 4
on/ 8P, = —-P,/Py%; on a relatite basis * Pp/7n + —1

The sensitivities will be 6%/ 6P.,* 0, and 67
or @, and — 06,

The systematic uncertainty will take into acdount the
correlation of the instruments used for both fests. As
shown previously.in para. 7-3.3.1

0Py By,

s Si(0,0) + 25113 F-1(0,04by)

7-4.3-Sample Calculation for Difference

Atsimplified example, with only power, barometer,
anid inlet air temperature to correct for, will show the
impact of having non-correlated measurements|Assume
that a comparative test for a 5% improvement|used all
the same instrumentation for both tests, except|the inlet
air temperature. The thought was that a sulpstantial
improvement of this measurement would enhpnce the
results. The resultant test uncertainty is,|for the
difference

Up = [ (BO) + X (25x6)°

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 instjumenta-
tion for the inlet air temperature for both tests would
be advantageous in reducing the test uncertairjty. Even
if the poorer before instrumentation were retajned, the
U value drops to 0.35%; if the better instrumeritation is
used for both, U drops to 0.16%. The latter wquld be a
good investment for assuring higher confidengte in the

tests, which must be less than 10% of the expected
change in performance, it is strongly recommended that
the following two procedures be utilized:

(a) Use the same instrumentation for both the before
and after tests. This will substantially reduce the system-
atic 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.
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test result.

7-4.3.1 HeatRate. 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 mea-
sured 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(s) are used for the analyses,
an uncertainty in the range of 0.1 to 0.2 could be
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Table 7-4.3-1 Comparative Test Example

With Correlated Power and Barometer Instruments

CORR.
BEFORE AFTER TERM
B 2s, o BO?  (25,6)? B 2s, (0] (BO)2 (25,0) 2BaBb@aBOb 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:
(@ Un =|[SQRT = 0.509877.
(b) U valug exceeds 10% uncertainty limit.

assumed, depending on the composition (see
para. 7-3.3.2). If not, then before and after uncertainties
can be i the 0.3% to 0.5% range, resulting in uncertain-
ties appfoaching the total improvement in heat rate.

7-4.4 C

It is spiggested that the format for absolute perform-
ance (Taples 7-3.1-1 through 7-3.1-3) be used for compar-
ative tepsts, although Tables 7-3.1-1 and 7-3.1-2 can
probably be combined. In dealing with small differences
itis imp¢rtant to carry the calculations to several decimal
places t¢ minimize arithmetic errors

Althopigh the procedure recommends correcting the
after tesf data to the before test conditions, the uncertain-
ties in the before data must still be considered This
procedufre skips the step of reporting corrected values
of both fests to Specified Reference Conditions, but:the
calculafion is similar: P, P *(Pg../ P, @after
conditigns)*(P,/ P,,.@ before conditions). Hence the sen-
sitivitieq for the before data remain part of the correction.

lculation Information

75 U
H

CERTAINTY OF FLOW CALCULATION FROM
AT BALANCE

7-5.1 at Balance

Whern the airflow, exhaustflow, and/or exhaust
energy ip determined from'thé gas turbine heat balance,
the uncgrtainty of the fesult can be calculated from the
heat balance equation and the sensitivities obtained
through partial-differentiation of the equation. For

7-5.2 Sensitivities

For each of the variables the“partial derivativeq are
determined. The normalizeds. ot relative, sensitivitiep are
most useful, as errors areustially expressed as a pefcent
of the parameter measured. For example:

Normalized

(hair/hexh) * Mair/Mexh = Qair

Parameter Partial

Mair hair / hexh Qexh

Similarly, the remaining normalized partials are

Parameter Partial
hair Qair/ Qexh
Mfuel quel/ Qexh
LHV quel/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 diffdrent
than those (the influence coefficients) associated with a
turbine test, as the heat balance equation puts a stfong
emphasis on the exhaust temperature and the heat input.

To evaluate the normalized partial derivatives, the
performance or rating data for the gas turbine mugt be

available. For this example, the data from the Mandajtory

examplg, if the ex}.laust flow is the desired result, the Appendix I will be used:
heat balpncé equation
Measure Unit Value
ot Qtret=+ Q= Qe ettt
Output MW 120.2
where Q, = m, * h, can be solved for the exhaust  Heat input Million Btu/hr (LHV) 1,149.4
flow Meyp: LHV Btu/Ib (LHV) 21,072.5
Inlet air T °F 80
[(Mair)(hair) + (Mfuel * LHV) + (Minj)(hinj) Exhaust T °F 1,000
M _ - Qe]ect - Qloss - (Mext) (hext)] (7'52) Inlet flow Million lb/hr 2.688
eh = Troxt Fuel flow Ib/hr 54,545
Exhaust flow Million Ib/hr 2.782
The uncertainty is Water inj Ib/hr 50,000
_ Air extr Ib/hr 10,000
u= /i (eu) (7-5.3) Losses Million Btu/hr 8.96
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Table 7-5.4-1 Exhaust Flow Uncertainty

MEAS 2] B 2sx (BO)? (25xG)? 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 22 1 ..
ther] 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 [ 3 1.5
ther] Extr h -0.00188 0.59 0.3 1.23032E-06 3.18E-07 1.55E-06

2.08804
GENERAL NOTES:

(@ Y exh. flow = SQRT 1.445005.
(b) The exhaust flow uncertainty for this example is 1.445%.

7-5{3 Heat Equivalents and Enthalpies

The heat equivalent of the power output is 120.2 X
3,412.14 = 410.14 million Btu/hr.

The enthalpies of the fluid streams must either be
refefenced to the inlet temperature, which simplifies
the calculations 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
formulae, which uses a 77°F reference temperature

hatT,
Parajneter T - °F Btu/lb & at 80°F h at T ~Ji.at 80°F
hda 1,000 246.09 0.76 24533
hi, 80 0.73 0.73 0
Byl 200 1,146 1,096 =928 (heat of
vapor = -978)
hde 600 129.14 0.73 128.41

The values for the sensifivities may now be calculated.

The exhaust flow uncertainty for this exqmple is
1.445%.

