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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
emphasis and for the convenience of the user of the Code. It is expected that the Code user is
fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

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

When tests are run in accordance with a Code, the test results themselves, 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 compare those results to contractual
guarantees. Therefore, it is recommended that the parties to a commercial test agree before starting
the test and preferably before signing the contract on the method to be used for comparing the
test results to the contractual guarantees. It is beyond the scope of any Code to determine or
interpret how such comparisons shall be made.

v

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



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 published in 1966 and 1985, each time incorporating latest 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 after) 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 to reduce the
uncertainty of the results.

Work on the current edition began in 2007. The key objectives of this revision were to correct
errors and omissions, provide harmonization with other codes and standards, 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 temperature into mandatory sections and
a mandatory appendix when these performance results are part of the object of the Code. Similarly,
when comparative performance is a test goal, the requirements and guidelines for comparative
testing are included in mandatory sections of the Code. As a result of advances in instrumentation,
Section 4 was revised to include additional flow metering technology. Section 7 on Test Uncertainty
was revised to provide compliance with the methodology for determination of uncertainty used
in the revised PTC 19.1, Test Uncertainty and incorporate the most current engineering analysis
and experience.

This Code was approved and adopted as an 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
interpretations, proposing revisions or a Case, and attending Committee meetings. Correspon-
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 incorporate changes that
appear necessary or desirable, as demonstrated by the experience gained from 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 documentation.

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

Interpretations. Upon request, the PTC Standards Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written request
sent to the Secretary of the PTC 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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ASME PTC 22-2014

GAS TURBINES

Section 1
Object and Scope

1-1 OBJECT

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

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

including absolute performance and comparative
performance.

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

1-2 SCOPE

This Code provides for the testing of gas turbines
supplied with gaseous or liquid fuels (or solid fuels
converted to liquid or gas prior to entrance to the gas
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

1

advanced gas path components, modification of com-
bustion system, control scheme changes, increased mass
flow, and changes to the inlet and exhaust systems 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 device.
(b) environmental compliance testing for gas

turbines for stack emissions and sound levels. Proce-
dures developed by regulatory agencies, ANSI, other
ASME PTC Committees, or other equivalent standard,
are available to govern the conduct of such testing.

(c) overall plant power and thermal efficiency of gas
turbine combined cycle and cogeneration facilities. 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 devices, fuel gas
booster compressors, etc.

(f) operational demonstration tests and reliability
testing.

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

1-3 TEST UNCERTAINTY

1-3.1 Absolute Performance Test Uncertainty

For absolute performance tests, this Code establishes
a limit for the uncertainty of each required measurement
(parameter or variable), and also limits the variation of
the critical parameters during the test. The test uncer-
tainty is then calculated in accordance with the 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
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ASME PTC 22-2014

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 by
ASME PTC 19.1. The test uncertainty of the performance
result expressed as the uncertainty of the difference shall
be no greater than 10% of the expected change in per-
formance. Both pre- and post-test uncertainty calcula-
tions are required. For comparative performance testing,
unlike absolute level testing, the uncertainty is more
complex since the desired result is the difference in per-
formance rather than the absolute level. Difficulty in
establishing 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 will typically result in differential performance val-
ues with lower uncertainty than the individual absolute
value performance uncertainties, due to partial cancella-
tion of systematic errors.

2

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.

1-4 OTHER REQUIREMENTS AND REFERENCES

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 the terms and numerical
constants used in this Code. The ASME PTC 19 series,
Supplements on Instruments and Apparatus, should be
consulted when selecting the instruments used to mea-
sure the required test parameters, and when calculating
test uncertainties.

This Code relies on many references for test proce-
dures and data, such as ASTM, IEEE, etc. The parties
shall agree to use other recognized international sources
for these procedures and data, including applicable
revisions.
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Section 2
Definitions and Descriptions of Terms

2-1 GENERAL

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

2-2 DEFINITIONS

absolute performance: performance [power, heat rate
(efficiency), exhaust temperature, exhaust flow, and
exhaust energy] of the gas turbine at a specific point
in time.

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

calibration: the process of comparing the response of an
instrument to a standard instrument over some measure-
ment range or against a recognized natural physical
(intrinsic) constant and adjusting the instrument to
match the standard, if appropriate.

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

laboratory calibration: the process by which calibrations
are performed under very controlled conditions with
highly specialized measurement and test equipment that
has been calibrated by approved sources and remains
traceable to National Institute of Standards and
Technology (NIST), a recognized international standard
organization, or a recognized natural physical (intrinsic)
constant through an unbroken comparisons having
defined uncertainties.

Code Limit: the combination of applicable uncertainty
limits for each of the measured parameters for that par-
ticular configuration and test.

comparative performance: change in performance of the
gas turbine expressed as a differential or ratio.

control temperature: temperature or schedule of tempera-
tures determined by the manufacturer that defines one
of the operating conditions for the test. This temperature
may or may not coincide with temperature of the work-
ing fluid exiting the gas turbine. Regardless of measure-
ment location, control temperature is internal to the test
boundary.

3

corrected performance: performance parameter adjusted
mathematically to Specified Reference Conditions.

exhaust gas emissions: constituents of the working fluid
exiting the gas turbine that may be used to define in
part the operating conditions for the test.

exhaust gas energy: energy of the working fluid exiting
the gas turbine at a point defined by the test boundary.

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

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

extraction air: a defined airstream that intentionally
leaves the test boundary.

gas turbine: machine that converts thermal energy into
mechanical work; it consists of one or several rotating
compressors, a thermal device(s) that heats the working
fluid, one or several turbines, a control system, and
essential auxiliary equipment. Any heat exchangers
(excluding exhaust heat recovery exchangers) in the
main working fluid circuit are considered to be part of
the gas turbine. It includes the gas turbine and all essen-
tial equipment necessary for the production of power
in a useful form (e.g., electrical, mechanical, or thermal)
within the test boundary.

gaseous fuel: mixture of combustibles with or without
inerts in which each component is present as a super-
heated or saturated vapor under conditions of use.

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

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

heat rate: the ratio of the heat input to the power output
produced by the gas turbine as measured at the test
boundaries. The basis of the value should always be
expressed as either lower heating value or higher 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 liq-
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 boundary must clearly state whether the device
is inside or outside of the scope of the test.

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

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

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

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

parameter: a direct measurement; a physical quantity at
a location that is determined by a single instrument, or
by the average of several measurements of the same
physical quantity.

power output: electrical or mechanical output based upon
direct measurement at the test boundary.

random error, (�): the portion of total error that varies
randomly in repeated measurements of the true value
throughout a test process.

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

4

systematic error, (�): 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
test, more than one boundary may be applicable. Defini-
tion of the test boundary or boundaries is an extremely
important visual tool that aids in understanding the
scope of test and the required measurements.

test reading: one recording of all required test
instrumentation.

test run: group of readings taken over a specific time
period over which operating conditions remain constant
or nearly so.

test uncertainty: uncertainty associated with a corrected
test result.

thermal efficiency: ratio of the power produced to the fuel
energy supplied per unit time. Thermal efficiency may
be expressed on either a lower heating value or higher
heating value basis.

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

uncertainty: the interval about the measurement or result
that contains the true value for a 95% confidence level.

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

verification: a set of operations which establish evidence
by calibration or inspection that specified requirements
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 2-2.1-2.
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Table 2-2.1-1 Symbols

Units

Symbol Description U.S. Customary SI

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

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

5
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Table 2-2.1-1 Symbols (Cont’d)

Units

Symbol Description U.S. Customary SI

� Shift in the power meter phase angle, coefficient of . . . . . .
thermal expansion, or multiplicative correction factor
for power

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

� Shift in the voltage transformer phase angle, or multi- . . . . . .
plicative correction factor for exhaust flow

�f H° Heat of formation Btu/mol J/mol
�P Differential pressure psi, in. H2O Pa, bar
� Additive correction factor for exhaust temperature . . . . . .
� Multiplicative correction factor for exhaust energy, . . . . . .

expansion factor, or random error
	 Efficiency . . . . . .

 Sensitivity coefficient for uncertainty calculation . . . . . .
� Density lbm/ft3 kg/m3

� Torque lbf*ft N*m

Table 2-2.1-2 Subscripts

Subscript Description

air Air
atm Atmospheric
avg Average calculated
corr Corrected
exc Excitation
exh Exhaust
ext Extraction
f Fuel, or fluid
FM Fuel meter
gas Gas
gen Generator
HB Heat balance
highside Highside of the transformer
H2O 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
V Constant volume

6
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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 on the following:

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

(b) the division of responsibilities of each of the
parties

(c) schedule and location for the test to be conducted
(d) test boundaries identifying inputs and outputs

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

(e) confirmation of Specified Reference Conditions
and guarantees

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

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

prior to the testing, by authorized signatures of all par-
ties to the test.

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

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

(a) The location of permanent plant and temporary
test instrumentation that will be used for performance
testing should consider the impact on test uncertainty
and be reviewed with respect to the requirements of
Section 4. This includes specifying the appropriate labo-
ratory calibration and obtaining all laboratory 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

7

are any issues with regard to their final orientation and/
or location.

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

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

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

(e) Review the quantity of devices and instrument
ports available at each location to reduce uncertainty
and provide contingency data acquisition. An example
is using two single-element thermocouples or one dual-
element thermocouple to measure critical temperatures.

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

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

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

(i) Use the same instrumentation in accordance with
this Code for comparative performance between 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
was conducted in accordance with the test requirements.

3-1.4 Schedule and Location of Test Activities

A test schedule shall be prepared that should include
the sequence of events and anticipated time of test, noti-
fication of the parties to the test, test plan preparations,
test preparation and conduct, and preparation of the
report of results. All parties shall be notified and mutu-
ally agree 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 test boundary is an accounting concept used to
define the streams that shall be measured to determine
performance. All energy streams that cross the boundary
shall be identified.

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

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

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

For a particular test, the parties to the test shall estab-
lish the test boundaries specific to their machine configu-
ration and testing requirements. Typical boundary
locations are shown in Fig. 3-1.5.1-1.

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

3-1.6 Test Plan

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

8

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
(e) Specific type, location, and calibration require-

ments for all instrumentation and measurement systems
(f) Method for establishing stabilization prior to test

and maintaining constancy of load and other test condi-
tions for the test

(g) Fuel sample collection, handling, method of analy-
sis, collection frequency, provision of duplicate samples
for each party, and identification of testing laboratories
to be used for fuel analyses

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

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

(j) Required levels of equipment cleanliness and
inspection procedures

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

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

(m) Procedure for recording test readings and
observations

(n) Number of test runs and durations of each run
(o) Test loads and rotating speeds at which the test

is to be conducted
(p) Frequency of data acquisition, data acceptance

and rejection criteria
(q) The method for combining test runs to calculate

the final test results
(r) Numerical values, curves or algorithms for correc-

tions and adjustments to be applied to test determina-
tions when tests are conducted under conditions
differing from the specified conditions

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

(t) Sample calculations or detailed procedures speci-
fying test run data reduction and calculation and correc-
tion of test results to Specified Reference Conditions

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

Table 3-1.5.2-1 Required Measurements

Energy Stream Power and Heat Rate Exhaust Flow, Energy, and Temperature

1 Inlet air Temperature, pressure, humidity Temperature, pressure, humidity
2 Fuel Flow, temperature, pressure, composition Flow, temperature, pressure, composition
3 Injection fluid Flow, temperature, pressure, composition Flow, temperature, pressure, composition
4 Exhaust gas Temperature, pressure Temperature
5 Power Power output, power factor, shaft speed Power output, power factor, shaft speed
6 Extraction air Flow, temperature, pressure Flow, temperature
7 Heat losses . . . Flow, temperature

[Note (1)]

GENERAL NOTE: Determinations of emissions are outside the scope of this Code, and as such, no emission limitations or required measurements
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

boundary is only necessary for exhaust flow or energy test. Estimated values may be used in lieu of actual measurements.

9
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3-2 PREPARATIONS FOR TEST

3-2.1 Preliminary to Test

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

3-2.2 Pretest Records

Dimensions and physical conditions of parts of the
gas turbine required for calculations or other test pur-
poses shall be determined and recorded prior to the test.
Serial numbers and data from nameplates should be
recorded to identify the gas turbine and auxiliary equip-
ment tested. All instrumentation for the test shall be
identified, and model and serial numbers recorded.

Documentation shall be provided for verification of
algorithms, constants, scaling, calibration corrections,
offsets, base points, and conversions to document the
as-tested condition.

3-2.3 Preservation of Instrument Uncertainty

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

Multiple instruments should be used as needed to
reduce overall test uncertainty. The frequency of data
collection is dependent on the particular measurement
and the duration of the test. To the extent practical,
multiple readings should be collected to minimize the
random error impact on the post-test uncertainty analy-
sis. The use of automated data acquisition systems is
recommended to facilitate acquiring sufficient data.

Calibration or adequate checks of all instruments prior
to the test shall be carried out, and those records and
calibration reports shall be made available. Following
the test, verification is required for those instruments
that present an observed inconsistency.

3-2.4 Equipment Inspection and Cleanliness

Prior to conducting a test, the cleanliness and condi-
tion of the equipment shall be determined by inspection
of equipment or review of operational records, or both,
and witnessed by all parties. Cleaning should be com-
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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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
acceptable mechanical operation and stable control and
that the operating variables are within the maximum
permissible variation shown in Table 3-3.5-1. Verification
shall be made that the gas turbine is operating in accor-
dance with the control curve or control algorithm pro-
vided by the manufacturer. During this period,
instruments shall be checked.

3-2.6 Preliminary Testing

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

It is recommended that an energy balance calculation
such as in Mandatory Appendix I be performed as part
of the preliminary test to determine the exhaust flow.
Suggested methods for checking confidence in exhaust
flow results include reviewing one or more of the
following:

(a) Design exhaust flow
(b) HRSG heat balance
(c) O2 calculated versus O2 measured at the stack
(d) CO2 calculated versus CO2 measured at the stack
(e) Measured exhaust flow from traverses of

exhaust gas

3-2.7 Pretest Considerations for Comparative Testing

3-2.7.1 The parties will have to agree on how the
test results will be corrected. It may be appropriate to
correct post-modification performance to conditions of
the pre-modification test since the manufacturer will
usually provide a new description of sensitivity factors
for the post-modification condition. Testing over an
ambient temperature range in both the pre- and post-
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-
ducted following a compressor wash. The time frame
for the test following such a wash is to be agreed to by
all parties.

3-3 CONDUCT OF TEST

3-3.1 Specified Reference Conditions

These conditions are defined by the guarantees or
object of the test and they form the baseline for the
performance corrections. Every effort should be made
to run the test as close to Specified Reference Conditions
as possible, 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
starting time.

3-3.2.1 Starting Criteria. Prior to starting the per-
formance test, the following conditions shall be satisfied:

(a) 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,
including

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

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

(3) gas turbine operation within the bounds of the
performance correction curves, algorithms, or programs

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

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

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

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

3-3.3 Operation Prior To and During Tests

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

3-3.3.1 Operating Mode. The gas turbine shall be
operated in a manner consistent with the basis of design
or guarantee, and in a manner that will permit correction
from test operating conditions to Specified Reference
Conditions. The gas turbine operating mode shall be in
accordance with the bounds of the correction curves
provided prior to commencement of the test. It is manda-
tory that the control constants and inputs affecting tur-
bine performance be recorded during the test.

3-3.3.2 Auxiliary Equipment Operation. Equipment
that is necessary for operation or that would normally
be required for the gas turbine to operate at Specified
Reference Conditions shall be operating or accounted
for in determining auxiliary power loads. Intermittent
auxiliary loads shall also be accounted for in an equitable
manner and applied to the power consumption. 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 include air-
conditioning equipment in operation during a perform-
ance test is the choice of the parties to the test and should
be part of the agreement in writing. The performance
testing guidelines in this Code address solely the per-
formance of the gas turbine. When testing with inlet air-
conditioning in service, the ambient air conditions shall
be within the equipment operational requirements. The
parties to the test shall agree on acceptable ambient
conditions during a performance test. If it is required
to test with the inlet air-conditioning in operation, it is
strongly recommended that at least one run 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

Power output (electrical) 0.65%
Torque 0.65%
Barometric pressure 0.16%
Inlet air temperature 1.3°F (0.7°C)
Fuel flow 0.65%
Rotating speed 0.33%

3-3.4 Duration of Test Run and Frequency of
Readings

The duration of a test run and the frequency of the
readings shall be selected to provide a reliable average
of the readings. A 30-min test run is recommended to
be in compliance with Table 3-3.5-1 and to meet the
uncertainty requirements of this Code. A test can be a
single 30-min run or the average of a series of runs, each
being separately corrected, then averaged. While this
Code does 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
Conditions

The calculated standard deviation of the data sample
shall not exceed the values given in Table 3-3.5-1. If
operating conditions vary during any test run beyond
the limits prescribed in Table 3-3.5-1, the results of the
test run shall be discarded.

For inlet air temperature, the limits are given as abso-
lute standard deviation of the sample calculated as:

SN p �� 1
N−1� �

N

ip1

�xi − x��2

where

x� p
1
N �

N

ip1

xi

For all other variables, the limit is given as the relative
standard deviation of the sample calculated as:

SN p
��� 1

N−1� �
N

ip1

�xi − x��2	
x�

where

x� p
1
N �

N

ip1

xi
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3-4 TEST RECORDS

3-4.1 Test Readings

To the extent possible, test readings shall be recorded
on a data acquisition system. A complete set of unaltered
data acquisition sheets and recorded charts, electronic
media or facsimiles thereof, shall become the property
of each party to the test at the end of the test. The
observations shall include the date and time of day. They
shall be the actual readings without application of any
corrections. The log sheets and all recorded charts consti-
tute a complete record.

3-4.2 Direct Readings

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

3-4.3 Certified Data

It is recommended that data considered to be espe-
cially important be confirmed by a second observer.

3-4.4 Test Log

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

3-4.5 Test Recording Errors

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

3-5 TEST VALIDITY

3-5.1 Validity of Results

If, during the conduct of a test or during the 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

Upon completion of test or during the test itself, the
test data shall be reviewed to determine if any data
should be rejected prior to the calculation of test results.
Should serious inconsistencies 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 at 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

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

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

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

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

3-6.2 Uncertainty Calculations

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

3-6.3 Differences in Uncertainties

This Code specifies procedures for typical acceptance
type tests for power output and heat rate (efficiency);
energy balance tests for exhaust flow, energy, and/or
temperature; and comparative tests for later uprates and
modifications. The uncertainty calculation method for
each type is different, 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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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
Limit for that particular configuration and test.

This Code requires the procedures specified in
paras. 3-6.4.1.1 through 3-6.4.1.3 for establishing test
uncertainties that qualify as Code tests for an absolute
performance test goal.