7-5.5-Emphasis on Exhaust Temperature and|Fuel

Flow

This calculation shows the predominande of the
exhaust temperature and heat input measugements.
Every effort should be made to minimize the prrors in
these measurements if the heat balance method is to be
used. The 10°F uncertainty in exhaust temperatyre could
possibly be reduced, considering the plane of th¢ turbine
exhaust temperature measurement, the extent of closure
of the heat balance, adding more thermocofiples or
rakes, and previous experience with the turbinp model.

7-5.6 Exhaust Energy

The uncertainty in the exhaust energy (Qexy) will be
less than that for exhaust flow, since the uncertpinty for
exhaust enthalpy does not appear. In Table 7-3.6-1, the
uncertainties for Qi and Qe are the RSS of fhe flow
and enthalpy values. The exhaust energy uncettainty is
1.11%.

Partfal for Term Value
Ml O 1.6841
LHV Oy 1.6841
he h @hexh -1.0
Q lect @elect -0.6009
Q 0SS @loss -0.0131
hit O 50679
Minj @Minj 0.0679
hcxtr @hcxtr -0.00188
Mextr @Mexhr -0.00188

7-5.4 Uncertainties

The uncertainty in the exhaust flow determined by
the heat balance can now be calculated from a simple
spreadsheet (see Table 7-5.4-1). Measurement uncertain-
ties have been taken as the limit specified by this Code;
in an actual test, the agreed upon levels should be used.
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7-5.7 Corrected Values

The uncertainty in the corrected exhaust flow, tempera-
ture or energy will be slightly higher than the value
shown above. For this case one would need 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 above.
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Table 7-5.6-1 Exhaust Energy Uncertainty

MEAS (2] (B6O) (25x6)? SUM
Qtel 1.6841 1.14002472 0 1.140024717
Qin 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
Qioss -0.0131 0.00429025 0 0.00429025
1.188740421
GENERAL NOTE: U exh. energy = SQRT 1.090293732.
7-5.7.1 Uncertainty — Alternate Method. Para- The uncertainty calculations can proceed similarly to
graph 54.1 indicates that, in some straightforward cases, ~ para. 7-5.4.
correct¢d values of the Q heat factors may be used SG L
directly fo obtain exhaust energy. Equation (5-4.1) would 7-5.8 HRSG Heat Balance
become In many cases a heat balance will also be performed
around the heat recovery device, to provide a check on
Qexh,corr = quel,corr - Qe]ect,corr - Qloss,corr (7'57) the Value determined by the gas turbine balance. The
uncertainties of the tw@ methods may be combined to
Sincel Qtuel,corr = KWeor®™HR core = Qguet/HapB,  give the most realisticrassessment of the uncertainfy of

sensitivities derived from this equation are

(a) Pq
(b) H
(c) Lg

(Wer, _Qelect.corr/Qexh.corr
Pat InPUt/ quel/naﬂ/Qexh.corr
SS, Qloss,corr/ Qexh.corr

the exhaust flowi,or energy that has been determi
ASME PTC 44,)Gas Turbine Heat Recovery St
Generators, presents the methods for calculating
HRSG heat*balance and combined uncertainties.

hed.
bam
the
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MANDATORY APPENDIX |
DETERMINATION OF GAS TURBINE EXHAUST ENERGY, FLOW,
AND TEMPERATURE

INTRODUCTION

The first edition of ASME PTC 22 was published in
. At that time the majority of the gas turbine designs
werp principally used for driving compressors or utility
peaking applications. Therefore, the Code addressed
only gas turbine power output and efficiency testing.
ime progressed and gas turbine designs improved
in efficiency and power output ratings, it became

wag reflected in later revisions of the Code. In today’s
marlket it is typical for a customer to purchase the major
conjponents of a combined cycle plant from several dif-
ferent vendors. Therefore, in addition to power output
and|efficiency, gas turbine exhaust temperature and flow
or dnergy are now critical measurements. The exhaust
flow and temperature are necessary inputs to determine
the [performance of the HRSGs and bottoming{dycle
performance.

The PTC Committee investigated several’different
medns for determining exhaust flow and energy such
as ifplet flow measuring devices, exhaust flow measuring
devjces, HRSG heat balance, exhaust gas constituent
analysis, and gas turbine heat balance. Based on reason-
ablq economic considerations per the requirements of
ASME PTC 1, the gas turbine’heat balance method has
been selected as the méthod of choice.

I-2 [ TEST METHODOLOGY

The following summarizes the general test methodol-
ogy| for_tests conducted for the evaluation of exhaust
temperafuire, exhaust flow, and/or exhaust energy.

The'gas turbine exhaust temperature is determined

reference to the point at which they cross-the bpundary.
Energy streams within the boundary néednot e deter-
mined unless they verify Specified Reference Cdnditions
or unless they relate functionally tol/¢onditiond outside
the boundary.
The specific test boundary/for a particular tpst must
be established by the parties to the test. Typicql energy
streams crossing the testboundary for commor] gas tur-
bine cycles are showrin Fig. 3-1.5.1-1. Stream pfoperties
for the output and heat rate test are typically deflermined
at the outer test.boundary as indicated in Fig. T—l.S.l-l.
Stream propgrties for the exhaust energy or flow test
are typically’ determined at the inner test bouhdary as
indicated"in Fig. 3-1.5.1-1.
Forothe determination of exhaust energy, & simple
energy balance is performed around the test bpundary.
The exhaust energy may be determined directly if the
reference temperature of all enthalpies is chos¢n as the
measured inlet air temperature (h,, = 0, Qi F 0).
For the determination of exhaust energy whhere the
reference temperature is different from the inlef air tem-
perature (M # 0, Qair # 0), or for the determination of
exhaust flow, a mass balance must also be pgdrformed
around the test boundary and solved simultgneously
with the energy balance.

I-3 CALCULATIONS AND RESULTS: GENERAL

The following paragraphs describe the detaildd proce-
dures required for application of the gas turHine heat
balance method. Due to length and complexity, these
calculations are provided here for conveniende rather
than in Section 5 of this Code.

Determination of gas turbine exhaust energy or flow
and temperature, corrected to Specified R¢ference
Conditions, are the primary objects of this flest. Test

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 must be measured to calculate corrected
results. The test boundary is an accounting concept used
to define the streams that must be measured to deter-
mine performance. All input and output energy streams
required for test calculations must be determined with
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results are computed from the averaged values of obser-
vations made during a single test run, after applying
instrument calibrations and other corrections as neces-
sary, and as prescribed in this Appendix. A printout of
a sample calculation spreadsheet is provided at the end
of this Appendix.

I-3.1 Gas Turbine Energy Balance

The following paragraphs provide the detailed calcu-
lations for the determination of exhaust energy and
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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 ExhaustEnergy. The exhaustenergy 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,

where
Qn = mnhn
Mass In = Mass Out

Mair + Meye) + minj = Moyt + Mexh

Each term of the energy and mass balances in this

compreqsor extractions, electrical or mechanical power,
and hedt losses. Therefore, the energy equation is as
follows:

Energy In = Energy Out

gair + quel + Qir\j Qext + Qelect + Qexh + Qloss

where

Ql’\ = mnhn

To defermine the exhaust energy term, one must iden-
tify a rdference temperature to which the calculated
exhaust|energy is indexed. Selection of the reference
temperdture varies in the industry and can be chosen
as any temperature. All terms of the equation must be
evaluatpd at the chosen reference temperature. The
determipation of exhaust energy is greatly simplified if
the chogen reference temperature is the measured inlet
air temperature into the compressor which eliminates
the needl to determine exhaust temperature, inletsair
flow, inlet air moisture content, and inlet air enthalpy
resulting in Q. = 0. However, if corrections™must be
applied o the calculated exhaust energy for comparison
to a starjdard value, the calculated exhaust.energy must
be based on the same reference temperature as the stan-
dard value. Therefore, rather than specifying a reference
temperdture, this Appendix allows,the user to select the
appropyriate reference température on a test-specific
basis.

For a1}y selected reference temperature other than the
measur¢d compressor,inlet temperature, the exhaust
flow calculation process described below must be fol-
lowed tp determife the exhaust energy.

I-3.1}2 Exhaust Flow. The exhaust flow is deter-
mined Ry @n energy and mass balance around the gas

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 twoequatfions
with two unknowns that can be solved sinttltaneofusly
because the exhaust stream enthalpy is dependent ypon
the mass fraction of fuel flow to air flow:

Therefore, one of either of two niethods may be
to calculate the exhaust flow. Fér' the first method
air flow and exhaust flow afe determined iterati
This is accomplished by assuming an air flow and
ceeding through the calculations to determine bot}
heat entering and leavifig the gas turbine. The co
air flow and exhausb flow are determined when
sides of the energy equation are equal.

The second)method removes the need for iterations,
but requirés, the inlet air and exhaust streams to be sppa-
rated ifitorcombustion streams and noncombusfion
streams. The idea is to identify the air flow requiredl for
complete stoichiometric combustion and the exces} air
flow not required for combustion. With this apprdach,
one can solve for all quantities directly with no ifera-
tions. This is the preferred method described herein.

The following additional definitions allow this fion-
iterative method to be implemented, along with the cal-
culation of the mass flow required for stoichiomptric
combustion as described in para. 1-3.2.4.

sed
the
rely.
pro-

the
rect
both

Qair

Qair,excess(in) + Qair,comb
Qexh = Qcombprod + Qair,excess(out)
Meombprod = Mair,comb + Mfyel + Minj
Mexn = mcombprod + mair,excess

The reference temperature for these calculations
be selected by the user. The calculated exhaust
result should be the same regardless of the chosen r
ence temperature, provided all terms of the energy

can
low
bfer-
bal-

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:

Energy In = Energy Out

Qair + quel + Qinj = Qext + Qelect + Qexh + Qloss
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reference temperature.

I-3.1.3 Required Data. The following data are
required inputs to the calculations. The measurements
and calculations required to determine these items are
described in Section 4 of this Code.

(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, %
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(d) fuel gas or oil mass flow, Ib/hr
(e) fuel gas molar analysis or liquid fuel ultimate
(mass) analysis

calculated using the same moist air composi-
tion, the inlet dry-bulb temperature, and the
turbine exhaust temperature.

(f) fuel lower heating value, Btu/lb Step 8:  Determine the fuel heating value including
(g) fuel temperature, °F the sensible heat of the fuel per para. 1-3.2.7
(h) injection flow, Ib/hr for fuel gas and para. 1-3.2.8 for liquid fuel.
(i) injection enthalpy, Btu/Ib Step 9:  Determine the duty of a steam or water injec-
(j) extraction air flow’/ Ib/hr tion stream by multiplying the measured flow
(Tomesctrarcts L o vorm by the adjusted enthalpy. The adjusted
(,l\ g)?}:::sl;ugl;:’:erl;;; ;;;:L CO’F Eo(\:)b ’ enthalpy is determined by subtracting the sat-

! om0 urated vapor enthalpy at the select¢d refer-
(M) selected. enthalpy reference temperature, °F (°C) ence temperature from the ASME Steam
(1) gas turbine losses, Btu/hr or kW Tables enthalpy [ref. 32°F(0°C)] at fhe mea-
(@) power output, kW sured pressure and temperature.

I13.1.4 Calculations. The calculations for determi- Step 10: Eletletrimin?;hete}{ectliliclzal entetrgy gferéeratedd Ey
nation of gas turbine exhaust energy or flow are pre- 3 :12 1}1 }];tughr /iW owatts prodyced by
senfed in the following series of steps, many of which S e .

. . . . o Step 11:  Determine the\gas turbine heat losses|in accor-
invglve intermediate calculations detailed in para. I-3.2. dance withesubsection 4-10
Steg1:  Determine the gas turbine inlet air humidity ) . . .

. : " Step 12:  The excess air flow is now the only unknown
ratio and wet air molar composition based on in the heat bal b sol
the ambient conditions as described in pagamgter in the hieat ba/ance equatipn. Solve
para. 1-3.2.1.3 thesequation for the excess air flow.