3-6.4.1.1 A pretest uncertainty analysis shall be
performed so that the test can be designed to meet Code
requirements. Calculate a maximum uncertainty by
using the Code Limit for each measurement (from
Table 4-1.2.1-1) along with the appropriate sensitivity
coefficients for the turbine being tested. This will estab-
lish the Code Limit test uncertainty.

Due to the significant influence of inlet air tempera-
ture on test results, and the variation of this sensitivity
over the ambient temperature range, it is recommended
that Code Limits be established for several inlet air tem-
peratures, or range of temperatures, so that the final
post-test uncertainty can be compared directly to a Code
Limit test uncertainty at or near the test inlet air
temperature.

3-6.4.1.2 The parties shall then select the number
and type of instrument(s) for each parameter that will
result in an uncertainty equal to or less than the required
Code uncertainty. This should provide some margin
below the Code Limit to allow for unexpected deviations
during the test, as determined in the post-test analysis.

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

3-6.4.2 Comparative Performance Tests. For com-
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.
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Section 4
Instruments and Methods of Measurement

4-1 GENERAL REQUIREMENTS

4-1.1 Introduction

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

4-1.2 Maximum Uncertainties

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

4-1.2.2 Comparative Test Uncertainty. This Code
specifies a limit for the uncertainty of the performance
result and, unlike an absolute performance test, does
not specify uncertainty limits for each test measurement.

Agreement 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
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Table 4-1.2.1-1 Maximum Allowable
Measurement Uncertainties

Parameter or Variable Uncertainty

AC power 0.25%
Auxiliary power 5%
DC power 0.5%
Torque 1.5%
Speed 0.1%
Time 0.05%

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

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

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

Gas fuel temperature (for sensible heat calculation) 3°F (2°C)
Oil fuel temperature (for sensible heat calculation) 3°F (2°C)

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

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

NOTE:
(1) For guidance in evaluation the uncertainties of the various mea-

surements required for Heat Input, refer to the appropriate
paragraphs in Sections 4 and 7.

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

In some instruments systematic errors may not remain
constant. Drift and sensitivity to ambient conditions may
be reasons for changing systematic error. To overcome
this change in systematic error, it may be necessary to
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

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



ASME PTC 22-2014

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-
tions which establish, under specified conditions, the
relationship between values indicated by a measuring
instrument or measuring system, and the corresponding
reference standard or known values derived from the
reference standard. The result of a calibration permits
the estimation of errors of indication of the measuring
instrument, measuring system, or the assignment of val-
ues to marks on arbitrary scales. The result of a calibra-
tion is sometimes expressed as a calibration factor, or as
a series of calibration factors in the form of a calibration
curve. Calibrations shall be performed in a controlled
environment to the extent necessary to ensure valid
results. Due consideration shall be given to temperature,
humidity, lighting, vibration, dust control, cleanliness,
electromagnetic interference, and other factors affecting
the calibration. Where pertinent, these factors shall be
monitored and recorded, and, as applicable, compensat-
ing corrections shall be applied to calibration results
obtained in an environment which departs from accept-
able conditions. Calibrations performed in accordance
with this Code are categorized as either laboratory or
field calibrations.

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

4-1.3.1.2 Field Calibration. Adequate measures
shall be taken to ensure 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 parameters shall be known and documented.
Field calibration measurement and test equipment
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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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
obsolete.

Verification techniques include field calibrations, non-
destructive inspections, intercomparison of redundant
instruments, check of transmitter zeros, and energy
stream accounting practices. Nondestructive inspections
include, but are not limited to, atmospheric pressure
observations on absolute pressure transmitters, field
checks including visual inspection, and no load readings
on power meters. Intercomparisons include, but are not
limited to, water or electronic bath checks on tempera-
ture measurement devices and reconciliations on redun-
dant instruments. Energy stream accounting practices
include, but are not limited to, mass, heat, and energy
balance computations. The applicable field verification
requirements shall be judged based on the unique
requirements of each setup. As appropriate, manufactur-
er ’s recommendations and the Instruments and
Apparatus Supplements to ASME Performance Test
Codes should be referenced for further field verification
techniques.

4-1.3.3 Reference Standards. Reference standards
are generally of the highest metrological quality from
which the measurements made at that location are
derived. Reference standards include all measurement
and test equipment and reference materials that have a
direct bearing on the traceability and accuracy of calibra-
tions. Reference standards shall be routinely calibrated
in a manner that provides traceability to NIST, a recog-
nized international or national standard organization,
or defined natural physical (intrinsic) constants and have
accuracy, stability, range, and resolution for the intended
use. They shall be maintained for proper calibration,
handling, and usage in strict compliance with a calibra-
tion laboratory quality program. When it is necessary
to utilize reference standards for field calibrations, ade-
quate measures shall be taken to ensure that the neces-
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
uncertainty of the instrument being calibrated is less
than the uncertainty requirement of the instrument. For
example, for some kinds of flow metering, the 25% rule
cannot be met.

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

4-1.3.5 Instrument Ranges and Calibration. The
number of calibration points depends upon the magni-
tude of the measurement’s sensitivity factor relative to
the tested parameter. The calibration should bracket the
expected measurement values as close as possible. All
instruments should be calibrated such that the expected
values are approached from a higher value as well as
a lower value. This approach will minimize hysteresis
effects. Test instruments should be calibrated at two
points more than the order of calibration curve fit. Instru-
ments with variable ranges of operations must be cali-
brated at each range that might be used during the test.

Instruments used to measure variables not directly
input into test calculations can be checked in place with
two or more instruments measuring the variable with
respect to the same location or can be calibrated against
a previous calibrated instrument. The calibration of the
instrument is sufficient at one point in the expected
range of operation.

4-1.3.6 Timing of Calibration. Calibrations should
take place as close to the test date as possible. The Code
does not mandate a period of time between the initial
calibration, the test period and the recalibration. 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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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
the instrument calibration drift is unacceptable. Should
the calibration drift, combined with the reference stan-
dard accuracy as the square root of the sum of the
squares, exceed the required accuracy of the instrument,
it is unacceptable. Calibration drift results from many
sources including instrument malfunction, transporta-
tion, installation, or removal of the test instrument.
Should unacceptable calibration drift occur, engineering
judgment must be used to determine whether the initial
calibration or the recalibration is correct. Below are some
practices that lead to the application of good engineering
judgment.

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

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

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

4-1.3.8 Loop Calibration. All test instruments
should be loop-calibrated when practicable. Loop cali-
bration involves the calibration of the test instrument
through the test signal conditioning equipment. This is
normally accomplished by pairing the instrument and
the signal conditioner prior to calibration, then 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 instrument
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
(e) instrument calibration histories
The quality assurance program should be designed

to ensure that the laboratory standards are calibrated as
required. The program also ensures that properly trained
technicians calibrate the equipment in the correct
manner.

All parties to the test should be allowed access to the
calibration facility as the instruments are calibrated. The
quality assurance program should also be made avail-
able during the visit.

4-1.4 Data Collection and Handling

4-1.4.1 Data Collection and Calculation Systems.
The data collection system should be carried out in
accordance with accepted practice and procedures as
discussed in ASME PTC 19.22. A data collection system
should be designed to accept multiple instrument inputs
and be able to sample and record data from all of the
instruments within one minute. The data collection sys-
tems should be time synchronized to provide consistent
time based data sampling and recording.

The data calculation system should have the ability
to average each input collected during the test and calcu-
late test results based on the averaged results. The sys-
tem should also calculate standard deviation and
coefficient of variance for each instrument. The system
should have the ability to locate and eliminate spurious
data from the average. The system should also have the
ability to plot the test data and each instrument reading
over time to look for trends and outliers.

4-1.4.2 Data Management. Signal inputs from the
instruments should be stored to permit post test data
correction for application of new calibration corrections.
The engineering units for each instrument along with
the calculated results should be stored for reporting and
future reference. Prior to leaving the test site all test data
should be 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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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
calibrated separately, and so that it can individually be
checked for continuity and power supply, if applicable,
to trace problems during equipment setup and checkout.
Each instrument cable should be designed with a shield
around the conductor, and the shield should be
grounded on one end to drain any stray induced
currents.

When considering the accuracy of a measurement,
the accuracy of the entire measurement loop must be
considered. This includes the instrument and the signal
conditioning loop or process. Ideally, when an instru-
ment is calibrated it should be connected to the position
on the data collection system that will be employed
during the test. Should this be impractical, each piece
of equipment in the measurement loop should be indi-
vidually calibrated. Separate pieces of equipment
include current sources, volt meters, electronic ice baths,
and resistors in the measurement loop. If the system is
not loop calibrated prior to the test, the parties to the
test should be allowed to spot check the measurement
loop using a signal generator to satisfy that the combined
inaccuracy of the measurement loop is within the
expected value.

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

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

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

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

4-2.2 Pressure Instruments

4-2.2.1 Transmitters and Transducers

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

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

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

4-2.2.1.4 Pressure transmitters should be tem-
perature compensated. If temperature compensation is
not available, the ambient temperature at the measure-
ment location during the test period must be compared
to the temperature during calibration to allow compen-
sation or to determine if the decrease in accuracy is
acceptable.

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
eliminate the digital-to-analog and analog-to-digital
conversions and to preclude signal interference. All ana-
log signal cables must have a grounded shield to drain
any induced currents from nearby electrical equipment.
All analog signal cables are to be installed as much away
as possible from EMF producing devices such as motors,
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 5⁄16 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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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.

4-2.3 Typical Gas Turbine Measurement Parameters

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

4-2.3.2 Inlet Total Pressure. Inlet pressure is the
absolute total pressure at the mutually agreed upon
inlet interface. Unless agreed otherwise, inlet pressure
is considered to be atmospheric barometric pressure.
Total pressure readings at the gas turbine inlet may be
taken at multiple centers of equal areas using Kiel
probes; i.e., shrouded Pitot tubes. If it is not possible to
acquire total pressure readings at the gas turbine inlet
due to physical arrangement, the total pressure may be
computed using calculated velocity and the average of
at least two separate static pressure readings from loca-
tions equally spaced around the gas turbine inlet. The
total pressure is then

Ptotal p (Air Density)(Velocity)2/2gc + Static Pressure (4-2.1)

where gc is the conversion constant, the proportionality
constant relating mass, and force.

When the bellmouth throat is outfitted with pressure
indication, the pressure should be recorded, for baseline
flow information, unless agreed otherwise.

4-2.3.3 Static Pressure in Ducts. Static pressure in
ducts shall be the average of the readings at a minimum
of three stations equally spaced around the duct in the
same plane, and each read separately. Where duct walls
are smooth and parallel, static pressure taps are pre-
ferred to pressure probes. The diameter of the static tap
hole shall not exceed 1⁄16 in. (1.59 mm). The length of
the static hole shall 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
static pressure at the turbine exhaust duct plus
barometric 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
connection or at a mutually agreed interface point. This
point is usually at the limit of supply of the gas turbine
manufacturer. Any equipment installed downstream of
this point will result in backpressure which must be
considered in the performance test results. Adjustment
for any difference in this measured value and the
Specified Reference Conditions must be made using the
correction factors. Any velocity component of the
exhaust pressure at this interface point is to be consid-
ered as lost, the same as would occur if the gas turbine
were exhausting to the atmosphere at this point.

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

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

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

Differential pressure transmitters shall be installed
using a five-way manifold as shown in Fig. 4-2.3.8-1. This
manifold is required rather than a three-way manifold
because the five-way eliminates the possibility of leak-
age past the equalizing valve, a frequent source of error.
Two three-way manifolds are acceptable, providing it
has been verified that there is no leakage past the equal-
izing valve of each differential pressure transmitter.

Once the instrument is installed 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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Fig. 4-2.3.8-1 Five-Way Manifold for Differential
Pressure (DP) Instruments

Vent

DP

For differential pressure transmitters on flow devices,
the transmitter output is often an extracted square root
value unless the square root is applied in the plant con-
trol system. Care should be taken to ensure that the
square root is applied only once. The transmitter output
may also be computed flow. The flow calculation con-
tained in the transmitter must be verified as containing
the full flow equation. When possible, the calculated
flow should be treated as a backup reading, in favor
of the raw differential pressure, temperature and static
pressure readings.

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

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

For steam and liquid processes at pressures larger
than barometric pressure, the sensing lines are installed
with the sensing line sloping continuously 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
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Fig. 4-2.3.9-1 Differential Pressure (DP) Correction for Flow in Nonhorizontal Lines

DP

Vent

y = height difference in water legs

at the sensing line temperature. This static head adjust-
ment may be applied at the transmitter, in the data
acquisition system, or manually by the user after the
raw data is collected. Care must be taken to ensure
this adjustment is applied properly and that it is only
applied once.

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

�Pcorr p �Pmeas + y � ��sen − �fluid�/g
c

(4-2.2)

� �gL/Conv3�

where
�Pcorr p corrected differential pressure, lbf/in.2

(N/m2 p Pa)
�Pmeas p measured differential pressure, lbf/in.2

(N/m2 p Pa)
y p downstream tap elevation − upstream tap

elevation, in. (cm)

NOTE: y will be positive for flow up and negative for flow down.

�sen p density of sensing line fluid, lbm/ft3 (kg/m3)
�fluid p density of process fluid, lbm/ft3 (kg/m3)

gc p conversion constant p 32.1740486 (lbm-ft)/
(lbf-sec2) [or for SI, 1 (kg-m)/(N-s2)]
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gL p local acceleration due to gravity, ft/sec2 per
an acknowledged source, or may be esti-
mated as:
gL p 32.17245 � {1 − 0.0026373 � cos(2 �
degrees latitude � /180) + 0.0000059 �
[cos2 (2 � degrees latitude � /180)]}
− 0.000003086 � feet elevation
or for SI, gL p m/sec2 p 9.80616 �
{1 − 0.0026373 � cos(2 � degrees latitude
� /180) + 0.0000059 � [cos2 (2 � degrees
latitude � /180)]} − 0.000003086 � meters
elevation

NOTE: The conversion constant, gc , is not necessary with the
SI units used here. Conv p 12 in./ft (100 cm/m).

Note that for process liquids, the correction is small,
being due only to the difference in temperature between
the sensing line fluid and the process fluid.

4-2.4 Calibration of Pressure Instruments

4-2.4.1 Calibration of Absolute Pressure Instruments
(e.g., Barometers). Absolute pressure instruments can
be calibrated using one of two methods. The first method
involves connecting the test instrument to a device that
develops an accurate vacuum at desired levels. Such a
device can be a deadweight gage in a bell jar referenced
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-
nism. The test instrument and the calibration standard
are both connected to the chamber. The chamber must
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 mass of weights, actual piston area, and working
medium temperature. The actual piston area and mass
of weights is determined each time the deadweight gage
is calibrated. Other devices can be utilized to calibrate
gage pressure instruments provided that the same level
of care is taken.

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

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

standard
Differential pressure instruments used to measure sec-

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

Other devices can be utilized to calibrate differential
pressure instruments provided that the same level of
care is taken.

4-3 TEMPERATURE MEASUREMENT
4-3.1 General

Temperature measurement should be carried out in
accordance with accepted practice and procedures as
discussed in ASME PTC 19.3. Temperature shall be mea-
sured with resistance thermometers or calibrated ther-
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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Fig. 4-3.2.1-1 Four-Wire RTDs

Measurement
loop

Current
loop

Fig. 4-3.2.1-2 Three-Wire RTDs

Current and
  measurement
  loop

Compensation or lead
  resistance loop

be used to measure from −454°F to 1562°F (−270°C to
850°C). ASTM E1137 provides standard specifications
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 typi-
cally comprised of the following primary sources:

(a) self-heating
(b) environmental
(c) thermal shunting
(d) thermal emf
(e) stability
(f) immersion
Although RTDs are considered a more linear 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 signal is low and susceptible
to error from current induced noise. Although positive
temperature coefficient units are available, most thermis-
tors have a negative temperature coefficient (TC); that is,
unlike an RTD, their resistance decreases with increasing
temperature. The negative TC can be as large as several
percent 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 such, the thermistor is best characterized for its sensi-
tivity 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:

(a) self-heating
(b) environmental
(c) thermal shunting
(d) decalibration
(e) stability
(f) immersion
The four-wire resistance measurement is not required

for thermistors due to its high resistivity. The measure-
ment lead resistance produces an error magnitude less
than the equivalent RTD error. Thermistors are generally
more fragile than RTDs and thermocouples and must
be carefully mounted and handled in accordance with
the manufacturer’s specifications to avoid crushing or
bond separation.

4-3.2.3 Thermocouples. Thermocouples may be
used to measure temperature of any fluid above 200°F
(93°C). The maximum temperature is dependent on the
type of thermocouple and sheath material used. Ther-
mocouples should not be used for measurements below
200°F (93°C). The thermocouple is a differential-type
device. The thermocouple measures the difference
between the measurement location in question and a
reference temperature. The greater this difference, the
higher the emf from the thermocouple. Therefore, below
200°F (93°C) the emf becomes low and subject to induced
noise causing increased systematic uncertainty and
inaccuracy.

Measurement errors associated with thermocouples
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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(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 inhomogeneity is present in a region where a
temperature gradient exists, extraneous emf’s will be
developed, and the output of the thermocouple will
depend upon factors in addition to the temperature dif-
ference between the two junctions. The homogeneity of
the thermocouple wire, therefore, is an important factor
in accurate measurements.” 1

“All base-metal thermocouples become inhomoge-
neous with use at high temperatures, however, if all the
inhomogeneous portions of the thermocouple wires are
in a region of uniform temperature, the inhomogeneous
portions have no effect upon the indications of the ther-
mocouple. Therefore, an increase in the depth of immer-
sion of a used thermocouple has the effect of bringing
previously unheated portion of the wires into the region
of temperature gradient, and thus the indications of the
thermocouple will correspond to the original
emf-temperature relation, provided the increase in
immersion is sufficient to bring all the previously heated
part of the wires into the zone of uniform temperature.
If the immersion is decreased, more inhomogeneous 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 removed from
one installation and placed in another, even though 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 electrically
isolated from each other, from ground and from conduc-
tors on which they may be mounted, except at the mea-
suring junction. When a thermocouple is mounted along
a conductor, such as a pipe or metal structure, special
care should be exercised to ensure good electrical insula-
tion between the thermocouple wires and the conductor
to prevent stray currents in the conductor from entering
the thermocouple circuit and vitiating the readings.
Stray currents may further be reduced with the use of
guarded integrating 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.

1 ASME PTC 19.3-1974 (R2004), Chapter 9, para. 70, page 106.
2 A.I. 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
used in all applications. NIST has recommended temper-
ature ranges for each specific type of thermocouple.

4-3.3 Typical Gas Turbine Measurement Parameters

4-3.3.1 Inlet Air Temperature. It is recommended
that the inlet air temperature be measured at the test
boundary; however, there may be cases where the
measurement upstream or downstream may be more
practical and result in a measurement of lower uncer-
tainty such as selecting to measure temperature inside
the inlet air duct instead of at the inlet of the duct (i.e.,
filter house inlet) because of better mixing to attain a
more representative bulk temperature measurement.