Step 2: Determine the Change in molar flow of the air mair,excess(hair,inlet - hair,exh) = mexthext + Qelect + Qloss
to exhaust gas constituents due to the combus- R M eombprodficombprod ~ Maircombllairinlet = Mfuel(LHV)
tion of the gas turbine fuel as described in — MiniltinMcombprod = Maircomb + Miuel + M
para. 1-3.2.2 for fuel gas and para. 1-3.2.3 for
liquid fuel. Step 13:  The turbine exhaust gas flow is finally calcu-
Ste] 3:  Determine the mass flow of air required for lated as the mass flow of combustion products
stoichiometric combustion as described\in plus the excess air flow.
para. 1-3.2.4. B
Ste] 4¢:  Determine the gas turbine inlet air molar Mexh = Mcombprod + Mairexcess
ﬂows. t.o the combustor based on. thé ambler}t I-3.2 Intermediate Calculations
conditions and the calculated\combustor air 2
Ste] 5:  Determine the composition of combustion Combustor. This section determines the mass fractions
products using the comibtstor air molar flow and molar flows of the wet air constituents ent¢ring the -
as determined im S¥ep 4 and adding the  8as turbine combustor.
change in molaf flow due to the combustion I-3.2.1.1 General. The following inlef dry air
of fuel in thé gas turbine from Step 2. The 1 jar composition is assumed:
turbine exhaust molar flow must also include o
the moldrflow of steam or water injectioninto ~ Element/Compound Comppsition, %
the gasturbine. The calculation of combustion Nitrogen 74.084
product constituent mass fractions can then gxygen 209476
be-calculated as described in para. I-3.2.5. eon 9365
) . Carbon dioxide .0319
Step| 6: “Determine the combustion products enthalpy —
at turbine exhaust per para. 1-3.2.6 with the 109-000
i.o mbustéo? prgdu;tfs Conssthtugnt an;sls frac- The dry air composition is corrected for humidity and
10ns:ias eter?me }iomt teP an A ¢ mea- atmospheric pressure effects via humidity calculations
sured gas turbine exhaust temperature. taken from the ASHRAE 2013 Handbook of Fundamentals
Step 7:  Determine the gas turbine inlet air enthalpy

ASME International
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per para. I-3.2.6 with the inlet air composition
from Step 2 of I-3.2.1.4 and the measured dry-
bulb temperature. The compressor extraction
air enthalpy is calculated with the same com-
position and the measured extraction air tem-
perature. The excess air enthalpies are
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as described in the following calculations.

I-3.2.1.2 Data Required
(a) barometric pressure, psia
(b) dry-bulb temperature, °F (°C)
(c) wet-bulb temperature, °F (°C), or relative
humidity, %
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1-3.2.1.3 Wet Air Composition and Humidity Ratio
Calculations. The wet air molar analysis and humidity
ratio are determined by the following steps. When
required to calculate the water vapor saturation pres-
sure, use the following relationship:

the atmospheric pressure and dividing this
difference by the atmospheric pressure.

FDA = (Patm — pH20)/patm

Step 5:  Calculate the humidity ratio as a function of
C the fraction of dry air.
In(pyapor) = T+ G+ GT+ CuT? + C5T? + CT* + CAn(T)
where ' = (ﬁ = 1) 18015287289651159
Pvapot = Psia
T ="°R
- Go to Step 10.
= t +459.67 .
b — of Step 6:  Calculate the water vapor saturation prespure
at the wet-bulb temperature.
For the vapor pressure over ice in the temperature Step 7:  Calculate the saturated humidity ratio from

range of —148°F to 32°F, the constants are

C; = -1.0214165 x 10*
C, = —4.8932428

C; = -5.3765794 x 107

Cy = 19202377 x 107

Cs = 3.5575832 x 10°%°

Ce = —9.0344688 x 10
C; = 4.1635019

For the vapor pressure over water in the temperature
range of 32°F to 392°F, the constants are

C; = -1.0440397 x 10*

C, = —-1.1294650 x 10!

Cs = —2.7022355 xA02

Cy = 1.2890360.% 10°

Cs = —2.4780681 x 10°
Cs = 0.0

C; = 6.5459673

the atmospheric presstire'and vapor pressure
by the following equation:

Saturated Humidity Ratjo-(@s.) = 0.621945 * pyapor / (Patm
- pvapor)
Step 8: Caleulate the actual humidity ratio fronq the

sdturated humidity ratio, wet-bulb tempera-
ture, and dry-bulb temperature by the fol
ing equation:

Humidity Ratio (@) =
(1/093 - 0.556 * twetbulb) * Wsat — 0.240 * (tdrybulb — twetbub
1,093 + 0.444 * tgrypulb — fwetbulb

~

Step 9:  Calculate the fraction of dry air from| the
actual humidity ratio by the following
equation:

18.01528
FbA = 28.9651159®w + 18.01528
Step 10:  The wet air mole fractions can now be cglcu-

lated. The fraction of dry air multiplied by
the dry air mole fraction will give the adtual
air constituent mole fraction.
Nitrogen mole fraction = MFy, = FDA * 0.780840
Oxygen mole fraction = MFpo, = FDA * 0.209476
Argon mole fraction = MF,, = FDA * 0.009365

Step 1: | Iftherelative humidity is known, go to Step 2. Carbon dioxide mole fraction = MFco, = FQA *
Hf-the wet-bulb temperature is known, go to ~ 0-000319
SEp o, The-mole-fractionof-water-is-one-minusthefraction
Step 2:  Calculate the water vapor saturation pressure ~ Of dry air.
at the dry-bulb temperature. Water mole fraction = MFyo = 1.0 - FDA
Step 3:  Calculate the partial pressure of water by The assumed mole fraction of sulfur dioxide in air
multiplying the vapor pressure times therela- 1 Zero.
tive humidity. Sulfur dioxide mole fraction = MFso, = 0.0
Step 11:  Calculate the average molecular weight of the
PH20 = Prapor * RH/100 wet air by the following equation. Molecular
weights are given in Table 1-3.2.1.3-1.
Step 4: Calculate the fraction of dry air (FDA) by
subtracting the partial pressure of water from MWy, = 3 [MF; x MW/]
68

Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS


https://asmenormdoc.com/api2/?name=ASME PTC 22 2014.pdf

ASME PTC 22-2014

Table 1-3.2.1.3-1 Elemental Molecular Weights

1-3.2.2 Molar Flow Change Due to Fuel Gas

Element Molecular Weight, lb/lbmol Combustion
I-3.2.2.1 General. This section determines the
Argon 39.948 .
Carbon 12.0107 molar flow change of the air to the exhaust stream con-
Helium 4.002602 stituents due to the complete stoichiometric combustion
Hydrogen 1.00794 of each constituent of the fuel gas.
ggggin 12:8821 I-3.2.2.2 Data Required
Sulfyr 32.065 (a) fuel gas flow, Ib/hr
(b) fuel gas molar analysis
GENERAL NOTE: Molecular weights adapted from Coursey, J.S., .
Schyab, D.)., and Dragoset, R.A. (2003), Atomic Weights and I-3.2.2.3 Table of Combustion( Ratjos.
Isotdpic Compositions (version 2.4). [Online] Available: Table 1-3.2.2.4-1 provides the ratios.of lair copstituent
http]//physics.nist.gov/Comp[january 2004]. National Institute of ~ molar flow change per mole of fuiel/gas cornstituent
Stanfards and Technology, Gaithersburg, MD. resulting from complete stoichiometric combustion. The
molar flow of any inert compo6und in the fuel gas, such
as nitrogen or carbon dioxid€, would pass dirdctly into
whare the combustion products @i a mole per mole bgsis. The
) . . . . . table values are determined from an oxidation ¢hemical
i = subscript denoting a given air constituent . . .
ME = mole fraction reaction for a unit mole of .each fuel gas constftuent in
M = molecular weight, Ib/Ibmol accordance with:the following generic oxidatipn equa-
’ tion. The coetficients for oxygen are negative|because
I-3.2.1.4 Calculation of Molar Flows to Combustor. oxygen is«<onsumed in the reaction.
The|wet air molar flows to the combustor are determined
by the following steps. In addition to the parameters CH,S: + (x + LyI +2) O, = (x)CO, + (%)HZO + [2)SO,
det¢rmined in the previous section, this calculation
requires the mass flow of air to combustor (1, comb) as I-3.2.2.4 Calculations
calcplated in para. 1-3.2.4. Step 1:  Calculate the fuel gas average m¢lecular
Ste 1:  Calculate the air molar flow to the combuster weight by summing, for all fuel gad constit-
by dividing the air mass flow to the combustor uents, the product of the constituent nole frac-
by the average molecular weight. The air)con- tion and molecular weight. For mplecular
stituent molar flow to the combustox(is the air weights see Table 1-3.2.1.3-1.
molar flow times the constituent molé fraction.
MWee = E[MF] X MVVJ]
M = Maigcomy X MEi/ MW Step 2:  Calculate the fuel gas molar flow by Hividing
whdre the fuel gas mass flow by the fuel gagaverage
i = subscript denoting-a given air constituent molecular weight
M = rr.lolar flow, mol/ hr Mo mol /hr = Mge,lb/hr
Malrcomb = air mass flow to the combustor, 1b/hr ’ MWl
MF = mole fraction .
MW, = moletlar weight of the wet air mixture, Step 3: Calcglate the change in m(.)lar flow dug to com-
[by/Ibtol bustion of each air constituent by simming,
for all fuel gas constituents, the prodyct of the
Ste 2: _«Calculate the air constituent mass fraction by fuel gas molar flow, the fuel gas copstituent
multiplying the constituent mole fraction by mole fra.ctlon, and Fhe cor.responc.img Fombus-
its molecular weight and dividine by the aver- tion ratio for the given air constituerft. Traces
age molecular weight. The mass fractions are of helium 1n the tuel gas can usually be com-
required only for determining enthalpy. bined with argon.
mF; = MF, x MW,/MW,;, AM; = Mot X MF; x CR;]
where
where CR = combustion ratio from Table 1-3.2.2.4-1
I = subscript denoting a given air constituent i = subscript denoting a given air constituent
MF = mole fraction j = subscript denoting a given fuel gas
mF = mass fraction constituent
MW = molecular weight My, = fuel gas molar flow from Step 2, mol/hr
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Table 1-3.2.2.4-1 Fuel Gas Combustion Ratios

Air Constituent

Fuel Gas
Constituent N, 0, o, H,0 Ar S0,
CH, 0 -2 1 2 0 0
CyHg 0 -3.5 2 3 0 0
CsHg 0 -5 3 4 0 0
C4Hio 0 -6.5 4 5 0 0
CsHan 0 -8 5 6 0 0
Cehtiz o =575 6 7 © 0
N, 1 0 0 0 0 0
co 0 -0.5 1 0 0 0
co 0 0 1 0 0 0
H, 0 0 0 1 0 0
H, 0 -0.5 0 1 0 0
Ho§ 0 -1.5 0 1 0 1
He 0 0 0 0 1 [Note(1)] 0
0, 0 1 0 0 0 0
Ar 0 0 0 0 1 0
NOTE:
(1) Heliump, as an inert gas, is carried through the equations as argon.
Table 1-3.2.3.3-1 Liquid Fuel Combustion Ratios
Air Constituent
Fuel Gas [onstituent N, 0, C0, H,0 Ar SO,
IC 0 -1 1 0 0 0
H 0 -0.25 0 0.5 0 0
0 0 0.5 0 0 0 0
N 0.5 (0] 0 0 0 0
S 0 -1 0 0 0 1
MF| = mole fraction I-3.2.3.4 Calculations
AM| = change in melar flow due to combustion,  Step 1:  Calculate the liquid fuel molar flow for gach
mol/hr element in the liquid fuel analysis by mjulti-
- lying the liquid fuel mass flow by the corjstit-
1-3.2.3 Molar-Flow Change Due to Liquid Fuel Plymg fq ion divided b }51’ 1 |
Combustion uent mass fraction divided by the elemgnta
molecular weight (see Table 1-3.2.1.3-1).
1-3.2.3t1)General. This section determines the
molar flpw{change of the air to the exhaust stream con- M = mge X mE;/MW;

stituents due to the complete stoichiometric combustion

) L where
of each constituent of the liquid fuel, j = subscript denoting a given liquid fuel ele-
I-3.2.3.2 Data Required mental constituent
(a) liquid fuel flow, Ib/hr M = liquid fuel constituent molar flow, mol/hr
(b) liquid fuel ultimate analysis (weight fractions) Mier = liquid fuel mass flow, Ib/hr
) . mF = mass fraction of liquid fuel constituent
1-3.2.3.3 Table of Combustion Ratios. MW = molecular weight, Ib/Ibmol