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

Measurement frequency and locations shall be suffi-
cient to account for stratification of the inlet air tempera-
ture after applications with inlet air-conditioning
systems. In applications with inlet air-conditioning
equipment in operation, the temperature sensing
devices shall be capable of measuring dry-bulb tempera-
ture at the test boundary without the effects of condensa-
tion or water droplet impingement. The number of
locations and frequency of measurements shall be deter-
mined by the pre-test uncertainty analysis. At the speci-
fied location, the temperature of the air shall be
measured such that the total uncertainty will not exceed
the requirements of Table 4-1.2.1-1. If a nonuniform pro-
file exists, the profile shall be determined by other mea-
surable means. After determining the profile, the
number and arrangement of sensors shall be selected
such that the average of their readings shall be within
1°F (0.6°C) of the temperature determined from the tem-
perature profile measurement. As a rule of thumb, it is
recommended that one temperature sensing device be
used for every 100 ft2 (9.3 m2) 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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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,
which is often the interface plane between the gas tur-
bine and HRSG or the gas turbine exhaust stack. The
exhaust gas from a gas turbine usually has a
non-uniform temperature and velocity profile. There-
fore, the exhaust gas temperature shall be calculated on
a mass weighted average basis. The parties to the test
shall agree on how the mass weighted average is to be
calculated. The preferred method is for the manufacturer
to provide a calculation method based on either field
test data from other similar units, or from analytical
means such as CFD modeling. The alternate method is
to conduct velocity, total temperature and total pressure
traverses at several locations in the exhaust duct to deter-
mine the basis of the mass weighted average. Refer to
ASME PTC 19.5 for guidance on velocity traverse
methods.

The required number of exhaust gas temperature mea-
surement devices shall be determined to meet a maxi-
mum exhaust gas temperature uncertainty of 10°F (6°C).
Large spatial variations in exhaust gas temperature read-
ings will most likely require a significant number of
measurement points. The recommended number of mea-
surement points is as follows:

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

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

maximum of 36 points
Additional measurement points greater than the max-

imum specified above may be required depending upon
the spatial variation to meet the maximum allowable
exhaust gas temperature measurement uncertainty. For
round ducts, the test points may be installed in two
locations (diameters) 90-deg apart. The measurement
point spacing is based on locating the measurement
points at the centroids of equal areas along each
diameter.

For square or rectangular ducts, the same concept of
locating the measurement points at centroids of equal
areas should be used. The aspect ratio should be between
0.67 and 1.333.

If permanent exhaust gas temperature measurement
devices are provided with the gas turbine, these may be
used to determine mass weighted average exhaust gas
temperature provided they meet the uncertainty require-
ment specified above. In the event that the uncertainty
requirement cannot be met using permanent devices,
temporary devices must be utilized.

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



ASME PTC 22-2014

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)

Tt p T + V2/(2JgcCp) p T + Tv

where
Cp p the specific heat, Btu/lbm °F
gc p the conversion constant as defined in Section 2,

32.1741 lbm ft/lbf sec2

J p the mechanical equivalent of heat,
778.1692623 ft lbf/Btu

T p the measured temperature, °F
Tt p the total temperature, °F
Tv p the dynamic temperature, °F
V p the gas velocity (ft/sec)

(SI Units)

Tt p T + V2/(2JCp) p T + Tv

where
Cp p the specific heat, kJ/kg °C

J p the mechanical equivalent of heat,
1 000 kg*m2/kJ*s2

T p the measured temperature, °C
Tt p the total temperature, °C
Tv p the dynamic temperature, °C
V p the gas velocity, m/s

Exhaust gas combustion products flowing into and
through a duct are subject to spatial variations such as
nonuniform velocity, varying flow angle, temperature,
and composition. This is especially true at the inlet of
a duct or near a flow disturbance, such as a bend, tee,
fan, vane, damper, or transition. Spatial variation effects,
if not addressed by the measurement approach, are con-
sidered errors of method and contributors to the system-
atic uncertainty in the measurement system. Generally,
the temperature uncertainty can be reduced either by
sampling more points in a plane perpendicular to the
flow or by using more sophisticated calculation methods
such as flow/velocity weighting and flow angle
compensation.

The measurement plane should be located away from
bends, constrictions, or expansions of the duct. Tempera-
ture measurements shall be read individually and not
be grouped together to produce a single output. As such,
the number and location of temperature measurement
devices and flow velocity 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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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
made at locations other than the test boundary, the loca-
tion selected shall be such that no heat addition or loss
occurs between the test boundary and the selected mea-
surement location.

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

Refer to ASME PTC 19.5 for guidance as to the proper
location for these temperature measurements.

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

4-3.4 Calibration of Temperature Instruments

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

During the calibration of any thermocouple, the refer-
ence junction shall be held constant preferably at the ice-
point with an electronic reference junction, isothermal
reference junction or in an ice bath. The calibration shall
be made by an acceptable method, with the standard
being traceable to a recognized international or national
standards laboratory such as the National Institute of
Standards and Technology. The calibration shall be con-
ducted over the temperature range in which the instru-
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 GAS FUEL HEAT INPUT

4-4.1 General

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) sensible heat
For comparative testing, flow elements should not be

cleaned or replaced during the outage. Any maintenance
should be done before the pre-modification test.

4-4.2 Gas Fuel Test Boundary

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

Leakage and unmetered return flows may exist during
the test (M1 ≠ M2) and care should also be taken to
minimize and account for such flows (e.g., separate
metering in the return flow lines). Instances of leakage
and unmetered return flows should be treated on a case-
by-case basis and the method for accounting for such
flows should be agreed upon.

4-4.3 Gas Fuel Flowmeters

4-4.3.1 Gaseous Fuel Flowmeters. Gas fuel flows
shall be measured using a fuel flow device that has been
calibrated 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 uncertainty requirements of Table 4-1.2.1-1. In
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
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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
measurement devices shall be put in service prior to the
conduct of the test to avoid damage that can affect the
device calibration. On-site inspection of the fuel flow
devices prior to the conduct of the test is recommended
only if the inspection does not invalidate the calibration
results. Any activity that invalidates the calibration
results, including on-site inspection of the fuel flow
device, shall not be permitted.

Start-up procedures must ensure that spool pieces are
provided during conditions that may violate the integ-
rity of the flow measurement device to avoid altering
the devices characteristics. Such conditions may include
line blows. While the flow measurement device is stored,
it must be capped and protected from environmental
damage such as moisture and dirt. During operation it
is recommended that a strainer be installed upstream
of the flow measurement device to protect the meter
from objects and debris.

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

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

Calibrations conducted with water as the calibration
fluid usually do not allow for calibration data to be
taken at flow ranges experienced during normal base
load operation of the gas turbine. For these situations,
extrapolation of the calibration data shall be in accor-
dance with ASME PTC 19.5 or equivalent standard.

Paragraphs 5-3.1.1 through 5-3.1.5 outline the applica-
ble equations for the volumetric gas fuel flow measure-
ments using a metering orifice flowmeter.

4-4.3.1.2 Linear Scale Meters (e.g., Positive
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 TFM1 TFM2 THB

Supply
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Fuel
meter

Fuel
meter

Heat
balance

Filters, dryers,
compressors,
scrubbers, etc.

Fuel

preheater

LEGEND:
•Temperature Reference Points:

TFM p fuel temperature at fuel meters
THB p fuel temperature at heat balance boundary
TSL p fuel temperature at supply limit

— Fuel Meter Upstream of Fuel Preheater: TSL p TFM1 ≠ THB

— Fuel Meter Downstream of Fuel Preheater: TSL ≠ TFM2 p THB

NOTE: Whenever a fuel preheater is included as part of the scope of supply, the fuel temperature shall be measured both upstream
and downstream of the preheater.

•Mass Flow Reference Points:
M1 p mass flow upstream of fuel meter
M2 p 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 mea-
sured with an accurate stopwatch or electronic timer.
Care must be taken that the measured totalized volume
of gas fuel is not temperature compensated.

4-4.3.1.3 Ultrasonic Flowmeters. Ultrasonic flow-
meters measure velocity of the flowing fluid by which
volumetric flow can be calculated by known physical
dimensions of the metering section. ASME PTC 19.5
Section 10 describes ultrasonic flowmeters in more
detail.

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

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
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that the calibration factors determined during lab cali-
bration are also applied correctly in the meter ’s
processor.

4-4.3.1.4 Mass Flowmeters (e.g., Coriolis
Flowmeter). Coriolis flowmeters measure mass flow
directly. Due to the meters insensitivity to velocity 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 rates that
surround the range of flow rates expected during the
test. The effect of operating pressure and temperature
on the flowmeter during the test should be applied to the
meters operation to correct for the influence of operating
conditions different than calibration conditions and
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, Zf, 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.

Recognizing the importance of the gas composition
as one of 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 composition is the analysis in a laboratory using
methods and standards that are traceable to U.S.
National Institute of Standards and Technology (NIST).
Increasing the number of laboratories where fuel sam-
ples are analyzed will reduce the correlated component
of the measurement uncertainty. Further reduction of
the random part of the uncertainty may be achieved by
increasing the frequency of the fuel sample collection.
Prior to the onset of any activities all parties to the test
shall agree upon the laboratory(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 errors. Conducting audits on quality of the labora-
tory(s), following the recommendations of the analyzing
equipment manufacturer and using experienced techni-
cians could significantly reduce these types of errors.

The use of calibrated on-line gas chromatographs is
acceptable provided that a laboratory certifies the qual-
ity of the results. Special care should be given to the
frequent calibration of the on-line gas chromatograph
and use of high quality calibration gases.

4-4.4.1 Moisture Content. When the fuel is pipeline
quality natural gas, the moisture content should be
minute (less than 4 lb per million standard cubic feet
or 64 milligrams per cubic meter). It will therefore have
a negligible effect on the gas heat value and the gas
constant. In such cases, if it is mutually agreeable upon
by all parties to the test, the moisture content can be
taken from the supplier’s records.

If required, the gas moisture content shall be deter-
mined in accordance with the standards set forth in
ASTM D1142. The fuel heat value shall be adjusted in
accordance with procedures delineated in ASTM D3588.

4-4.5 Gas Fuel Heating Value

The heating value shall be determined with an uncer-
tainty that, combined with 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
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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
14.696 psia (1013 mbar). Other industry publications
provide various combustion reference 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 for this provided the
selected data set is agreed by all parties prior to the test.

4-4.6 Gas Fuel Sensible Heat

For an exhaust flow or energy test, the sensible heat
must be determined to account for the difference
between the measured fuel temperature at the test
boundary and the user selected enthalpy reference tem-
perature. For a heat rate test, if the heat rate is specified
to include the latent heat and the sensible heat, then the
sensible heat must be determined to account for the
difference between the measured fuel temperature at the
test boundary and the Specified Reference Temperature
[not to be confused with the combustion reference tem-
perature of 60°F (15°C) as specified in GPA 2145]. If the
heat rate is specified to include only the latent heat,
variations from the Specified Reference Temperature
may be accounted for by applying a correction factor to
heat rate which can be determined from a calculation of
sensible heat or application of a manufacturer supplied
correction factor. The calculation of sensible heat is
described in para. 5-3.1.11.

4-4.7 Gas Fuel Sampling Sampling

Fuel samples shall be taken in accordance with GPA
Standard 2166. A fuel sampling location shall be jointly
identified and mutually agreed upon by all parties prior
to the test. If it is suspected that the sampling procedure
may result in a substantial gas fuel flow loss, the sam-
pling point shall be located as close as possible to the
test boundary, upstream of the metering station, such
that the gas sample represents the bulk of the gas 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 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
the characteristics from the individual fuel samples
taken before and after each test run.

4-5 LIQUID FUEL HEAT INPUT

4-5.1 General

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

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

cleaned or replaced during the outage. Any maintenance
should be done before the pre-modification test.

4-5.2 Liquid Fuel Test Boundary

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

Leakage and unmetered return flows may exist during
the test (M1 ≠ M2) and care should also be taken to
minimize and account for such flows (e.g., separate
metering in the return flow lines). Instances of leakage
and unmetered return flows should be treated on a case-
by-case basis and the method for accounting for such
flows should be agreed upon.

4-5.3 Liquid Fuel Mass Flow

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

4-5.3.1 Flow Measurement. Any flowmeter is 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
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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
time measured with an accurate stopwatch or electronic
timer. Care must be taken that the measured totalized
volume of liquid fuel is not temperature compensated.

Application, restriction of use, calibration, and instal-
lation requirements of liquid fuel flow measuring
devices shall be in accordance with ASME PTC 19.5.
On-site inspection of the fuel flow devices prior to the
conduct of the test is recommended only if the inspection
does not invalidate the calibration results.

Subsection 5-3 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 (Specific
Gravity). The density or relative density for each fuel
sample shall be determined from a fuel analysis con-
ducted in accordance with ASTM D1480 or equivalent
standard. To obtain a correlation of density (or relative
density) and temperature, each sample shall be analyzed
for at least two different temperatures, with a tempera-
ture range encompassing all of the liquid fuel tempera-
tures recorded during the test runs. The density (or
relative density) at the test conditions for each individual
fuel sample shall be determined from the interpolation
of the analysis results and flowing temperature during
the test run.

4-5.3.3 Kinematic Viscosity. The kinematic viscos-
ity of the liquid fuel at the test temperature is usually
different from the fluid used for the flowmeter calibra-
tion. The effect of kinematic viscosity on the flowmeter
calibration K-factor is unique. Hence, the flowmeter
manufacturer’s curves shall be used to adjust the calibra-
tion K-factor to the actual kinematic viscosity of the
liquid fuel at the test conditions. Measurement of kine-
matic viscosity shall be in accordance with ASTM D445
or equivalent standard. To obtain a correlation of kine-
matic viscosity and temperature, each sample shall be
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 (HHVV) is determined
by measuring the amount of heat liberated when a care-
fully weighed quantity of liquid fuel is burned in an
oxygen-filled calorimeter bomb of constant volume. All
heating values are referenced to a standard temperature
base of 77°F (25°C). The lower heating value at constant
volume (LHVV) is the higher heating value at constant
volume minus the latent heat of condensed water vapor
at the same base temperature of 77°F (25°C).

4-5.4.2 Heating Value at Constant Pressure. In gas
turbine combustors, the process is assumed to be a com-
plete and adiabatic combustion, which occurs at con-
stant pressure. Therefore, the higher and lower heating
values shall be determined at constant pressure. Addi-
tionally, for gas turbine cycle calculation with the
exhaust-gas exit boundary for the test configuration
defined in para. 3-1.5, the lower heating value at constant
pressure (LHVp) is the characteristic parameter since the
water content in the exhaust gas at the boundary is still
in gaseous (noncondensed) state. The higher and lower
heating values at constant pressure shall be calculated
from the higher heating value at constant volume using
the equations outlined in para. 5-3.1.9.

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

4-5.5 Liquid Fuel Sensible Heat

For an exhaust flow or energy test, the sensible heat
must be determined to account for the difference
between the measured fuel temperature at the test
boundary and the user selected enthalpy reference tem-
perature. For a heat rate test, if the heat rate is specified
to include the latent heat and the sensible heat, then the
sensible heat must be determined to account for the
difference between the measured fuel temperature at the
test boundary and the Specified Reference Temperature
[not to be confused with the combustion reference tem-
perature of 77°F (25°C)]. If the heat rate is specified to
include only the latent heat, variations from the Specified
Reference Temperature may be accounted for by
applying a correction factor to heat rate 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
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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-
ing the test boundary.

A set of at least two liquid fuel samples shall be taken
at the beginning and end of each test run. Fuel samples
may be taken more frequently, especially when unsteady
fuel supply characteristics are suspected, provided that
the fuel sampling process does not disturb the fuel flow
measurements. One fuel sample from each set 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
the characteristics from the individual fuel samples
taken before and after each test run.

4-6 ELECTRICAL GENERATION MEASUREMENT

4-6.1 Introduction

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

4-6.2 Electrical Measurement System Connections

The connection of the primary elements for measure-
ment of polyphase alternating current power systems is
subject to required uncertainty and the degree of unbal-
ance between phases, which may be experienced. 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 three-wire or
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

VT VT

CT

Delta connected
  generator

Phase 1

Phase 2

Phase 3

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

CT

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

VT VT

CT
High impedence
  ground

Phase 1

Phase 2

Phase 3

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

Wye connected
  generator

CT

4-6.2.1 Three-Wire Power Systems. Examples of
three-wire power generation systems are shown in
Figs. 4-6.2.1-1 and 4-6.2.1-2. Various three-wire power
systems exist due to the type of the connected generator.
It is recommended to review the particular type and the
site arrangement before deciding which one is suitable
to a given measurement 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
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power to establish the power factor. Power factor calcu-
lation is provided in para. 5-1.2.1 including the case for
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 addition,
with the exception of the “Open Delta” generator con-
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.
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Fig. 4-6.2.2-1 Three-Meter Metering System for Use on Four-Wire Power Systems

VT VT

CT

Phase 1

Phase 2
Phase 3

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

Wye connected
  generator

CT

Neutral

Neutral

VT

CT

Solid or low
  impedence
  ground

Power factor calculation is provided in para. 5-1.2.2
including the option where each phase voltage and cur-
rent (volt-amps) is measured.

4-6.3 Instrument Transformers

Instrument transformers are used for the purpose of
(a) reducing the voltages and current to values which

can be conveniently measured, typically to ranges of
120 V and 5 A, respectively

(b) insulating the metering instruments from the high
potential that may exist on the circuit under test. Instru-
ment transformer practice is described in detail in
IEEE C57.13

The impedances in the transformer circuits must be
constant during the test. Protective relay devices or volt-
age regulators shall not be connected to the instrument
transformers used for the test. Normal station instru-
mentation may be connected to the test transformers if
the resulting total burden is known and is within the
range of calibration data.

Table 4-1.2.1-1 requires an overall power measurement
uncertainty of 0.25%. In order to achieve this, the instru-
ment transformer uncertainties should be in the range
of 0.1% to 0.15%. Current transformers shall be operated
within their rated burden range during the test and
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
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of transformer correction factor for a standard 0.3% accu-
racy class voltage transformer (at 90% to 100% rated
voltage) is 0.997 minimum and 1.003 maximum. The
limits of transformer correction factor for a standard
0.3% accuracy class current transformer at 100% rated
current is 0.997 minimum and 1.003 maximum and at
10% rated current is 0.994 minimum and 1.006
maximum.

For revenue metering applications, the maximum
uncertainties for accuracy tests and calculation shall be
±0.1% for ratio and ±0.9 mrad (3 min) for phase angle as
established in IEEE C57.13. NIST publications3, 4 indicate
the IEEE C57.13 uncertainty figures are relatively modest
uncertainties, with significantly lower calibration uncer-
tainties for ratio correction factor and phase angle being
achievable. Sources of error in the calibration of instru-
ment transforms should be evaluated to determine the
actual uncertainty associated with the ratio correction
factor and phase angle. Sources of error for the calibra-
tion of voltage transformers may include, but not be
limited to, bridge measurement, secondary voltage set-
ting, burden setting, transformer self-heating, and
capacitance ratio measurement. Sources of error for the
calibration of current transformers may include, but not
be limited to, core magnetization, burden, transformer
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.