Table 1-3.2.3.3-1 provides the ratios of air constituent
molar flow change per mole of liquid fuel constituent  Step 2:  Calculate the change in molar flow due to com-
resulting from complete stoichiometric combustion. bustion of each air constituent by summing,
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for all liquid fuel constituents, the product of
the liquid fuel molar flow and the correspond-
ing combustion ratio for the given air
constituent.

AM; = E[Ml X CR,]]

I-3.2.5.2 Data Required
(a) combustor air flow, Ib/hr (para. I-3.2.4.3, Step 2)
(b) steam/water injection flow, Ib/hr
(c) fuel flow, Ib/hr
(d) combustor air molar flow, mol/hr (para. 1-3.2.1.4,
Step 1)
(e) change in molar flow, mol/hr (para. I-3.2.2.4,

where . L
CR = combustion ratio from Table 1-3.2.3.3-1 Step 3 for fuel gas; para. I-3.2.3.4, Step 2, for liquid fuel)
1 = subscript denoting a given air constituent 3:275:3Catcutations l
j = subscript denoting a given liquid fuel elemen- Step 1:  Calculate the molar flow of steamy/ water injec-
tal constituent tion by dividing the injectionmass [flow by
M = liquid fuel molar flow from Step 1, mol/hr the molecular weight of waten
AM = chalr/1§e in molar flow due to combustion, My = g/ MWy
mol/hr
It3.2.4 Combustion Air Flow where .
Mi; = injection water/steam moldr flow,
1-3.2.4.1 General. This section describes the mol/hr
method for determining the mass flow of wet combus- Minj = injection water/steam mass floy, lb/hr

tion| air required for complete stoichiometric combus-
tion|. The determination allows for the direct calculation
of the mass and energy balances with no iterations
required.

I-3.2.4.2 Data Required

) humidity ratio (w), lb H,O/lb dry air
(pata. 1-3.2.1.3)

() change in molar flow of O,, mol/h (para. I-3.2.2
for fuel gas, para. I-3.2.3 for liquid fuel)

~

1-3.2.4.3 Calculations

Ste1:  Calculate the mass flow of dry air'to the
combustor.
AM,
Mair,comb(dry) = Wsj X MWair(dry)
whdre

AMp; = change in"meolar flow of O, due to
combustion, mol/hr

MWyo = molecular weight of water, 1b/1nol

Calculate the water molar flow in the exhaust
stream as the sum of the water mdlar flow
from the air, the change in molar flow|of water
from the combustion of the fuel, and the steam
or water injection molar flow calcylated in
Step 1.

Step 2:

Mcombprod,HZO = M.iro + AMmo + Minj

where
Mairino = molar flow of water in fombus-

tion air, Ib/Ibmol

Meombprod 2o = molar flow of water in fombus-

tion products, 1b/Ibmol

M, = injection water/stearh molar

flow, mol/hr

AMppo = change in molar flow pf water

due to combustion

MFoyary) = molé.fraction of O, in dry air = Step 3:  Calculate the molar flow for all other) exhaust
0.209476 constituents as the sum of the molar flow from
MWairaryy = holecular weight of dry air = the air and the change in molar floy due to
28.9651159 combustion of the fuel.
Step 2: _<«Calculate the mass flow of moist air to the Meomboprodk = Mairi + AM
combustor. where
] — . f— Du‘ua\.LiPt dcuutiué O Bivcu combus-
Maicomo = Maircomb(ary(1 + @) tion products constituent (non-water
I-3.2.5 Combustion Products Exhaust Composition in this case)
) ) ) M,y = combustion air molar flow, 1b/lbmol
.I-3.2.5.1 Ge.neral. This section determmgs .the gas Meombproda = combustion products molar flow, 1b/
turbine combustion products exhaust composition for Ibmol
the purpose of calculating the combustiqn produc'ts AM = change in molar flow due to
gxhaust gas enthalpy. The exha'ust constituents .WIH combustion
include some or all of the following compounds: nitro-
gen, oxygen, carbon dioxide, water, argon, and sulfur Step 4:  Calculate the mass fraction of each gas turbine

dioxide.
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the product of the molar flow and the molecu-
lar weight for that constituent divided by the
total combustion products mass flow.

Meombprod = Mair,comb + Mfuel + Min

mF, combprodk = Mcombprodk X ka/ Meombprod

The correlations require the temperature to be expressed
in kelvin.

Tx = temperature[K] = (t[°F] + 459.67)/1.8

For a given exhaust constituent, the enthalpy,
expressed as Btu/lb, and referenced to zero at 77°F
(298.15 K) is determined by the following equation:

where 2 3
A, AT AT, AT
MF Jnbprod = combustion products mass fraction H =T + A2 + ATk + —5— F —3— T
. K
Mcdmbprod = combustion products molar flow, Ib/ AT
Ibmol + =5+ Ag) * R — AH®)/2.326/ MW,
MW = constituent molecular weight, 1b/
Ibmol where
k = subscript denoting any combustion Ax = coefficients as given in Table I-3.2.6.3-1
products constituent H° = H°(TK) — H°(298.15 K) = enthalpy (rdf =
77°F), Btu/Ib
I-3.216 Gas Enthalpy MW = molecular weight
1-3J2.6.1 General. This section describes the R = 8.31451 J/mol-K
method|for determining the enthalpies in the exhaust Tx = temperature, K
gas and|air streams. The gas or air stream enthalpy is ~ Ad°® = heat of formation, J/mol

a mass Weighted value of the stream constituent enthal-
pies. The constituent enthalpy equations and coefficients
are addqpted from McBride, B.]., Zehe, M.]., and

For instance§ that require a reference temperature dif-
ferent than 77°F, the enthalpy relation must be evalupted
twice.