4 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
the generator.

Correctly rated voltage transformers of at least 0.3%
accuracy class (metering type) shall be used for the tests.
The transformers shall be calibrated for correction of
ratio and phase angle error prior to the test over the
ranges of voltage, current, and burden expected to be
experienced during the test. Accuracy tests shall be
made on each transformer and shall consist of measure-
ment of ratio and phase angle from approximately 90%
to 110% of rated primary voltage, when energized at
rated frequency with zero burden, and with the maxi-
mum standard burden for which the transformer is rated
at its best 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.
Corrections for voltage drop of the connecting lines
should be determined and applied as shown in
Nonmandatory Appendix A-2.

4-6.3.2 Current Transformers. The current trans-
formers convert the line or primary current to a lower
secondary current safe for metering. For this reason, the
secondary current measured by the current transformers
must be multiplied by a turns ratio to calculate the
primary current that actually exists in the generator out-
put wiring.

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

In order to minimize the voltage drop in the voltage
circuit, wire gauge shall be chosen considering the length
of wiring, the load of the voltage transformer circuit,
and the resistance of the safety fuses. The errors due to
wiring resistance (including fuses) shall always be taken
into account, either by direct voltage drop measurement
or by calculation. An illustration of these measurements
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 per-
manently magnetized by inadvertent operation with the
secondary circuit opened, resulting in a change in the
ratio and phase-angle characteristics. If magnetization
is suspected, it should be removed as described in
IEEE 120, under “Precaution in the Use of Instrument
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 require-
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 electrical
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 through

4-6.4.5.

4-6.4.1 Watt Meters. Watt meters measure instanta-
neous active power.

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

For disk type watt-hour meters with no external out-
put, the disk revolutions can be timed and counted dur-
ing a test to increase resolution. Some electronic watt-
hour 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
cases, much higher resolution can be achieved usually
by timing a discrete repeatable event (e.g., a certain
number of blinks of an LCD or complete rotations of a
disk) rather than counting the number of events in a
fixed amount of time (e.g., number of rotations of a disk
in 5 min).

4-6.4.3 Var Meters. Var meters measure instanta-
neous reactive power. The instantaneous reactive power
must be measured frequently during a test run and aver-
aged over the test run period to determine average reac-
tive power (kilovars) during the test. Should the total
reactive electrical energy (kilovar-hours) be desired, the
average power must be multiplied by the test duration
in hours.

Var meters measuring generator reactive power must
have an uncertainty equal to or less than 0.5% of range
and a sampling rate of at least once per minute.

4-6.4.4 Var-hour Meters. Var-hour meters measure
reactive energy (kilovar-hours) during a test period. The
measurement of var-hours must be divided by the test
duration in hours to determine average reactive power
(kilovars) during the test period.

Var-hour meters measuring generator output must
have an uncertainty equal to or less than 0.5% of range.

The acceptable var-hour meters will have an analog
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.
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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, collectively referred to as power
meters, are calibrated by applying power through the
test power meter and a power meter standard simulta-
neously. Should polyphase metering equipment be used,
the output of each phase must be available or the meter
must be calibrated with all phases simultaneously in
three-phase operating condition.

Portable instruments shall be calibrated in a controlled
laboratory environment if there is an indication of a
problem with the measurement. The value of the voltage
maintained on the potential circuit of the instruments
during calibration shall cover the range of expected test
values, based on the manufacturer’s recommendations
for required uncertainty. Polyphase meters, or metering
systems which cannot be verified to be made up of
separate single-phase meters, shall not be used unless
they 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 must 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 and test
instruments must have the capability of shifting phase
to create several different stable power factors. These
different power factors create reactive power over the
calibration range of the instrument.

Should a var meter standard be employed, the proce-
dure for calibration outlined above for watt meters
should be used. Should a watt meter standard and phase
angle meter be used, simultaneous measurements from
the standard, phase angle meter, and test instrument
should be taken. The var level will be calculated from
the average watts and the average phase angle.

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

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
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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
for an assumed AC to DC conversion efficiency. The
calculation 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
upstream of the place where the auxiliary load power
is supplied. Besides excitation power (see para. 4-6.6),
the auxiliary loads generally consist of the electrical
loads of the lubrication and hydraulic systems; water
injection skids, external cooling air systems, etc. Another
significant auxiliary load is the power required by the
gas fuel compressor, necessary sometimes to boost the
supply line gas pressure to the pressure required by the
combustion system. The measurement of the auxiliary
loads can be done with station permanent meters or
locally using temporary instrumentation. In modern
power stations, the permanent instrumentation used for
this purpose can be found at the Motors Control Centers
(MCC), where the electrical load is measured and dis-
played either as active power, or as voltage and current.
It is recommended to create a list of all the auxiliary
loads, measuring locations, and clearly identify which
system is fed through which corresponding MCC. The
data could be collected manually or automated, but at
least three readings shall be taken for each performance
run. For loads measured locally by temporary instru-
mentation, the exact measuring point has to be clearly
identified and qualified personnel should connect the
meters to avoid accidents.

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

In many cases, the transformer losses of step-up and
step-down transformers must be determined for a test.
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
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IEEE C57.12.90 as shown in Nonmandatory
Appendix A-4.

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-
ence should be made to ASME PTC 19.7 for guidance
in these measurements.

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

4-7.2 Other Parameters and Variables

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

4-8 SPEED MEASUREMENT

Shaft speed is normally measured from either the shaft
connected to the electrical generator in multi-shaft tur-
bines or the shaft driving the mechanical load 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 speed
sensors used in the turbine control system. For gas tur-
bines connected to AC electrical generators, the line
frequency measured at the generator terminals may be
used instead of shaft speed to correct gas turbine per-
formance since the shaft speed is directly coupled to
the line frequency. The chosen method must meet the
uncertainty requirement in this Code.

4-9 HUMIDITY MEASUREMENT

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

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

Wet-bulb temperature can be inferred by a properly
designed mechanically aspirated psychrometer. The
mechanically aspirated psychrometer should incorpo-
rate the following features:

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

(b) The sensing element is suspended in the airstream
and is not in contact with the shield walls.

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

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

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

4-10 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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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
impractical, the means of determining heat loss shall be
determined by agreement among the parties to the test.

4-10.1 Generator Losses

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

4-10.2 Gearbox Losses

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

4-10.3 Fixed Losses

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

4-10.4 Variable Losses

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

Flow measurements other than liquid or gas fuel
should be in accordance with ASME PTC 19.5 and
Table 4-1.2.1-1 of this Code.

4-11.3 Turbine Control Parameters

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

4-11.3.1 Variable Guide Vane Position. Gas turbine
installations may use variable geometry in the airflow
path to control the volume of air passing through the
gas turbine. In many gas turbine designs, variable geom-
etry is achieved through the use of mechanically actu-
ated guide vanes. Frequently, the definition of a load
point, such as base load, at which a test is to be con-
ducted, may depend on a specific guide vane angle. The
position of each of the guide vanes should be measured
prior to the test to ensure that the mean angle is consist-
ent with both the manufacturer’s specification and the
indication in the turbine control system. Typically, the
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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-
perature is virtually impossible to reliably measure, so
the manufacturer chooses a lower temperature region
for temperature measurement devices. The relationship
between the turbine control temperature and the turbine
inlet temperature is defined in a control algorithm deter-
mined by the manufacturer. The manufacturer, through
experience, shall determine the number, type, and loca-
tion of the control temperature measurements to account
for expected temperature levels and inherent spatial
variations.

For comparative testing, differences in the turbine
control temperature determination may exist between
the pre-modification and the post-modification test. This
can change as a result of even changing one thermocou-
ple during the outage. Change in the spatial distribution
of this temperature due to modifications of the turbine
or its operating condition (such as increased turbine
inlet temperature or change in air management) is also
likely. Since power is so sensitive to any shift in turbine
control temperature, it is advisable to perform any ther-
mocouple replacements and/or calibrations prior to the
pretest to minimize uncertainty.

4-11.3.3 Compressor Discharge or Combustion
Chamber Pressure. Along with the turbine control tem-
perature, compressor discharge or combustion chamber
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 estimate
a compression ratio. The manufacturer will determine
the number, type, and location of the measurement(s).
The pressure is measured using one or more static pres-
sure transmitter(s) in accordance with subsection 4-2.
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Section 5
Computation of Results

This Section includes the details required for comput-
ing power output and heat rate (efficiency). Additional
computations are provided in Mandatory Appendix I for
exhaust flow, exhaust energy, and exhaust temperature.

5-1 ELECTRICAL POWER CALCULATIONS

5-1.1 Introduction

Electrical measurements required for the evaluation of
gas turbine performance include gross electrical output,
power factor, exciter power, and other auxiliary electrical
loads. The measurement is discussed in subsection 4-6.
This subsection of the Code provides guidance and
requirements for the calculation of these measurements.
The calculation method for average power or total
energy should be performed in accordance with
IEEE 120 for the specific type of measuring system used.
Power measurements must be corrected for actual volt-
age transformer ratio and for phase angle errors in accor-
dance with the procedures of IEEE C57.13.

A detailed sample calculation for electric power out-
put is given in Nonmandatory Appendix A-2.

5-1.2 Electrical Measurement System Connections

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

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

(b) four-wire power systems — three single-phase
meters or one three-phase meter

Paragraphs 5-1.2.1 and 5-1.2.2 describe calculations
for the two types of three- and four-wire power systems
that may exist.

5-1.2.1 Three-Wire Power Systems Power Factor
Calculation. Power factor is then determined using the
following formula:

PF p
Wattstotal

�Watts2
total + Vars2

total

where
PF p power factor

Varstotal p total vars for three phases
Wattstotal p total watts for three phases
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Alternatively, for balanced three-phase sinusoidal cir-
cuits, power factor may be calculated from the two-
meter power measurement method using the following
formula:

PF p
1

�1 + 3�Watts1-2 − Watts3-2

Watts1-2 + Watts3-2	
2

where
PF p power factor

Watts1-2 p real power phase 1 to 2
Watts3-2 p real power phase 3 to 2

5-1.2.2 Four-Wire Power Systems Power Factor
Calculation. Power factor can be calculated from the
watt and var meters using the following formula:

PF p
Wattstotal

�Watts2
total + Vars2

total

where
PF p power factor

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

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

PF p
Wattstotal

∑ ViIi

where
Ii p phase current for each of the three phases

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

5-1.3 Excitation Power Calculation

5-1.3.1 Measured Excitation. If the exciter is pow-
ered 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, as
described in para. 4-6.6. Two methods for determining
the power supplied to the exciter are as specified in
paras. 5-1.3.1.1 and 5-1.3.1.2.

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:

ExcLoss p
�3 � Vavg� Iavg � PF

1,000

where
ExcLoss p exciter power, kW

Iavg p average phase current, A — measured
value

PF p power factor — measured or calculated
value

Vavg p average phase voltage, V — measured
value

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

If the measurement point is downstream of a step-
down transformer, a correction should be applied for
the transformer 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 correcting for an assumed AC to DC conversion
efficiency using the following formula:

ExcLoss p
FV � FC

1,000 � ACDC

where
ACDC p AC to DC conversion efficiency factor

(typically 0.975, assumed value)
ExcLoss p exciter power (kW)

FC p field current (DC amps) — measured
value

FV p field voltage (DC volts) — measured value
1,000 p conversion factor from watts (W) to

kilowatt (kW)

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

5-1.4 Instrument Transformers

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

(b) the secondary current (in the case of current
transformers)
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(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
(VTR) and by the voltage transformer ratio correction
factor (VTRcorr) in order to calculate the primary voltage
on the high side of the transformer. For the typical case
where VTs are dedicated to voltage measurement and
not to relays or voltage regulators, the secondary burden
can be assumed to be close to zero. Therefore, the calibra-
tion data at zero burden plus 0.0005 may be assumed,
leading to an estimated uncertainty of ±0.05%.

5-1.4.2 Current Transformers. The current trans-
former ratio correction factor (CTRcorr) is calculated in
a similar manner as the voltage transformer correction
factor (VTRcorr). However, typical values at rated pri-
mary current vary little between 0.9999 and 1.0. Values
outside this range should be accounted for. It should be
emphasized that the CTRcorr for operation at conditions
less than the rated primary current increases signifi-
cantly and should not be neglected. The error at 10%
current is permitted to be two times the value of the error
at 100% rated primary current. CT calibration should
therefore be provided at two different burdens and 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 calibra-
tion data from the instrument transformers and the
power meter as follows:

Phighside p Plowside � VTR � CTR � MCF � VTRcorr � CTRcorr

� PAcorr � VTVDcorr

where
CTR p the current transformer marked ratio

CTRcorr p the current transformer ratio correction
factor from calibration data

MCF p the meter correction factor from
calibration

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

Plowside p the power measured on the low side of
the transformer

PAcorr p the phase angle correction factor from
calibration data

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

factor from calibration data
VTVDcorr p the voltage transformer voltage drop

correction

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

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



ASME PTC 22-2014

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

The phase shifts of each transformer could have an
offsetting effect. For example, if the CT shifts the current
waveform to the right and the VT shifts the voltage
waveform in the same direction, the power meter output
is not affected by a phase shift. Each of the phase shifts
should be determined from calibration data.

PAcorr p
cos(� − � + � − �)

cos(�)
p

cos(� − � + � − �)
(Power Factor)

where
� p shift in the power meter phase angle
� p shift in the current transformer phase angle
� p shift in the voltage transformer phase angle
� p arccos (power factor)

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

5-2 MECHANICAL POWER OUTPUT CALCULATION

5-2.1 Mechanical Drive Power

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

(U.S. Customary Units)

SHP p
Torque � Speed

5,252.1

where
SHP p shaft horsepower, with Torque in lbf-ft and

Speed in rpm

(SI Units)

Power p Torque � Speed � 2/60

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

41

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-
tion or extrapolation of the data to the rated load point.
This generally involves normalizing the test results by
applying dimensionless parameters, which are
described in most thermodynamic textbooks.

It is expected that the first system will be more preva-
lent, given the availability and accuracy of gas turbine
cycle performance programs.

5-2.2 Efficiency

Heat rate, conventionally used for generator drives,
may not be the preferred parameter for mechanical
drives. If thermal efficiency is required, it is

	th p SHP �
2,544.43

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 calculated by

	th p Power � 3.6/Heat Input

where power is in watts, and heat input (kJ/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 Nonmandatory
Appendix A-1.

5-3.1.1 Differential Pressure Meter. The general
equation for mass flow rate through a differential pres-
sure class meter for both liquids and gases is as follows:

Mf p


4
* d2 * C * � * �2 * �(T,P) * �P * gc

1 − �4 (5-3.1)

where
C p orifice discharge coefficient (determined

from calibration report)
D p diameter of pipe at flowing fluid

temperature
d p diameter of orifice at flowing fluid

temperature
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Table 5-3.1.1-1 Typical Values for Unit Conversion Factor, N1, Using Common Units of Measure

Symbol U.S Units U.S. Units U.S. Units SI Units SI Units SI Units

Calculation Constants
 3.14159 3.14159 3.14159 3.14159 3.14159 Universal constant
gc 32.1740 32.1740 32.1740 NA NA lbm*ft/(lbf*sec2)
gc NA NA NA 1.0000 1.0000 kg*m/(N*sec2)

Units of Measure
d in. in. in. mm mm . . .
�P lbf/in.2 in.H2O60°F in.H2O68°F mbar kPa . . .
�(T,P) lbm/ft3 lbm/ft3 lbm/ft3 kg/m3 kg/m3 . . .
Mf lbm/sec lbm/sec lbm/sec kg/s kg/s . . .
N1 0.525021 0.0997424 0.0997019 0.000351241 0.0000351241 . . .

gc p units conversion constant
Mf p fuel mass flow rate
�P p differential pressure across orifice

� p ratio of orifice and pipe diameter (d/D),
both diameters at the flowing fluid
temperature

� p expansion factor
�(T,P) p fluid density at flowing temperature and

pressure

NOTE: Measurement units for the above parameters and vari-
ables are given in Table 5-3.1.1-1.

This equation can be further reduced to the following
format:

Mf p N1 � d2 � C � � � Ev � ��(T,P) � �P (5-3.2)

where
Ev p velocity of approach factor p

1

�1 − �4
N1 p unit conversion factor

5-3.1.2 Orifice Dimensions. If the flowing tempera-
ture of the fluid is different than the temperature at
which the pipe and orifice dimensions were determined,
the measured orifice and pipe dimensions must be cor-
rected to compensate for the temperature variations.

d p �1 + �PE * (Tf − Tmeaas)	 * dmeas (5-3.3)

D p �1 + �PP * (Tf − Tmeaas)	 * Dmeas (5-3.4)

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

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

when the diameters were measured
�PE p coefficient of thermal expansion for the ori-

fice material
�PP p coefficient of thermal expansion for the

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

5-3.1.3 Expansion Factor. The expansion factor, �,
compensates for the change in density due to a decrease
in pressure when the fluid flows through the orifice:

� p 1 − (0.41 + 0.35 * �4) �
�P

N2 * k * Pf
(5-3.5)

where
k p isentropic exponent

p Cp/(Cp - 1.986/MWf), where

Cp p specific heat at constant pressure
MWf p molecular weight of fluid

N2 p unit conversion factor
Pf p upstream static pressure of fluid
� p ratio of orifice and pipe diameter (d/D), both

diameters at the flowing fluid temperature
�P p differential pressure

Typical values for unit conversion factor, N2, are given
in Table 5-3.1.3-1.

5-3.1.4 Compressibility. Fluid compressibility, Zf,
at flowing conditions shall be calculated based upon the
methods outlined in AGA Report No. 8 utilizing the
Detail Characterization Method (Input of individual gas
constituents). Subsection 8.1 and Nonmandatory
Appendix A of AGA Report No. 8 present detailed infor-
mation for the Detail Characterization.

5-3.1.5 Density — Gas Fuel. Gas fluid density at
flowing fluid conditions is calculated from the following
equation:

�(T,P) p
MWgasPf

ZfRTf
(5-3.6)

where
MWgas p molecular weight of the gas mixture

MWgas p �
n

jp1
xj * MWj
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Table 5-3.1.3-1 Typical Values for Unit Conversion Factor, N2, Using Common Units of Measure

U.S
Customary

Symbol Units U.S. Units U.S. Units Metric Units Metric Units Metric Units

�P lb/in.2 in.H2O60°F in.H2O68°F kPa mbar Mbar
P lb/in.2 lb/in.2 lb/in.2 MPa bar MPa
N2 1.00000 27.7070 27.7300 1000.00 1000.00 0.0100000

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

and temperature
�(T,P) p gas fluid density at flowing fluid tempera-

ture and pressure

5-3.1.6 Volumetric Meter. The general equation for
mass flow rate through a volumetric meter for both
liquids and gases is as follows:

Mf p qv * � (T,P) * MCF (5-3.7)

where
MCF p meter calibration factor

Mf p fuel mass flow rate
qv p actual volume flow rate

p Vg/�t
Vg p totalized volume of fluid measured dur-

ing test
p final volume − starting volume

�t p fluid volume timing period
�(T,P) p fluid density at flowing fluid temperature

and pressure

5-3.1.7 Density — Liquid Fuel. Liquid fuel density
is determined from the following equation:

�T p �H2O * sgT (5-3.8)

where
sgT p specific gravity of the liquid fuel at the flow-

ing temperature
�H2O p density of water which was used to define

specific gravity of fuel
�T p 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

HHV p �
n

jp1
xj * MWj * HHVj/�

n

jp1
xj * MWj (5-3.9)

LHV p �
n

jp1
xj * MWj * LHVj/�

n

jp1
xj * MWj (5-3.10)
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where
HHVj p higher heating value per unit mass for

component j
LHVj p lower heating value per unit mass for

component j
MWj p molecular weight of gas component j

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

5-3.1.9 Heating Values — Liquid Fuel. For liquid
fuels, the higher heating value at constant volume is
determined by fuel analysis per para. 4-5.4.1. The higher
and lower heating values at constant pressure are deter-
mined from the following equations.

For heating values in Btu/lbm:

HHVp p HHVv + 2.64 * H (5-3.11)

LHVp p LHVv − 91.20 * H (5-3.12)

For heating values in kJ/kg:

HHVp p HHVv + 6.14 * H (5-3.13)

LHVp p LHVv − 212.13 * H (5-3.14)

where
H p percent of hydrogen (H2) by weight con-

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

5-3.1.10 Sensible Heat — Liquid Fuel. The sensible
heat for liquid fuels is calculated as:

SHp p Mf * (hT − hRef) (5-3.15)

where
hRef p specific enthalpy of the liquid fuel at the refer-

ence temperature.
hT p specific enthalpy of the liquid fuel at the flow-

ing temperature
Mf p actual mass flow

SHP p 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:

h p C1 + C2(°API) + [C3 + C4(°API)](T) + [C5 + C6 (°API)](T2)

where, for specific enthalpy in Btu/lbm
C1 p −30.016
C2 p −0.11426
C3 p 0.373
C4 p 0.00143
C5 p 2.18 � 10-4

C6 p 7.0 � 10-7

h p specific enthalpy in Btu/lbm
T p temperature in °F

°API p API gravity

and, for specific enthalpy in kJ/kg,
C1 p −41.535
C2 p −0.15766
C3 p 1.6201
C4 p 0.006175
C5 p 1.64 � 10-3

C6 p 5.28 � 10-6

h p specific enthalpy in kJ/kg
T p temperature in °C

°API p API gravity

5-3.1.11 Sensible Heat — Gas Fuel. The sensible
heat input for gaseous fuels is calculated as:

SH p Mf * (hT − hRef) (5-3.16)

where
hRef p specific enthalpy of the gaseous fuel at the

reference temperature
hT p specific enthalpy of the gaseous fuel at the

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

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.

The specific enthalpy of the actual gaseous fuel can
be derived from gas properties published by NIST and
others.

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

HI p Mf * HV + SH

where
HI p total heat input

HV p fuel heating value
Mf p fuel mass flow
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(a) For power output and heat rate test, HV p 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 p lower heat-
ing value (LHV) of the fuel because the heat of vaporiza-
tion for water is not recovered inside the heat balance
boundary.

SH p sensible heat input (may be different for power/
heat rate test and heat balance calculation, see
paras. 5-3.1.10 and 5-3.1.11)

NOTE: Often the agreed calculation of heat input for a heat rate
test is based solely on latent heat with no sensible heat component.
In such cases, test correction curves may be used to account for
variations in fuel supply temperature.

5-3.2 Heat Rate

The measured gas turbine heat rate is calculated as a
ratio of the total heat input to power output. Heat rate
is typically expressed in units of Btu/kWh, Btu/hp-hr,
or kJ/kWh.

The general equation to calculate heat rate from mea-
sured test data is:

HRmeas p
HImeas

Pmeas

where
HImeas p the measured total heat input value of the

fuel (see para. 5-3.1.12)
Pmeas p the measured value of power output (see

subsection 5-1 or subsection 5-2)

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

	th p C/HRmeas

where
C p 3,412.14 when HRmeas is expressed in Btu/

kW·h
p 2,544.43 when HRmeas is expressed in Btu/

hp-hr
p 3,600 when HRmeas is expressed in kJ/kW·h

	th p thermal efficiency

5-4 CORRECTION OF TEST RESULTS —
FUNDAMENTAL PERFORMANCE EQUATIONS

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

Corrected power is expressed as

Pcorr p
Pmeas + ∑m

ip1 �i

�x
np1 �n
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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

�1 (*) Generator power factor Measured at the power measurement location
�2 Generator excitation power When excitation power is supplied after power measurement
�3 Auxiliary loads If required by test boundary
�4 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 Requiring

Power Heat Rate Exhaust Flow Exhaust Energy Exhaust Temperature Correction

�1 �1 �1 �1 �1 Inlet air temperature
�2 �2 �2 �2 �2 Barometric pressure
�3 �3 �3 �3 �3 Inlet humidity
�4 �4 �4 �4 �4 Fuel composition
�5 �5 �5 �5 �5 Injection fluid flow

�6 �6 �6 �6 �6 Injection fluid enthalpy
�7 �7 �7 �7 �7 Injection fluid composition
�8 �8 �8 �8 �8 Exhaust pressure loss

�9 �9 �9 �9 �9 Shaft speed
�10 �10 �10 �10 �10 Turbine extraction

�11 �11 �11 �11 �11 Fuel temperature
�12 �12 �12 �12 �12 Inlet pressure loss
�13 (*) . . . . . . . . . . . . Generator power factor

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

Corrected heat rate is expressed as

HRcorr p � 1
�x

np1�n��
HImeas

Pmeas + ∑m
ip1�i�

Corrected exhaust flow is expressed as

mexh,corr p
mexh

�x
np1�n

Corrected exhaust energy is expressed as

Qexh,corr p
Qexh

�x
np1�n

Corrected exhaust temperature is expressed as

texh,corr p texh + ∑ x
np1 �n or texh,corr p

texh

�x
np1 �n

Multiplicative correction factors �n, �n, �n, �n, and �n,
and additive correction factors �i and �n 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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to make sure that the correction curves use the same
basis. Table 5-4-1 summarizes the additive corrections
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 to account
for all variations from Specified Reference Conditions,
it is possible that performance could be affected by pro-
cesses or conditions that were not foreseen at the time
this Code was written. In this case, additional correction
factors, either additive or multiplicative, would be
required.

For special gas turbine operating modes such as power
limit or part load, the correction methodology would
require use of parameters not included in Table 5-4-2.
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
can also be ignored. An example of this is the fuel com-
position correction. If the pre-test uncertainty analysis
shows a correction to be insignificant, these corrections
can be ignored. An insignificant correction is one that
results in a correction of less than 0.05%.

The applicable corrections to use in the fundamental
performance equations for a particular test depend on
the type of gas turbine being tested and the goal of the
test. Specific examples of the fundamental performance
equations for different gas turbine configurations and
boundary conditions are provided in Nonmandatory
Appendix, para. A-3.

For comparative tests correcting the test data to
Specified Reference Conditions may be the largest con-
tributor to the test uncertainty, therefore corrections used
should be 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 can agree to a limited amount of correction fac-
tors based on the scope of modifications or restorative
actions performed. For example, it may be advisable to
correct the post-modification results to the same ambi-
ent, etc., conditions of the pre-modification test. This
will eliminate one set of corrections, which additionally
may be very advantageous since preparing accurate cor-
rection curves for a deteriorated turbine will likely be
difficult.

5-4.1 Alternate Corrected Gas Turbine Exhaust
Energy

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

Qexh,corr p Qair,corr + Qfuel,corr + Qinj,corr (5-4.1)
− 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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output (Qelect,corr) and corrected heat consumption
(Qfuel,corr p corr Power � corr Heat rate) will result
in exhaust energy evaluated at the Specified Reference
Conditions. (The remaining term, Qloss,corr, has little
influence and can be estimated easily.)

5-5 APPLICATION OF CORRECTION FACTORS

The format of the fundamental equations allows
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 temperature so that mea-
sured performance can be corrected to the Specified
Reference Conditions. Corrections are calculated for
parameters at the test boundary different than Specified
Reference Conditions, which affect measured perform-
ance results.

Since the variation in power, heat rate, exhaust flow or
energy, and exhaust temperature due to various external
conditions is unique to each gas turbine, the manufac-
turer may generate a set of site specific correction curves
to be incorporated into the site specific test procedures
prior to the test. Each correction factor is calculated by
varying only one parameter over the possible range of
deviations from the base reference condition. Some of
the correction factors are summations of smaller correc-
tions or require a family of curves. For example, the
correction for fuel composition may be split into two or
more components to better characterize the impact of
fuel composition on gas turbine performance.

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

�1 p
�1a

�1b

�1 p [�1a − �1b]

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

condition
b p correction from Specified Reference Condition

to standard condition

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 quantities using the multiplica-
tive and additive correction factors as described in
paras. 5-5.1 through 5-5.12.

5-5.1 Inlet Air Temperature Correction (�1�1�1�1�1)

Correction 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-
dance with subsection 4-3.

5-5.2 Barometric Pressure Correction (�2�2�2�2�2)

Correction is made to gas turbine performance based
on the site barometric pressure (or other pressure mea-
surement location if agreed upon by the parties). Baro-
metric pressure is measured in accordance with
subsection 4-2.

5-5.3 Inlet Humidity Correction (�3�3�3�3�3)

Correction 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
humidity and will be measured in accordance with
subsection 4-9.

5-5.4 Fuel Composition Correction (�4�4�4�4�4)

Differences in fuel properties between the reference
fuel analysis and the measured fuel analysis affect the
performance of the gas turbine. The fuel analysis shall
be measured near the test boundary in accordance with
subsection 4-4 for gaseous fuels and subsection 4-5 for
liquid fuels.

The fuel composition correction factors may be deter-
mined as a combination of multiple factors to better
characterize the impact of the variance in composition
on gas turbine performance. As another alternative, the
fuel composition correction factors may be determined
by the manufacturer’s thermal performance simulation
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 (�5�5�5�5�5)

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.

47

5-5.6 Injection Fluid Enthalpy Correction
(�6�6�6�6�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
injection fluid. Injection fluid pressure shall be measured
in accordance with subsection 4-2. Injection fluid
temperature shall be measured in accordance with
subsection 4-3.

5-5.7 Injection Fluid Composition Correction
(�7�7�7�7�7)

Differences in injection fluid composition between the
reference injection fluid composition and the measured
injection fluid composition affects the performance of
the gas turbine. Typically, the injection fluid is either
water or steam where the multiplicative correction fac-
tors are equal to 1.0 and the additive correction factor
is equal to zero. If the injection fluid is a gaseous mixture
such as a nitrogen/oxygen mixture in an IGCC plant,
then the composition of the injection fluid will impact
gas turbine performance and shall be determined in
accordance with subsection 4-4.

5-5.8 Exhaust Pressure Loss Correction (�8�8�8�8�8)

Correction is made to gas turbine performance based
on the turbine static exhaust pressure loss at the test
boundary. The need for this correction may depend on
the scope of equipment within the test boundary. If nec-
essary, the exhaust gas static pressure loss is measured
in accordance with subsection 4-2.

5-5.9 Shaft Speed Correction (�9�9�9�9�9)

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

5-5.10 Turbine Extraction Correction
(�10�10�10�10�10)

Correction is made to gas turbine performance based
on the flow rate of any extractions from the gas turbine
measured where they cross the test boundary. Typically,
this correction might apply to an IGCC plant where
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 (�11�11�11�11�11)

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
(�12�12�12�12�12)

Correction is made to gas turbine performance based
on the turbine inlet total pressure loss at the test bound-
ary. The need for this correction may depend on the
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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
correction for performance degradation may be applied.
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Section 6
Report of Results

6-1 GENERAL REQUIREMENTS

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

The test report shall contain all the information
described below.

6-2 SUMMARY

(a) General information about the plant and the test,
such as the location, plant turbine type and operating
configuration, and the test objective

(b) Date and time of the test
(c) Summary of the results of the test compared to

the contractual guarantees for acceptance type tests
(d) Calculated post-test uncertainty
(e) Any agreements among the parties to the test to

allow any major deviations from the test requirements

6-3 TEST DESCRIPTION

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

such as:
(1) Brief history of the unit operation, from start

up through the performance tests
(2) Description of the equipment to be tested and

all such ancillary equipment that may influence the test
(3) Cycle diagram showing the test boundary

(c) Listing of the representatives of the parties to
the test

(d) Organization of the test personnel
(e) All test agreements

6-4 TEST EQUIPMENT

(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
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6-5 CALCULATIONS AND RESULTS

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

(b) Statement of the general performance equation
that is used based on the test goal and the applicable
corrections

(c) Tabulation of the reduced data necessary to calcu-
late the results, summary of additional operating condi-
tions not part of such reduced data

(d) Calculation of test results from the reduced data
(see Nonmandatory Appendix A for examples of step-
by-step calculations for each plant type and test goal)

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

(f) Detailed calculations of fuel properties density,
heating value (specifically state as higher or lower), con-
stituent properties

(g) Identification and rationale for any elimination
of data

(h) Comparison of repeatability of test runs, if more
than one test run was performed

(i) Clarify as to whether reported heat rate is based
on higher heating value or lower heating value

(j) Discussion of results as applicable

6-6 APPENDICES

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

(b) Copies of original data sheets and/or electroni-
cally acquired data in mutually agreed format

(c) Copies of test logs, messages or alarms, or other
record of operating activity during each test

(d) Documentation indicating operation in the
required configuration (such as inlet air-conditioning,
compressor guide vane angle, and/or fluids injection,
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

7-1 INTRODUCTION

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

7-2 UNDERSTANDING TEST UNCERTAINTY

7-2.1 Uncertainty Versus Error

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

7-2.1.1 Systematic and Random Components of
Measurement Errors. The total error, �j, for each mea-
surement has two components, as follows:

(a) systematic, �

(b) random, �j, as shown in Fig. 7-2.1.1-1
Values of the two components are determined by cal-

culation or estimation of each of the contributing error
sources.

7-2.2 Random Standard Uncertainty, SX�

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

X p
∑N

jp1Xj

N

where Xj 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 sx

is given by

sX p ��
N

jp1

�Xj − X�2

N − 1
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The random standard uncertainty (RSU) is the stan-
dard deviation of the mean, or

sX p
sX

�N

For the required 95% confidence level, with N > 30,
2sx� is equal to the expanded random uncertainty.

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

7-2.3 Systematic Standard Uncertainty, bi

This is an estimate, based on experience, of the error
of the average value not eliminated through calibration.
It is a constant value despite repeated measurements.
The systematic error can be reduced by better instrument
calibration and, if uncorrelated, by increasing the quan-
tity of instruments.

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

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

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

instruments used.
(d) the cumulative test experience of the parties.
(e) 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.

(g) comparison of measurements that depend on dif-
ferent principles.
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Fig. 7-2.1.1-1 Illustration of Measurement Errors
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(h) experience with duplicate instruments measuring
the same quantity, or with different instruments measur-
ing the same quantity.

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

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

The spatial contribution can be calculated from

bspatial p
sspatial

�J

sspatial p ��
J

ip1
�Xi − X �2

J − 1
where

J p number of sensors (i.e., spatial measure-
ment locations)

sspatial p standard deviation of the multiple sensor
time-averaged values

Xi p average for the sampled measurand

X p grand average for all averaged
measurands
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For the 95% confidence level, bspatial needs to be
multiplied by 2.

Bspatial p 2 � bspatial

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

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

BX p ��
K

kp1
�Bk�2	

1/2

7-2.3.4 Correlated Versus Uncorrelated Systematic
Uncertainty. This equation assumes that the systematic
standard uncertainties of the measured parameters are
all independent of each other. There are, however, many
practical situations where this is not true; for example,
using the same instruments to measure different param-
eters, or calibrating different instruments against the
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
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7-2.4 Confidence Interval

Figure 7-2.4-1 illustrates the 95% confidence interval
as ±2 standard deviations (2�) from the mean (�). There
is a 95% probability that the unknown true value lies
within the test mean ±2�.

7-2.4.1 Coverage Factor. The use of “2” as the multi-
plier to obtain the 95% confidence level assumes that
the degrees of freedom, �, are above a certain level,
nominally 30. The Student’s t distribution tabulates the
degrees of freedom required for several confidence inter-
vals. ASME PTC 19.1, Nonmandatory Appendix B, dis-
cusses this subject and provides methods for
determining �. Since uncertainty is not an exact science,
adherence to rigorous application of the t value may not
be justified. For example, the value of t at � p 10 is
2.228, for 95% confidence, which is about 10% higher
than the value at � p 30 (t p 2.042). Considering these
factors, there is considerable justification for the use of
“2” except in cases where � is in the low single digits.

7-2.5 Combining BX� and sX� for the Total
Measurement Uncertainty

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

UX p 2 � ��BX/2�2 + �sX�2

where
BX� p the expanded systematic uncertainty of the

measurand mean
sX� p the random standard uncertainty of the

measurand mean
UX� p the total uncertainty at a 95% confidence level

7-2.6 Sensitivity Coefficients, or Influence
Coefficients, �i

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, UR, is the RSS value of
the systematic and random standard uncertainties of
each measurement multiplied by the sensitivity coeffi-
cient, 
i, for that parameter. Thus:

SR p ��
I

ip1
��isX� i

�2

BR p ��
I

ip1
��iBX� i

�2

UR p 2 � ��BR/2�2 + �SR�2

where
BX� i

p the expanded systematic uncertainty for
measurement i

sX� i
p the random standard uncertainty for

measurement i
UR p the uncertainty of the result

i p sensitivity coefficient for measurement i

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

The calculations include only those measurements,
and their associated sensitivity 
i values, necessary to
adjust the test point results to the Specified Reference
Conditions. Internal control variables (such as compres-
sor discharge pressure or exhaust temperature) are gen-
erally not part of the uncertainty analysis for output or
heat rate.

7-2.9 Post-test Uncertainty Analysis

The data shall be plotted and examined for sudden
shifts and outliers. A post-test uncertainty analysis shall
be conducted to replace the assumptions made in the
pretest analysis. In particular, the random uncertainty
can now be calculated and incorporated. Also, in accor-
dance with para. 3-6.4, the sensitivities can now be recal-
culated at the test values (in other words, the slopes at
the applicable portion of the correction curves may now
be used in Table 7-3.1-3).