Gordon)S. (September 2002), NASA Glenn Coefficients for

Calculating Thermodynamic Properties of Individual Species, o o o

NASA TgI’—2002—2]{1556. Naiional&eronauticz and HATidNewret = HA(Tidrrs ~H(NewRef)7rz

Space Administration, Glenn Research Center, 1-3.2.6.4 Calculations

Cleveland, OH. This database is periodically updated - ZStep 1:  Calculate the enthalpy for each gas constithient
as new fesearch is completed, therefore the user should for the given temperature at the selected r¢fer-
periodifally confirm that the constants used in ‘the ence temperature using the appropriate corre-
enthalpy equations are consistent with the latest-avail- lation coefficients.

able research. Updates can be confirmed onlinevat the  Step 2:  Calculate the gas enthalpy for the gas mixture

NASA (lenn Chemical Equilibrium with Applications
(CEA) cpmputer program website:

http:/ /wWww.grc.nasa.gov/WWW /CEAWeb/ceaHome.htm

using the available Thermo-Build’function or the
CEAguifprogram. The constants. to be used should be
agreed fipon prior to condueting a test. An alternative
source of enthalpy data ‘thet the parties may agree
upon is ASME STP-TS012-1, Thermophysical Properties
of Working Gases (Used in Working Gas Turbine
Applicatiions.

I-3.p.6.2.“Data Required
(a) gas temperature, °F
(b) gas—constittrent-rass
(c) selected enthalpy reference temperature, °F

1-3.2.6.3 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 the objectives of this Mandatory Appendix and
for the current gas turbine technologies. Higher range
correlations are available from the NASA database.

72

as the sum of the products of the constitpent
enthalpy and constituent weight (mass) frac-
tion for all constituents.

hy = HO(TK)mixture = EIan X HO(TK)n]
I-3.2.7 Fuel Gas Heating Value

I-3.2.7.1 General. The heat of combustion usgd in
all calculations is the lower heating value. This is{ not
to be confused with the higher heating value which
includes the heat of vaporization for water. The hedting
value for fuel gas is a calculated number based ypon
the fuel gas composition as described in Section 5.[The
heating value should always be ¢a a ased onl the
latest available publication 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 GPA-2145-03 and is based on combus-
tion reference conditions of 60°F and 14.696 psia. Other
industry publications provide various combustion refer-
ence conditions 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
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for this provided the selected data set is agreed by all
parties prior to the test. However, account must be made
for the sensible heat difference between the selected
enthalpy reference temperature for the heat balance cal-
culation and the actual flowing temperature of the fuel.

There are several acceptable methods that may be
used to calculate the sensible heat of the fuel gas. (See
para. 5-3.1.11.)

The most accurate way is to access specific heat or

Step 4:  Calculate the sensible heat content (specific
enthalpy) of the fuel in accordance with para.
1-3.2.7.1. 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 = LHVgem + LHVgons

enthalpy data from NIST or GPSA databases at the actual
temperdture and partial pressure of each of the fuel gas
constitupnts, then combining them to obtain an overall
enthalply or specific heat value for the compressed
mixture

A simplified method considers the fuel composition
variancg but ignores the pressure effects by determining
enthalpies at 1 atm which can lead to calculated exhaust

flows whhich may be as much as 0.1% low. This is the

~.Same mg

thod used for the air and exhaust gas enthalpies

“atatmogpheric pressure by applying the NASA formula-

‘tions ary
211556.

‘tions ir
: determi
“calculat

ASME International

d coefficients adapted from NASA/TP-2002-
For consistency with the other enthalpy calcula-
this overall heat balance, this method of
hing sensible heat is demonstrated in the sample
on at the end of this Mandatory Appendix. The
NASA doefficients are provided in Table 1-3.2.6.3-1.

I-3.2.7.2 Data Required
(a) fupl gas constituent analysis
(b) fupl gas temperature, °F
(c) selected reference temperature, °F

I-3.
Step 1:

p.7.3 Calculations
Calculate the total fuel mass by, summing the
products of fuel gas compound-mole fraction
and compound moleculap-weight for all fuel
gas compounds.

Total Mass of Fuél ¥ 2 (MF; x MW,)

Step 2: | Calculate the‘heating value contribution of
each fuel-gas compound by computing the
product of the fuel gas compound mole frac-
tionthe fuel gas compound molecular weight,
and-the fuel gas compound heat of combustion

weight.

LHV; = MF; x MW; X HC]-/Total Mass of Fuel

Step 3:  Calculate the fuel gas ideal heating value by
summing the heating value contributions of

all fuel gas compounds.

LHV g = 3 LHV;
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I-3.2.8 Liquid Fuel Heating Value

I-3.2.8.1 General. The heat of combustien usqd in
all calculations is the lower heating value. This ig not
to be confused with the higher heatihg,¥alue, which
includes the heat of vaporization for{water. The heating
value for liquid fuel is to be determined in accordgnce
with the Code. Care should bestaken to ensure the liguid
fuel heating value is propeflyvadjusted to the selegted
reference temperature.Ber most liquid fuels (No. 1
through No. 6 fuel oils)\inrthe typical API gravity range,
the empirical approximation provided in para. 5-3/1.10
of this Code is sufficient to determine the sensible heat
above 77°F.

I-3.2.8:2 Data Required
(a) liquid fuel ideal lower heating value, Btu/Ib
(b).liquid fuel temperature, °F
(c)* selected reference temperature, °F

I-3.2.8.3 Calculations
Step 1:  The Code is used to calculate the sensible
content of the liquid fuel.
The fuel net heating value is the sum of
liquid fuel ideal heating value and the
sensible heat.

heat

Step 2: the

fuel

LHV = LHVagem + LHVens

I-4 SAMPLE EXHAUST FLOW BY GAS TURBINE
HEAT BALANCE CALCULATION

This section presents an analysis program to simplify
the calculation procedures in the Test Code
Figs. I-4-1 through 1-4-11). It has been the intention to
design a user—friendly example, which is the reaso

most cases. Intermedlate calculations are on the other
sheets. Some cases could require inputs on other sheets.