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
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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
expected to be used for the test. The parties should
attempt to improve on the uncertainties allowed by the
Code, in order to assure that the post-test uncertainty
will come in at or below the Code Limit. Accordingly,
Table 7-3.1-2 is prepared, using the best estimates for
each parameter based on the selected instrumentation,
their calibration levels, and the experience of the parties.
Note that the electrical power and heat input measure-
ments have been broken down into their individual mea-
surements, such that the results are within the values
from Table 4-1.2.1-1.

The third step, after the test, is to calculate the post-
test uncertainty. This reflects the values for the actual
instrumentation used and the random uncertainties cal-
culated from the data. From an uncertainty standpoint,
the test shall be considered successful if the post-test
uncertainty does not exceed the Code Limit uncertainty.
Table 7-3.1-3 is a sample calculation for the post-test
case. This shows that the corrected heat rate uncertainty
is below the pretest plan, and well within the Code
Limit.

7-3.2 Uncertainty Calculations

As specified in para. 7-2.7, the uncertainties in power
output and thermal efficiency are equal to the RSS value
of the uncertainty of each parameter multiplied by its
Sensitivity Coefficient. The calculations include the mea-
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 components are

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

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

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

root taken to determine the uncertainty for the output
or 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-
sary to obtain the test results for the particular turbine
under test, and the instrumentation expected to be used.
This is a gas fired turbine with air extraction and water
injection (and is based on the same performance as the
example for exhaust energy in Mandatory Appendix I).
The measurement uncertainty limit from Table 4-1.2.1-1
is recorded for each.

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

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

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

Pg p P1(CT1)(VT1) + P2(CT2)(VT2) + P3(CT3)(VT3)

Since P1, P2, and P3 are nearly equal, the partial deriva-
tives (normalized) will yield 
 p 1⁄3. For calibrated watt-
hour meters, and CTs and VTs per para. 4-6.3, the sys-
tematic components of uncertainty have been assumed
to be

Instrument Symbol Uncertainty

Whr meter Bp 0.1%
VT Bvt 0.1%
CT Bct 0.15%

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

Based on the factory type (design) test information,
the current transformer total uncertainties can be 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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Therefore, the gross power systematic uncertainty is cal-
culated from (Reference Section 8 of ASME PTC 19.1):

Bgp p 
��
1Bp1�2 +�
2Bp2�2 + �
3Bp3�2 + 2
1
2Bp12 + 2
1
3Bp13

+ 2
2
3Bp23� + ��
1Bct1�2 + �
2Bct2�2 + �
3Bct3�2

+ 2
1
2Bct12 + 2�1
3Bct13+ 2
2
3Bct23� + ��
1Bvt1�2

+ �
2Bvt2�2 + �
3Bvt3�2 + 2
1
2Bvt12 + 2
1
3Bvt13

+ 2
2
3Bvt23�0.5

The arithmetic here will show Bgp p 0.206%. It can
be shown that this is the same as the RSS value of the
individual uncertainties: 0.1, 0.1, and 0.15. If the meters
and/or the transformers were not correlated, Bgp would
be less than 0.206%, since the appropriate 2

B terms
would be dropped.

For net power Pnet p Pg − Paux, if aux power is 1.5%
of gross, 
aux p 0.015.

To evaluate the uncertainty in corrected power output,
from Section 5:

Pcorr p �Pnet + �’s)/(�1�2 ) �n�
NOTE: The form of this equation depends on how the guarantee
was made and on the corrections provided.

Since the �’s are relatively small and are assumed
to have no uncertainties, they can be neglected in the
uncertainty analysis.

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

7-3.3.2 Heat Input — Gas Fuel. The complexity of
the uncertainty calculations for heat input is a function
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 heat input

uncertainty is 2��BMf/2�2 + �SxMf�2 + �BHV/2�2. A posi-
tive displacement meter measuring volume flow adds
the density uncertainty to the equation. For a differential
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 �. 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 MFi in several places: the
density � (molecular weight MW and compressibility
Z), and the expansion factor � (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
MFi as well. Therefore, to determine the sensitivities
for MFi the entire heat input equation must be
differentiated.

To simplify the calculus, an examination of the expan-
sion factor shows that its sensitivity to MFi is very weak
compared to that for the density and the heat value.
Therefore, it will not be included in the following analy-
sis. Similarly, the compressibility Z is not a straightfor-
ward function of composition, and can be more easily
handled by including it in the orifice factors directly.

The basic equations that rely on MFi are:

Density, � p (P*MW)/(R*T*Z)

Molecular Weight, MW p ∑ (MFi*MWi)

Mass Flow (from orifice equation) p f ����
Heat Value, LHV p ∑ MFi*MWi*LHVi/MW

Heat Input, HI p Mf*LHV

where i is for each constituent C1 to Cn, plus inerts, if any.

Using the Chain Rule:

�HI/�MFi p �HI/�Mf* �Mf/�MFi + �HI/�LHV* �LHV/�MFi

and,
�Mf/�MFi p �Mf/�MW* �MW/�MFi

MW p ∑ MFi*MWi
�MW/�MFi p MWi

LHV p ∑ (MFi*MWi*LHVi)/MW
�LHV�MFi p MWi*LHVi/MW
�Mf/�MW p Mf/2MW

Then �HI/�MFi p MFi*MWi/MW(0.5 + LHVi/LHV),
when the differentiation is normalized by multiplying
by MFi/(Mf*LHV).

The sensitivities can now be calculated. To complete
the analysis, each parameter’s uncertainty is assigned.
For the fuel constituents, the chromatograph will pro-
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.

Constituent, % Reproducibility BMFi

0 to 0.1 0.02 0.014
0.1 to 1.0 0.07 0.05
1.0 to 5.0 0.10 0.07
5.0 to 10 0.12 0.085
Over 10 0.15 0.106
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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 MFi uncertainty increases with fuel compositions
of many constituents, particularly if their percentages
are low.

(b) Looking at the orifice equation, the parameters
not a function of MFi can be examined for their contribu-
tion to the uncertainty calculation. For a calibrated
metering section, there should be negligible uncertainty
in diameters d and D and their ratio �. This leaves P,
�P, T, Z, �, and C. Their sensitivities are straightforward:

Parameter Sensitivity, 


C 1
�P 0.5
P 0.5
T −0.5
Z −0.5
� 1

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

For C, a calibrated orifice section should have an
uncertainty no greater than 0.25%, per ASME PTC 19.5.

As discussed in ASME PTC 19.5, the uncertainty in
the expansion factor calculated from the variables in the
equation is very small; however, there is considerably
more uncertainty in the accuracy of the equation. It is
recommended that the uncertainty in � be 4�P/P,
expressed as a percentage. For the sample case here,
this is 4*111.24/(400*27.7), where 27.7 converts inches
of water to psi, and the uncertainty equals 0.04%.

The remaining unknown is the uncertainty of Z.
AGA Report No. 8 presents a chart of target uncertainties
for natural gas as a function of fuel temperature and
pressure. For fuels at less than 1,750 psi, and between
17°F and 143°F, the target uncertainty is 0.1%.

Table 7-3.1-2 presents the sensitivity and uncertainty
calculations for the fuel constituents and the orifice fac-
tors, and the resultant heat input uncertainty of 0.690%.

For all the calculations in this section, and as recom-
mended in ASTM D3588, the uncertainties in the tabular
values of molecular weight and heat value have been
neglected, as they are small compared to the 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
analysis is critical, and frequently difficult to obtain.
The use of multiple samples and labs is strongly
recommended.

7-3.3.2.2 Mass Flowmeter. In this case the com-
plexity is reduced since all the variables in the orifice
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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

UHI p 2��BMf/2�2 + �SxMf�2 + �BHV/2�2

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

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

HI p Mf*LHVp

where Mf is fuel mass flow which equals �V(MCF)/t
per eq. (5-3.7). The sensible heat has been neglected in
this uncertainty calculation, as it is very small compared
to the heat value. However, the sensible heat should
be included in the performance calculations. LHVp is
calculated from the ASTM D4809 value of HHVv by

LHVp p HHVv − 0.2122*%H (SI units)

Thus, HI p (�V(MCF)/t)*(HHVv − 0.2122H)
Uncertainties are summarized in Table 7-3.3.3-1.
For this example, assume the following fuel values:
HHVv p 45.78MJ/kg, so uncertainty p 0.169/

45.78 p 0.369%
LHVp p 42.93MJ/kg

H p 13.4%, so uncertainty p 0.127/13.4 p
0.95%

Sensitivities from eq. (5-3.7) are:
V p 1

LHV p HHVv/LHVp p 1.066
%H p −0.2122*(%H/LHVp) p 0.066

and the Heat Input uncertainty p

��1∗0.2�2 + �0.369∗1.066�2 + �0.066∗0.95�2 p 0.446%

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 lb/hr, which at 80°F and 14.696 psia
barometric pressure is about 10,000 ft3/sec.
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If the inlet velocity to the filter house is restricted
to 10 ft/sec, the flow area needs to be 1,000 ft2. The
recommendation in para. 4-3.2 is one measurement
device per 100 ft2, so say 10 RTDs are used. Assume the
following data are taken:

RTD Ti−°F SiT

1 78.6 0.3
2 79.4 0.4
3 80.1 0.4
4 80.7 0.1
5 80.9 0.3
6 79.2 0.2
7 80.6 0.4
8 80.6 0.3
9 79.9 0.3

10 80.0 0.1

Here SiT is the sample standard deviation of each of
the 30 readings taken during the test, obtained from the
DAS. The random standard uncertainty of the inlet air
temperature is

RSU p sTbar p ��10

ip1�
siTbar�2	
0.5


 p sensitivity p 1/10 SiTbar

p standard deviation of the mean

p SiT/�N, and N p 30

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

components: the RTDs and the spatial variation.

bt p �b2
sp + b2

RTD

Assume bRTD p 0.1°F
For the spatial variation, bsp p ssp/� J and

Ssp p �∑10
ip1��(Ti − Tavg)2

J−1 ��	
0.5

, where Tavg p 80°F and

J p 10. The value of ssp is 0.745°F, and bsp p 0.236°F.
Then bT p 0.256°F and uT p �bT

2 +
sTbar

2�0.5
p 0.2566°F. For the 95% confidence level, UT

would usually be close to 2*uT if the degrees of freedom
vT were 20 or higher. In this example vT is about 9, with
a Student’s t of 2.26. Thus UT would be 0.58°F. Based
on the discussion in para. 7-2.4.1, and considering the
uncertainty in the estimates for the systematic uncertain-
ties, the use of 2 is likely a reasonable compromise,
which would make UT p 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 �HI/�MFi p MFi*MWi*LHV/(MW*LHV)
Sensitivity,

MFi MWi MW Fract LHVi LHV Fract LHVi/LHV �MFi �HI/�MFi

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
C3 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 19657.8 291.97502 0.9328633 0.01385571
iC5 0.1 72.1488 0.072149 19455.9 71.74294 0.9232821 0.00340457
nC5 0.2 72.1488 0.144298 19497.2 143.79047 0.925242 0.006823594

100 19.56596 21072.541

STEP 2: Calculate Uncertainties for MFi

R %R BMFi

MFi Absolute % of MF %R/√2 (BMFi*	MFi)
2

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

100 SUM 0.1249566

UMFi p SQRT 0.353492

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

2 )

Mass flow meter UMf
2 p (Bm

2 + 2sm
2 )

Bm 0.35 UMf
2 0.132500

sm 0.05
UMFi

2 0.1249566

SUM 0.2574566

HEAT INPUT UNCERTAINTY SQRT 0.5074018

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

Parameter Uncertainty

Density, � 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 p 0.2%

MCF Meter Calibration Factor is assumed to have no uncertainty

Time, t Time interval over which V is measured should be within 0.05%, and is therefore a negligible influence on
test uncertainty

HHVP ASTM reproducibility R is 0.239 MJ/kg, so BHHV p 0.239/�2 p 0.169MJ/kg

%H R p 0.18, BH p 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
in para. 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
that this 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.

7-3.6 Multiple Unit Tests

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

Pblock p P1 + P2 + P3 + … Pn

where
n p number of units

If the units are equal in power, and there is no
correlation among the instruments used, then the sensi-
tivity 
 p 1/n, and the block’s uncertainty will be

Upblock p �∑ �
Ui�2�
0.5

, or Ui/�n. It is likely, however,
that the VTs, CTs, and power meters are from the same
source, as may be the fuel properties, flowmeters and
other instruments. These correlations will tend to make
the systematic component of Upblock approach the value
in Ui, when all the 2

B terms are added. An analysis
similar to Table 7-3.1-3 can be done for the block, separat-
ing the correlated and uncorrelated measurements, and
combining the results by root sum square to obtain the
systematic uncertainty. The random component will be

equal to �∑ �
 ∗ 2Si�2.

7-4 COMPARATIVE TESTING UNCERTAINTY

7-4.1 General

To assist in minimizing the uncertainty of comparative
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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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 	 can be
expressed as a ratio Pca/Pb, where Pca is the power after
modification corrected to the conditions of the before
power, Pb. The sensitivities will be the partial derivatives
of 	 combined with the sensitivity coefficients 
 as
determined previously for each measured quantity. The
partials for 	 are

�	/�Pca p 1/Pb; on a relative basis ∗ Pca/	 p 1

�	/�Pb p −Pa/Pb
2; on a relative basis ∗ Pb/	 p −1

The sensitivities will be �	/�Pca∗
ia and �	/�Pb∗
ib,
or 
ia and −
ib.

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

b2
	 p ∑ i

ip1�bi
i�2 + 2∑ i
ip1∑ k

kp1�
i
kbik�

7-4.3 Sample Calculation for Difference

A simplified example, with only power, barometer,
and 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 substantial
improvement of this measurement would enhance the
results. The resultant test uncertainty is, for the
difference

UD p �∑ �B
�2 + ∑ �2SX
�2

The calculations are shown in Table 7-4.3-1.
The resultant test uncertainty is above the 10% limit

(10% of 5% improvement p 0.5%).
It should be apparent that using the same instrumenta-

tion for the inlet air temperature for both tests would
be advantageous in reducing the test uncertainty. Even
if the poorer before instrumentation were retained, the
U value drops to 0.35%; if the better instrumentation is
used for both, U drops to 0.16%. The latter would be a
good investment for assuring higher confidence in the
test result.

7-4.3.1 Heat Rate. Although the sensitivities 
 may
be less, the fact that improvement in heat rate is likely
to be less than that of power will put pressure on keeping
within the 10% goal. The fuel flow can easily be 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 2sx � (B�)2 (2sx�)2 B 2sx � (B�)2 (2sx�) 2BaBb�a�b SUM

Power 0.45 0.1 −1 0.2025 0.01 0.45 0.085 1 0.2025 0.007225 −0.405 0.017225
Inlet air 1.6 1 −0.25 0.16 0.0625 0.75 0.25 0.18 0.018225 0.002025 . . . 0.24275
Barometer 0.1 0 −1 0.01 0 0.1 0 1 0.01 0 −0.02 0

0.3725 0.0725 0.230725 0.00925 −0.425 0.259975

GENERAL NOTES:
(a) U	 p SQRT p 0.509877.
(b) U value exceeds 10% uncertainty limit.

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

7-4.4 Calculation Information
It is suggested that the format for absolute perform-

ance (Tables 7-3.1-1 through 7-3.1-3) be used for compar-
ative tests, although Tables 7-3.1-1 and 7-3.1-2 can
probably be combined. In dealing with small differences
it is important to carry the calculations to several decimal
places to minimize arithmetic errors

Although the procedure recommends correcting the
after test data to the before test conditions, the uncertain-
ties in the before data must still be considered This
procedure skips the step of reporting corrected values
of both tests to Specified Reference Conditions, but the
calculation is similar: Pac p Pa*(Psrc/Pa@after
conditions)*(Pa/Psrc@ before conditions). Hence the sen-
sitivities for the before data remain part of the correction.

7-5 UNCERTAINTY OF FLOW CALCULATION FROM
HEAT BALANCE

7-5.1 Heat Balance
When the airflow, exhaust flow, and/or exhaust

energy is determined from the gas turbine heat balance,
the uncertainty of the result can be calculated from the
heat balance equation and the sensitivities obtained
through partial differentiation of the equation. For
example, if the exhaust flow is the desired result, the
heat balance equation

Qair + Qfuel + Qinj p Qext + Qelect + Qloss + Qexh (7-5.1)

where Qn p mn ∗ hn can be solved for the exhaust
flow Mexh:

Mexh p

��Mair��hair� + �Mfuel ∗ LHV� + �Minj��hinj�
− Qelect − Qloss − �Mext� �hext�� (7-5.2)

hext

The uncertainty is

U p �∑ i
ip1�
iUi�2 (7-5.3)
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7-5.2 Sensitivities

For each of the variables the partial derivatives are
determined. The normalized, or relative, sensitivities are
most useful, as errors are usually expressed as a percent
of the parameter measured. For example:

Parameter Partial Normalized

Mair hair/hexh (hair/hexh) ∗ Mair/Mexh p Qair/Qexh

Similarly, the remaining normalized partials are:

Parameter Partial

hair Qair/Qexh

Mfuel Qfuel/Qexh

LHV Qfuel/Qexh

Minj Qinj/Qexh

hinj Qinj/Qexh

Qelect −Qelect/Qexh

Qloss −Qloss/Qexh

Mext −Qext/Qexh

hext −Qext/Qexh

hexh −1

Note that these sensitivities are considerably different
than those (the influence coefficients) associated with a
turbine test, as the heat balance equation puts a strong
emphasis on the exhaust temperature and the heat input.

To evaluate the normalized partial derivatives, the
performance or rating data for the gas turbine must be
available. For this example, the data from the Mandatory
Appendix I will be used:

Measure Unit Value

Output MW 120.2
Heat input Million Btu/hr (LHV) 1,149.4
LHV Btu/lb (LHV) 21,072.5
Inlet air T °F 80
Exhaust T °F 1,000
Inlet flow Million lb/hr 2.688
Fuel flow lb/hr 54,545
Exhaust flow Million lb/hr 2.782
Water inj lb/hr 50,000
Air extr lb/hr 10,000
Losses Million Btu/hr 8.96
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Table 7-5.4-1 Exhaust Flow Uncertainty

MEAS � B 2sx (B�)2 (2sx�)2 SUM

Heat Input 1.6841 0.634 0 1.140024717 0 1.140025
Exh T . . . 8 2 . . . . . . . . .
then Exh h −1 0.92 0.23 0.8464 0.0529 0.8993

Power −0.6009 0.212 0 0.016228416 0 0.016228
Losses −0.0131 5 0 0.00429025 0 0.00429
Inj Flow 0.0679 1.75 1 0.014119381 0.00461 0.01873
Inj T . . . 2.2 1 . . . . . . . . .
then Inj h 0.0679 1.3 0.6 0.007791593 0.00166 0.009451

Extr Flow −0.00188 1.75 1 1.08241E-05 3.53E-06 1.44E-05
Extr T . . . 3 1.5 . . . . . . . . .
then Extr h −0.00188 0.59 0.3 1.23032E-06 3.18E-07 1.55E-06

2.08804

GENERAL NOTES:
(a) U exh. flow p 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 �
3,412.14 p 410.14 million Btu/hr.

The enthalpies of the fluid streams must either be
referenced 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

h at T,
Parameter T − °F Btu/lb h at 80°F h at T − h at 80°F

hexh 1,000 246.09 0.76 245.33
hair 80 0.73 0.73 0
hinj 200 1,146 1,096 −928 (heat of

vapor p −978)
hextr 600 129.14 0.73 128.41

The values for the sensitivities may now be calculated.

Partial for Term Value

Mfuel 
Mf 1.6841
LHV 
LHV 1.6841
hexh 
hexh −1.0
Qelect 
elect −0.6009
Qloss 
loss −0.0131
hinj 
hinj 0.0679
Minj 
Minj 0.0679
hextr 
hextr −0.00188
Mextr 
Mextr −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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The exhaust flow uncertainty for this example is
1.445%.

7-5.5 Emphasis on Exhaust Temperature and Fuel
Flow

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

7-5.6 Exhaust Energy

The uncertainty in the exhaust energy (Qexh) will be
less than that for exhaust flow, since the uncertainty for
exhaust enthalpy does not appear. In Table 7-5.6-1, the
uncertainties for Qinj and Qextr are the RSS of the flow
and enthalpy values. The exhaust energy uncertainty is
1.11%.

7-5.7 Corrected Values

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 � (B�)2 (2sx�)2 SUM

Qfuel 1.6841 1.14002472 0 1.140024717
Qinj 0.0679 0.02191097 0.00627 0.028181131
Qext -0.00188 1.2054E-05 3.85E-06 1.59069E-05
Qelect -0.6009 0.01622842 0 0.016228416
Qloss -0.0131 0.00429025 0 0.00429025

1.188740421

GENERAL NOTE: U exh. energy p SQRT 1.090293732.

7-5.7.1 Uncertainty — Alternate Method. Para-
graph 5-4.1 indicates that, in some straightforward cases,
corrected values of the Q heat factors may be used
directly to obtain exhaust energy. Equation (5-4.1) would
become:

Qexh,corr p Qfuel,corr − Qelect,corr − Qloss,corr (7-5.7)

Since Qfuel,corr p kWcorr*HR corr p Qfuel/���,
sensitivities derived from this equation are

(a) Power, −Qelect.corr/Qexh.corr

(b) Heat Input, Qfuel/���/Qexh.corr

(c) Loss, Qloss,corr/Qexh.corr

64

The uncertainty calculations can proceed similarly to
para. 7-5.4.

7-5.8 HRSG Heat Balance

In many cases a heat balance will also be performed
around the heat recovery device, to provide a check on
the value determined by the gas turbine balance. The
uncertainties of the two methods may be combined to
give the most realistic assessment of the uncertainty of
the exhaust flow or energy that has been determined.
ASME PTC 4.4, Gas Turbine Heat Recovery Steam
Generators, presents the methods for calculating the
HRSG heat balance and combined uncertainties.
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MANDATORY APPENDIX I
DETERMINATION OF GAS TURBINE EXHAUST ENERGY, FLOW,

AND TEMPERATURE

I-1 INTRODUCTION

The first edition of ASME PTC 22 was published in
1953. At that time the majority of the gas turbine designs
were principally used for driving compressors or utility
peaking applications. Therefore, the Code addressed
only gas turbine power output and efficiency testing.
As time progressed and gas turbine designs improved
both in efficiency and power output ratings, it became
common to install gas turbines in base loaded combined
cycle plants. These plants were typically designed and
built by the gas turbine OEM, so the only testing dictated
by the market was power output and efficiency which
was reflected in later revisions of the Code. In today’s
market it is typical for a customer to purchase the major
components of a combined cycle plant from several dif-
ferent vendors. Therefore, in addition to power output
and efficiency, gas turbine exhaust temperature and flow
or energy are now critical measurements. The exhaust
flow and temperature are necessary inputs to determine
the performance of the HRSGs and bottoming cycle
performance.

The PTC Committee investigated several different
means for determining exhaust flow and energy such
as inlet flow measuring devices, exhaust flow measuring
devices, HRSG heat balance, exhaust gas constituent
analysis, and gas turbine heat balance. Based on reason-
able economic considerations per the requirements of
ASME PTC 1, the gas turbine heat balance method has
been selected as the method of choice.

I-2 TEST METHODOLOGY

The following summarizes the general test methodol-
ogy for tests conducted for the evaluation of exhaust
temperature, exhaust flow, and/or exhaust energy.

The gas turbine exhaust temperature is determined
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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reference to the point at which they cross the boundary.
Energy streams within the boundary need not be deter-
mined unless they verify Specified Reference Conditions
or unless they relate functionally to conditions outside
the boundary.

The specific test boundary for a particular test must
be established by the parties to the test. Typical energy
streams crossing the test boundary for common gas tur-
bine cycles are shown in Fig. 3-1.5.1-1. Stream properties
for the output and heat rate test are typically determined
at the outer test boundary as indicated in Fig. 3-1.5.1-1.
Stream properties for the exhaust energy or flow test
are typically determined at the inner test boundary as
indicated in Fig. 3-1.5.1-1.

For the determination of exhaust energy, a simple
energy balance is performed around the test boundary.
The exhaust energy may be determined directly if the
reference temperature of all enthalpies is chosen as the
measured inlet air temperature (hair p 0, Qair p 0).

For the determination of exhaust energy where the
reference temperature is different from the inlet air tem-
perature (hair ≠ 0, Qair ≠ 0), or for the determination of
exhaust flow, a mass balance must also be performed
around the test boundary and solved simultaneously
with the energy balance.

I-3 CALCULATIONS AND RESULTS: GENERAL

The following paragraphs describe the detailed proce-
dures required for application of the gas turbine heat
balance method. Due to length and complexity, these
calculations are provided here for convenience rather
than in Section 5 of this Code.

Determination of gas turbine exhaust energy or flow
and temperature, corrected to Specified Reference
Conditions, are the primary objects of this test. Test
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 Exhaust Energy. The exhaust energy is deter-
mined by an energy balance around the gas turbine.
The energy into the system includes the air, fuel, and
injection streams to the gas turbine. The energy from
the system includes the exhaust leaving the gas turbine,
compressor extractions, electrical or mechanical power,
and heat losses. Therefore, the energy equation is as
follows:

Energy In p Energy Out

Qair + Qfuel + Qinj p Qext + Qelect + Qexh + Qloss

where

Qn p mnhn

To determine the exhaust energy term, one must iden-
tify a reference temperature to which the calculated
exhaust energy is indexed. Selection of the reference
temperature varies in the industry and can be chosen
as any temperature. All terms of the equation must be
evaluated at the chosen reference temperature. The
determination of exhaust energy is greatly simplified if
the chosen reference temperature is the measured inlet
air temperature into the compressor which eliminates
the need to determine exhaust temperature, inlet air
flow, inlet air moisture content, and inlet air enthalpy
resulting in Qair p 0. However, if corrections must be
applied to the calculated exhaust energy for comparison
to a standard value, the calculated exhaust energy must
be based on the same reference temperature as the stan-
dard value. Therefore, rather than specifying a reference
temperature, this Appendix allows the user to select the
appropriate reference temperature on a test-specific
basis.

For any selected reference temperature other than the
measured compressor inlet temperature, the exhaust
flow calculation process described below must be fol-
lowed to determine the exhaust energy.

I-3.1.2 Exhaust Flow. The exhaust flow is deter-
mined by an energy and mass balance around the gas
turbine. The energy into the system includes the air,
fuel, and injection streams to the gas turbine. The energy
from the system includes the exhaust leaving the gas
turbine, compressor extractions, electrical or mechanical
power, and heat losses. Therefore, the energy and mass
balance equations are as follows:

Energy In p Energy Out

Qair + Qfuel + Qinj p Qext + Qelect + Qexh + Qloss
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where

Qn p mnhn

Mass In p Mass Out

mair + mfuel + minj p mext + mexh

Each term of the energy and mass balances in this
format can be quantified by direct measurement or
assumption except the exhaust flow and inlet air flow.
However, this is not a simple case of two equations
with two unknowns that can be solved simultaneously
because the exhaust stream enthalpy is dependent upon
the mass fraction of fuel flow to air flow.

Therefore, one of either of two methods may be used
to calculate the exhaust flow. For the first method, the
air flow and exhaust flow are determined iteratively.
This is accomplished by assuming an air flow and pro-
ceeding through the calculations to determine both the
heat entering and leaving the gas turbine. The correct
air flow and exhaust flow are determined when both
sides of the energy equation are equal.

The second method removes the need for iterations,
but requires the inlet air and exhaust streams to be sepa-
rated into combustion streams and noncombustion
streams. The idea is to identify the air flow required for
complete stoichiometric combustion and the excess air
flow not required for combustion. With this approach,
one can solve for all quantities directly with no itera-
tions. This is the preferred method described herein.

The following additional definitions allow this non-
iterative method to be implemented, along with the cal-
culation of the mass flow required for stoichiometric
combustion as described in para. I-3.2.4.

Qair p Qair,excess(in) + Qair,comb

Qexh p Qcombprod + Qair,excess(out)

mcombprod p mair,comb + mfuel + minj

mexh p mcombprod + mair,excess

The reference temperature for these calculations can
be selected by the user. The calculated exhaust flow
result should be the same regardless of the chosen refer-
ence temperature, provided all terms of the energy bal-
ance equation are properly adjusted to the chosen
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, lb/hr
(e) fuel gas molar analysis or liquid fuel ultimate

(mass) analysis
(f) fuel lower heating value, Btu/lb
(g) fuel temperature, °F
(h) injection flow, lb/hr
(i) injection enthalpy, Btu/lb
(j) extraction air flow, lb/hr
(k) extraction air temperature, °F (°C)
(l) exhaust gas temperature, °F (°C)
(m) selected enthalpy reference temperature, °F (°C)
(n) gas turbine losses, Btu/hr or kW
(o) power output, kW

I-3.1.4 Calculations. The calculations for determi-
nation of gas turbine exhaust energy or flow are pre-
sented in the following series of steps, many of which
involve intermediate calculations detailed in para. I-3.2.
Step 1: Determine the gas turbine inlet air humidity

ratio and wet air molar composition based on
the ambient conditions as described in
para. I-3.2.1.3.

Step 2: Determine the change in molar flow of the air
to exhaust gas constituents due to the combus-
tion of the gas turbine fuel as described in
para. I-3.2.2 for fuel gas and para. I-3.2.3 for
liquid fuel.

Step 3: Determine the mass flow of air required for
stoichiometric combustion as described in
para. I-3.2.4.

Step 4: Determine the gas turbine inlet air molar
flows to the combustor based on the ambient
conditions and the calculated combustor air
mass flow as described in para. I-3.2.1.4.

Step 5: Determine the composition of combustion
products using the combustor air molar flow
as determined in Step 4 and adding the
change in molar flow due to the combustion
of fuel in the gas turbine from Step 2. The
turbine exhaust molar flow must also include
the molar flow of steam or water injection into
the gas turbine. The calculation of combustion
product constituent mass fractions can then
be calculated as described in para. I-3.2.5.

Step 6: Determine the combustion products enthalpy
at turbine exhaust per para. I-3.2.6 with the
combustion products constituent mass frac-
tions as determined from Step 5 and the mea-
sured gas turbine exhaust temperature.

Step 7: Determine the gas turbine inlet air enthalpy
per para. I-3.2.6 with the inlet air composition
from 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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calculated using the same moist air composi-
tion, the inlet dry-bulb temperature, and the
turbine exhaust temperature.

Step 8: Determine the fuel heating value including
the sensible heat of the fuel per para. I-3.2.7
for fuel gas and para. I-3.2.8 for liquid fuel.

Step 9: Determine the duty of a steam or water injec-
tion stream by multiplying the measured flow
by the adjusted enthalpy. The adjusted
enthalpy is determined by subtracting the sat-
urated vapor enthalpy at the selected refer-
ence temperature from the ASME Steam
Tables enthalpy [ref. 32°F (0°C)] at the mea-
sured pressure and temperature.

Step 10: Determine the electrical energy generated by
multiplying the kilowatts produced by
3,412.14 Btu/hr/kW.

Step 11: Determine the gas turbine heat losses in accor-
dance with subsection 4-10.

Step 12: The excess air flow is now the only unknown
parameter in the heat balance equation. Solve
the equation for the excess air flow.

mair,excess(hair,inlet − hair,exh) p mexthext + Qelect + Qloss

+ mcombprodhcombprod − mair,combhair,inlet − mfuel(LHV)
− minjhinjmcombprod p mair,comb + mfuel + minj

Step 13: The turbine exhaust gas flow is finally calcu-
lated as the mass flow of combustion products
plus the excess air flow.

mexh p mcombprod + mair,excess

I-3.2 Intermediate Calculations

I-3.2.1 Wet Air Composition and Molar Flows to
Combustor. This section determines the mass fractions
and molar flows of the wet air constituents entering the
gas turbine combustor.

I-3.2.1.1 General. The following inlet dry air
molar composition is assumed:

Element/Compound Composition, %

Nitrogen 78.084
Oxygen 20.9476
Argon 0.9365
Carbon dioxide 0.0319

100.000

The dry air composition is corrected for humidity and
atmospheric pressure effects via humidity calculations
taken from the ASHRAE 2013 Handbook of Fundamentals
as described in the following calculations.

I-3.2.1.2 Data Required
(a) barometric pressure, psia
(b) dry-bulb temperature, °F (°C)
(c) wet-bulb temperature, °F (°C), or relative

humidity, %
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I-3.2.1.3 Wet Air Composition and Humidity Ratio
Calculations. The wet air molar analysis and humidity
ratio are determined by the following steps. When
required to calculate the water vapor saturation pres-
sure, use the following relationship:

In(�vapor) p
C1

T
+ C2 + C3T + C4T

2 + C5T
3 + C6T

4 + C7ln(T)

where
pvapor p psia

T p °R
p t + 459.67

t p °F

For the vapor pressure over ice in the temperature
range of −148°F to 32°F, the constants are

C1 p −1.0214165 � 104

C2 p −4.8932428

C3 p −5.3765794 � 10-3

C4 p 1.9202377 � 10-7

C5 p 3.5575832 � 10-10

C6 p −9.0344688 � 10-14

C7 p 4.1635019

For the vapor pressure over water in the temperature
range of 32°F to 392°F, the constants are

C1 p −1.0440397 � 104

C2 p −1.1294650 � 101

C3 p −2.7022355 � 10-2

C4 p 1.2890360 � 10-5

C5 p −2.4780681 � 10-9

C6 p 0.0

C7 p 6.5459673

Step 1: If the relative humidity is known, go to Step 2.
If the wet-bulb temperature is known, go to
Step 6.

Step 2: Calculate the water vapor saturation pressure
at the dry-bulb temperature.

Step 3: Calculate the partial pressure of water by
multiplying the vapor pressure times the rela-
tive humidity.

pH2O p pvapor * RH/100

Step 4: Calculate the fraction of dry air (FDA) by
subtracting the partial pressure of water from
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the atmospheric pressure and dividing this
difference by the atmospheric pressure.

FDA p (�atm − �H2O)/�atm

Step 5: Calculate the humidity ratio as a function of
the fraction of dry air.

� p � 1
FDA

− 1� * 18.01528/28.9651159

Go to Step 10.
Step 6: Calculate the water vapor saturation pressure

at the wet-bulb temperature.
Step 7: Calculate the saturated humidity ratio from

the atmospheric pressure and vapor pressure
by the following equation:

Saturated Humidity Ratio (�sat) p 0.621945 * pvapor / (patm

− pvapor)

Step 8: Calculate the actual humidity ratio from the
saturated humidity ratio, wet-bulb tempera-
ture, and dry-bulb temperature by the follow-
ing equation:

Humidity Ratio (�) p
(1,093 − 0.556 * twetbulb) * �sat − 0.240 * (tdrybulb − twetbulb)

1,093 + 0.444 * tdrybulb − twetbulb

Step 9: Calculate the fraction of dry air from the
actual humidity ratio by the following
equation:

FDA p
18.01528

28.9651159� + 18.01528

Step 10: The wet air mole fractions can now be calcu-
lated. The fraction of dry air multiplied by
the dry air mole fraction will give the actual
air constituent mole fraction.

Nitrogen mole fraction p MFN2 p FDA * 0.780840
Oxygen mole fraction p MFO2 p FDA * 0.209476
Argon mole fraction p MFAr p FDA * 0.009365
Carbon dioxide mole fraction p MFCO2 p FDA *

0.000319
The mole fraction of water is one minus the fraction

of dry air.
Water mole fraction p MFH2O p 1.0 − FDA
The assumed mole fraction of sulfur dioxide in air

is zero.
Sulfur dioxide mole fraction p MFSO2 p 0.0

Step 11: Calculate the average molecular weight of the
wet air by the following equation. Molecular
weights are given in Table I-3.2.1.3-1.

MWair p � [MFi � MWi]
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Table I-3.2.1.3-1 Elemental Molecular Weights

Element Molecular Weight, lb/lbmol

Argon 39.948
Carbon 12.0107
Helium 4.002602
Hydrogen 1.00794
Nitrogen 14.0067
Oxygen 15.9994
Sulfur 32.065

GENERAL NOTE: Molecular weights adapted from Coursey, J.S.,
Schwab, D.J., and Dragoset, R.A. (2003), Atomic Weights and
Isotopic Compositions (version 2.4). [Online] Available:
http://physics.nist.gov/Comp[January 2004]. National Institute of
Standards and Technology, Gaithersburg, MD.

where
i p subscript denoting a given air constituent

MF p mole fraction
MW p molecular weight, lb/lbmol

I-3.2.1.4 Calculation of Molar Flows to Combustor.
The wet air molar flows to the combustor are determined
by the following steps. In addition to the parameters
determined in the previous section, this calculation
requires the mass flow of air to combustor (mair,comb) as
calculated in para. I-3.2.4.
Step 1: Calculate the air molar flow to the combustor

by dividing the air mass flow to the combustor
by the average molecular weight. The air con-
stituent molar flow to the combustor is the air
molar flow times the constituent mole fraction.

Mi p mair,comb � MFi/MWair

where
i p subscript denoting a given air constituent

M p molar flow, mol/hr
mair,comb p air mass flow to the combustor, lb/hr

MF p mole fraction
MWair p molecular weight of the wet air mixture,

lb/lbmol

Step 2: Calculate the air constituent mass fraction by
multiplying the constituent mole fraction by
its molecular weight and dividing by the aver-
age molecular weight. The mass fractions are
required only for determining enthalpy.

mFi p MFi � MWi/MWair

where
i p subscript denoting a given air constituent

MF p mole fraction
mF p mass fraction

MW p molecular weight
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I-3.2.2 Molar Flow Change Due to Fuel Gas
Combustion

I-3.2.2.1 General. This section determines the
molar flow change of the air to the exhaust stream con-
stituents due to the complete stoichiometric combustion
of each constituent of the fuel gas.