The reference temperature basis for gas calculations
is 77°F. The reference temperature basis for steam/water
enthalpy is 32°F (0°C). The example corrects all enthal-
pies to a user selected reference temperature.

Assumptions are as follows:

(a) Injection streams are always water or steam.

(b) Extraction streams are always a compressor air
bleed.
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(c) Pressure has negligible impact on compressor
bleed enthalpy.

(d) Fuel gas pressure effects on sensible heat of the
fuel are ignored.

(e) Gas enthalpy calculations are only valid up to
1000 K.

(f) Water and steam enthalpies are based on the 1967
ASME Steam Tables.
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Fig. I-4-2 Sample Calculation of Wet Air Composition and Molar Flow

CALCULATION OF WET AIR COMPOSITION AND MOLAR FLOW

Barometric Pressure 14.696 |psia
Dry Bulb Temperature 80.0 °F
Wet Bulb Temperature °F
Relative Humidity 60.0 %
Moist Air Flow to Combustor 928,246 |Ib/h
Excess Air Flow | 1,749,726 |Ib/h

MFPyapor) = L/ T+ 0 +037 1+ 071+ 0™ T +Lg" 1+ 05700
Ln(Pyapor) = C1/ T+ Cp +C3*T + C#T2+ C5*T° + C*T* + C*Ln(T)

For T <= 32°F For T > 32°F

C,= -1.0214165E+04 C, = -1.0440397E+04
C,= -4.8932428E+00 C,= -1.1294650E+01
Cs= -5.3765794E-03 Csy= -2.7022355E-02
Cy= 1.9202377E-07 Cy= 1.2890360E-05
Cs= 3.5575832E-10 Cs= +2.4780681E-09
Ce= -9.0344688E-14 Ce= 0
C,= 4.1635019E+00 C,= 6.5459673E+00

Calculations for Case of Known Relative Humidity

T =ty bunt 459.67 = 539,67 °R Puapor =
Pr20 = %RH * pyapor= \-0.3044 psia
FDA = (parPH,0 )/Pam =°0.979286
Humidity Ratio = (1/FDA - 1) x MWy,,0 /MWg,y,ir =
Calculations for Case of Known Wet Bulb Temperature
T =Awetsuin+ 459.67 = °R Pvapor =

Saturated Humidity Ratio = HR g5 = 0.621945 * Pyap00/ (Patm = Pyapod

HR. = Ib H,0/ Ib dry air

0.5074 psia

0.013156

#VALUE!

Humidity Ratio = (1093 - .556 * Tyt putn) * HReat 240 * (Tary butb- Twet bus)

Ib H,0/ Ib dry air

psia

(1093 +.444 * Ty, buib- Twet bult

Humidity Ratio = Ib H,0 / Ib dry air

Fraction Dry Air (FDA) = 18.01528

(28.9651159) * (Humidity Ratio) + 18.01528
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Fig. I-4-2 Sample Calculation of Wet Air Composition and Molar Flow (Cont’d)

MOIST AIR TO COMBUSTOR

ASME PTC 22-2014

A1l A2 A3 A4 A5 A6 A7
Moist Air Mola
Molecular Flow to Air Weight
Compound Calculation Air Mole Fraction Weight [A3]x[A4] Combustor Fraction
Ib/h x [A3] / Sum
[A5] = mol/h [A5] / Sum [A5]
N, .780840 * FDA 0.7647 28.0134 21.4209 24699 0.7454
Q, .209476 * FDA 0.2051 31.9988 6.5641 6626 0.2284
Cp, .000319 * FDA 0.0003 44.0095 0.0137 10 0.6005
H}O 1-FDA 0.0207 18.01528 0.3732 669 0/0130
Ar .009365 * FDA 0.0092 39.948 0.3664 296 0.0127
Average Molecular Weight ||_28.7383
DRY AR TO COMBUSTOR
A1l A8 A9 A10
Compound Air Mole Fraction MVC\)IISngur:fr [A8]x[A9]
N, 0.7808 28.0134 21.8740
Q. 0.2095 31.9988 6.7030
COD, 0.0003 44.0095 0/0140
nlo 18.01528
Ar 0.0094 39.948 0.3741
Average Molecular Weight*|__28.9651
EXCESS AIR
A1l A11 A12 A13 A14 A15 A16
Excess Moist Ai . .
Compgound Calculation Air Mole Fraction Molecular [A12] x Molar Flow A||:r Weight
Weight [A131 | 1o x (A121/ Sum raction
[A14] = mol/h [A14] / Sum [A14]
N, .780840 * FDA 0.7647 28.0134 21.4209 46557 0.7454
Q, .209476 * FDA 0.2051 31.9988 6.5641 12490 0.2284
Cp, .000319 * FDA 0.0003 44.0095 0.0137 19 0.0005
H{O 1-FDA 0.0207 18.01528 0.3732 1261 0.0130
Ar .009365 * FDA 0.0092 39.948 0.3664 558 0.0127
Average Molecular Weight || _28.7383
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Fig. I-4-3 Sample Mass Flow Calculations

MASS FLOW CALCULATIONS

Molar Flow Change of 02
Molecular Weight of Dry Air
02 Mole Fraction of Dry Air
Dry Air to Combustor
Specific Humidity

Moist Air to Combustor

Total Inlet Air
Compressof Bleed Air
\Wet Excess Air
Wet.€ombustion Air

Fuel Flow
Injection Flow

Total Combustor Flow

Turbine Exhaust Flow

[ T N
6,625.9

28.9651/ |
0.20048 _
916,193
(\0.01316
(2, 928,246

2,687,972
10,000
1,749,726
928,246

54,5645
50,000
1,032,791

2,782,517

mol/h
Ib/Ibmol

Ib/h
Ibwater/Ibdryair
Ib/h

Ib/h
Ib/h
Ib/h
Ib/h

Ib/h
Ib/h
Ib/h

Ib/h
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