I-3.2.2.2 Data Required
(a) fuel gas flow, lb/hr
(b) fuel gas molar analysis

I-3.2.2.3 Table of Combustion Ratios.
Table I-3.2.2.4-1 provides the ratios of air constituent
molar flow change per mole of fuel gas constituent
resulting from complete stoichiometric combustion. The
molar flow of any inert compound in the fuel gas, such
as nitrogen or carbon dioxide, would pass directly into
the combustion products on a mole per mole basis. The
table values are determined from an oxidation chemical
reaction for a unit mole of each fuel gas constituent in
accordance with the following generic oxidation equa-
tion. The coefficients for oxygen are negative because
oxygen is consumed in the reaction.

CxHySz + (x +
y
4

+ z) O2 p (x)CO2 + (
y
2
)H2O + (z)SO2

I-3.2.2.4 Calculations
Step 1: Calculate the fuel gas average molecular

weight by summing, for all fuel gas constit-
uents, the product of the constituent mole frac-
tion and molecular weight. For molecular
weights see Table I-3.2.1.3-1.

MWfuel p �[MFj � MWj]

Step 2: Calculate the fuel gas molar flow by dividing
the fuel gas mass flow by the fuel gas average
molecular weight.

Mfuel,mol/hr p
mfuel,lb/hr

MWfuel

Step 3: Calculate the change in molar flow due to com-
bustion of each air constituent by summing,
for all fuel gas constituents, the product of the
fuel gas molar flow, the fuel gas constituent
mole fraction, and the corresponding combus-
tion ratio for the given air constituent. Traces
of helium in the fuel gas can usually be com-
bined with argon.

�Mi p �[Mfuel � MFj � CRij]

where
CR p combustion ratio from Table I-3.2.2.4-1

i p subscript denoting a given air constituent
j p subscript denoting a given fuel gas

constituent
Mfuel p fuel gas molar flow from Step 2, mol/hr
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Table I-3.2.2.4-1 Fuel Gas Combustion Ratios

Air ConstituentFuel Gas
Constituent N2 O2 CO2 H2O Ar SO2

CH4 0 -2 1 2 0 0
C2H6 0 -3.5 2 3 0 0
C3H8 0 -5 3 4 0 0
C4H10 0 -6.5 4 5 0 0
C5H12 0 -8 5 6 0 0
C6H14 0 -9.5 6 7 0 0
N2 1 0 0 0 0 0
CO 0 -0.5 1 0 0 0
CO2 0 0 1 0 0 0
H2O 0 0 0 1 0 0
H2 0 -0.5 0 1 0 0
H2S 0 -1.5 0 1 0 1
He 0 0 0 0 1 [Note(1)] 0
O2 0 1 0 0 0 0
Ar 0 0 0 0 1 0

NOTE:
(1) Helium, as an inert gas, is carried through the equations as argon.

Table I-3.2.3.3-1 Liquid Fuel Combustion Ratios

Air Constituent

Fuel Gas Constituent N2 O2 CO2 H2O Ar SO2

C 0 -1 1 0 0 0
H 0 -0.25 0 0.5 0 0
O 0 0.5 0 0 0 0
N 0.5 0 0 0 0 0
S 0 -1 0 0 0 1

MF p mole fraction
�M p change in molar flow due to combustion,

mol/hr

I-3.2.3 Molar Flow Change Due to Liquid Fuel
Combustion

I-3.2.3.1 General. This section determines the
molar flow change of the air to the exhaust stream con-
stituents due to the complete stoichiometric combustion
of each constituent of the liquid fuel.

I-3.2.3.2 Data Required
(a) liquid fuel flow, lb/hr
(b) liquid fuel ultimate analysis (weight fractions)

I-3.2.3.3 Table of Combustion Ratios.
Table I-3.2.3.3-1 provides the ratios of air constituent
molar flow change per mole of liquid fuel constituent
resulting from complete stoichiometric combustion.
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I-3.2.3.4 Calculations
Step 1: Calculate the liquid fuel molar flow for each

element in the liquid fuel analysis by multi-
plying the liquid fuel mass flow by the constit-
uent mass fraction divided by the elemental
molecular weight (see Table I-3.2.1.3-1).

Mj p mfuel � mFj/MWj

where
j p subscript denoting a given liquid fuel ele-

mental constituent
M p liquid fuel constituent molar flow, mol/hr

mfuel p liquid fuel mass flow, lb/hr
mF p mass fraction of liquid fuel constituent

MW p molecular weight, lb/lbmol

Step 2: Calculate the change in molar flow due to com-
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.

�Mi p �[Mi � CRij]

where
CR p combustion ratio from Table I-3.2.3.3-1

i p subscript denoting a given air constituent
j p subscript denoting a given liquid fuel elemen-

tal constituent
M p liquid fuel molar flow from Step 1, mol/hr

�M p change in molar flow due to combustion,
mol/hr

I-3.2.4 Combustion Air Flow

I-3.2.4.1 General. This section describes the
method for determining the mass flow of wet combus-
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
(a) humidity ratio (�), lb H2O/lb dry air

(para. I-3.2.1.3)
(b) change in molar flow of O2, mol/h (para. I-3.2.2

for fuel gas, para. I-3.2.3 for liquid fuel)

I-3.2.4.3 Calculations
Step 1: Calculate the mass flow of dry air to the

combustor.

mair,comb(dry) p
�MO2

MFO2
� MWair(dry)

where
�MO2 p change in molar flow of O2 due to

combustion, mol/hr
MFO2(dry) p mole fraction of O2 in dry air p

0.209476
MWair(dry) p molecular weight of dry air p

28.9651159

Step 2: Calculate the mass flow of moist air to the
combustor.

mair,comb p mair,comb(dry)(1 + �)

I-3.2.5 Combustion Products Exhaust Composition

I-3.2.5.1 General. This section determines the gas
turbine combustion products exhaust composition for
the purpose of calculating the combustion products
exhaust gas enthalpy. The exhaust constituents will
include some or all of the following compounds: nitro-
gen, oxygen, carbon dioxide, water, argon, and sulfur
dioxide.
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I-3.2.5.2 Data Required
(a) combustor air flow, lb/hr (para. I-3.2.4.3, Step 2)
(b) steam/water injection flow, lb/hr
(c) fuel flow, lb/hr
(d) combustor air molar flow, mol/hr (para. I-3.2.1.4,

Step 1)
(e) change in molar flow, mol/hr (para. I-3.2.2.4,

Step 3 for fuel gas; para. I-3.2.3.4, Step 2, for liquid fuel)

I-3.2.5.3 Calculations
Step 1: Calculate the molar flow of steam/water injec-

tion by dividing the injection mass flow by
the molecular weight of water.

Minj p minj/MWH2O

where
Minj p injection water/steam molar flow,

mol/hr
minj p injection water/steam mass flow, lb/hr

MWH2O p molecular weight of water, lb/mol

Step 2: Calculate the water molar flow in the exhaust
stream as the sum of the water molar flow
from the air, the change in molar flow of water
from the combustion of the fuel, and the steam
or water injection molar flow calculated in
Step 1.

Mcombprod,H2O p Mair,H2O + �MH2O + Minj

where
Mair,H2O p molar flow of water in combus-

tion air, lb/lbmol
Mcombprod,H2O p molar flow of water in combus-

tion products, lb/lbmol
Minj p injection water/steam molar

flow, mol/hr
�MH2O p change in molar flow of water

due to combustion

Step 3: Calculate the molar flow for all other exhaust
constituents as the sum of the molar flow from
the air and the change in molar flow due to
combustion of the fuel.

Mcomboprodk p Mairk + �Mk

where
k p subscript denoting a given combus-

tion products constituent (non-water
in this case)

Mair p combustion air molar flow, lb/lbmol
Mcombprod p combustion products molar flow, lb/

lbmol
�M p change in molar flow due to

combustion

Step 4: Calculate the mass fraction of each gas turbine
combustion products exhaust constituent as
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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.

mcombprod p mair,comb + mfuel + minj

mFcombprodk p Mcombprodk � MWk/mcombprod

where
mFcombprod p combustion products mass fraction
Mcombprod p combustion products molar flow, lb/

lbmol
MW p constituent molecular weight, lb/

lbmol
k p subscript denoting any combustion

products constituent

I-3.2.6 Gas Enthalpy

I-3.2.6.1 General. This section describes the
method for determining the enthalpies in the exhaust
gas and air streams. The gas or air stream enthalpy is
a mass weighted value of the stream constituent enthal-
pies. The constituent enthalpy equations and coefficients
are adapted from McBride, B.J., Zehe, M.J., and
Gordon, S. (September 2002), NASA Glenn Coefficients for
Calculating Thermodynamic Properties of Individual Species,
NASA/TP-2002-211556. National Aeronautics and
Space Administration, Glenn Research Center,
Cleveland, OH. This database is periodically updated
as new research is completed, therefore the user should
periodically confirm that the constants used in the
enthalpy equations are consistent with the latest avail-
able research. Updates can be confirmed online at the
NASA Glenn Chemical Equilibrium with Applications
(CEA) computer program website:
http://www.grc.nasa.gov/WWW/CEAWeb/ceaHome.htm

using the available Thermo-Build function or the
CEAgui program. The constants to be used should be
agreed upon prior to conducting a test. An alternative
source of enthalpy data that the parties may agree
upon is ASME STP-TS-012-1, Thermophysical Properties
of Working Gases Used in Working Gas Turbine
Applications.

I-3.2.6.2 Data Required
(a) gas temperature, °F
(b) gas constituent mass fractions
(c) selected enthalpy reference temperature, °F

I-3.2.6.3 Enthalpy Equation Constants. The
enthalpy is calculated for each constituent in a gas
stream as a function of the gas temperature. The NASA
enthalpy correlations provided here for each constituent
are applicable up to 1 000 K (1,340.33°F) which is suffi-
cient for the objectives of this Mandatory Appendix and
for the current gas turbine technologies. Higher range
correlations are available from the NASA database.
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The correlations require the temperature to be expressed
in kelvin.

TK p temperature[K] p (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:

H° p [(−
A1

TK
+ A2 ln(TK) + A3TK +

A4T
2
K

2
+

A5T
3
K

3
+

A6T
4
K

4

+
A7T

5
K

5
+ A8) * R − �fH°]/2.326/MW

where
Ax p coefficients as given in Table I-3.2.6.3-1
H° p H°(TK) − H°(298.15 K) p enthalpy (ref p

77°F), Btu/lb
MW p molecular weight

R p 8.31451 J/mol-K
TK p temperature, K

�fH° p heat of formation, J/mol

For instances that require a reference temperature dif-
ferent than 77°F, the enthalpy relation must be evaluated
twice.

H°(TK)NewRef p H°(TK)77°F −H°(NewRef)77°F

I-3.2.6.4 Calculations
Step 1: Calculate the enthalpy for each gas constituent

for the given temperature at the selected refer-
ence temperature using the appropriate corre-
lation coefficients.

Step 2: Calculate the gas enthalpy for the gas mixture
as the sum of the products of the constituent
enthalpy and constituent weight (mass) frac-
tion for all constituents.

hm p H°(TK)mixture p �[mFn � H°(TK)n]

I-3.2.7 Fuel Gas Heating Value

I-3.2.7.1 General. The heat of combustion used 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 heating
value for fuel gas is a calculated number based upon
the fuel gas composition as described in Section 5. The
heating value should always be calculated based on 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
enthalpy data from NIST or GPSA databases at the actual
temperature and partial pressure of each of the fuel gas
constituents, then combining them to obtain an overall
enthalpy or specific heat value for the compressed
mixture.

A simplified method considers the fuel composition
variance but ignores the pressure effects by determining
enthalpies at 1 atm which can lead to calculated exhaust
flows which may be as much as 0.1% low. This is the
same method used for the air and exhaust gas enthalpies
at atmospheric pressure by applying the NASA formula-
tions and coefficients adapted from NASA/TP-2002-
211556. For consistency with the other enthalpy calcula-
tions in this overall heat balance, this method of
determining sensible heat is demonstrated in the sample
calculation at the end of this Mandatory Appendix. The
NASA coefficients are provided in Table I-3.2.6.3-1.

I-3.2.7.2 Data Required
(a) fuel gas constituent analysis
(b) fuel gas temperature, °F
(c) selected reference temperature, °F

I-3.2.7.3 Calculations
Step 1: Calculate the total fuel mass by summing the

products of fuel gas compound mole fraction
and compound molecular weight for all fuel
gas compounds.

Total Mass of Fuel p � (MFj � MWj)

Step 2: Calculate the heating value contribution of
each fuel gas compound by computing the
product of the fuel gas compound mole frac-
tion, the fuel gas compound molecular weight,
and the fuel gas compound heat of combustion
(in Btu/lb) and dividing by the total fuel
weight.

LHVj p MFj � MWj � HCj/Total Mass of Fuel

Step 3: Calculate the fuel gas ideal heating value by
summing the heating value contributions of
all fuel gas compounds.

LHVchem p � LHVj

74

Step 4: Calculate the sensible heat content (specific
enthalpy) of the fuel in accordance with para.
I-3.2.7.1. Calculate the fuel net heating value
as the sum of the fuel gas ideal heating value
and the fuel sensible heat, then adjust from
the measured fuel temperature to the selected
reference temperature.

LHV p LHVchem + LHVsens

I-3.2.8 Liquid Fuel Heating Value

I-3.2.8.1 General. The heat of combustion used in
all calculations is the lower heating value. This is not
to be confused with the higher heating value, which
includes the heat of vaporization for water. The heating
value for liquid fuel is to be determined in accordance
with the Code. Care should be taken to ensure the liquid
fuel heating value is properly adjusted to the selected
reference temperature. For most liquid fuels (No. 1
through No. 6 fuel oils) in the typical API gravity range,
the empirical approximation provided in para. 5-3.1.10
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/lb
(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 heat

content of the liquid fuel.
Step 2: The fuel net heating value is the sum of the

liquid fuel ideal heating value and the fuel
sensible heat.

LHV p LHVchem + LHVsens

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 (see
Figs. I-4-1 through I-4-11). It has been the intention to
design a user-friendly example, which is the reason for
using multiple sheets. The different sheets modularize
the calculations. The “Main” worksheet is the main
input/output sheet. This is the only sheet required for
most cases. Intermediate 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
1 000 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 lb/h
Excess Air Flow 1,749,726 lb/h

Ln(Pvapor ) =  C1 / T + C2 +C3*T + C4*T2 + C5*T3 + C6*T4 + C7*Ln(T)

For T <= 32°F For T > 32°F
C1 = -1.0214165E+04 C1 = -1.0440397E+04
C2 = -4.8932428E+00 C2 = -1.1294650E+01
C3 = -5.3765794E-03 C3 = -2.7022355E-02
C4 = 1.9202377E-07 C4 = 1.2890360E-05
C5 = 3.5575832E-10 C5 = -2.4780681E-09
C6 = -9.0344688E-14 C6 = 0
C7 = 4.1635019E+00 C7 = 6.5459673E+00

Calculations for Case of Known Relative Humidity

T = tdry bulb + 459.67 = 539.67 °R pvapor = 0.5074 psia

pH2O = %RH * pvapor = 0.3044 psia

FDA = (patm-pH2O)/patm = 0.979286

Humidity Ratio =   (1/FDA - 1) x MWH2O /MWdryair   = 0.013156 lb H20 / lb dry air

Calculations for Case of Known Wet Bulb Temperature

T = twet bulb + 459.67 = °R pvapor = #VALUE! psia

Saturated Humidity Ratio = HR sat = 0.621945 * Pvapor / (Patm - Pvapor)

HRsat = lb H20 / lb dry air

Humidity Ratio = (1093 - .556 * Twet bulb) * HRsat -.240 * (Tdry bulb - Twet bulb)

                 (1093 + .444 * Tdry bulb - Twet bulb)

Humidity Ratio = lb H20 / lb 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

A1 A2 A3 A4 A5 A6 A7

Compound Calculation  Air Mole Fraction
Molecular

Weight [A3]x[A4]

Moist Air Molar 
Flow to 

Combustor
Air Weight 
Fraction

lb/h x [A3] / Sum 
[A5] = mol/h [A5] / Sum [A5]

N2 .780840 * FDA 0.7647 28.0134 21.4209 24699 0.7454
O2 .209476 * FDA 0.2051 31.9988 6.5641 6626 0.2284

CO2 .000319 * FDA 0.0003 44.0095 0.0137 10 0.0005
H2O 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 AIR TO COMBUSTOR

A1 A8 A9 A10

Compound  Air Mole Fraction Molecular
Weight [A8]x[A9]

N2 0.7808 28.0134 21.8740
O2 0.2095 31.9988 6.7030

CO2 0.0003 44.0095 0.0140
H2O 18.01528
Ar 0.0094 39.948 0.3741

Average Molecular Weight 28.9651

EXCESS AIR

A1 A11 A12 A13 A14 A15 A16

Compound Calculation  Air Mole Fraction Molecular
Weight

[A12] x 
[A13]

Excess Moist Air 
Molar Flow

Air Weight 
Fraction

lb/h x [A12] / Sum 
[A14] = mol/h [A14] / Sum [A14]

N2 .780840 * FDA 0.7647 28.0134 21.4209 46557 0.7454
O2 .209476 * FDA 0.2051 31.9988 6.5641 12490 0.2284

CO2 .000319 * FDA 0.0003 44.0095 0.0137 19 0.0005
H2O 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 O2 6,625.9 mol/h

Molecular Weight of Dry Air 28.9651 lb/lbmol

O2 Mole Fraction of Dry Air 0.20948

Dry Air to Combustor 916,193 lb/h

Specific Humidity 0.01316 lbwater/lbdryair

Moist Air to Combustor 928,246 lb/h

Total Inlet Air 2,687,972 lb/h

Compressor Bleed Air 10,000 lb/h

Wet Excess Air 1,749,726 lb/h

Wet Combustion Air 928,246 lb/h

Fuel Flow 54,545 lb/h

Injection Flow 50,000 lb/h

Total Combustor Flow 1,032,791 lb/h

Turbine Exhaust Flow 2,782,517 lb/h
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Fig. I-4-9 Sample Calculation of Fuel Gas Sensible Heat

CALCULATION OF FUEL GAS SENSIBLE HEAT

Fuel Gas Temp = 80 °F Ref Temp = 80.0 °F
299.8 K 299.8 K

539.67 539.67
H1 H2 H3 H4 H5 H6 H7 H8

Compound Stream Mass Fraction Compound Enthalpy [H2]x[H3] Compound Stream Mass Fraction Compound Enthalpy [H6]x[H7]
[A7] (eqns below) [A7] (eqns below)

CH4 0.679 1.596 1.083 CH4 0.679 1.596 1.083
C2H6 0.168 1.253 0.210 C2H6 0.168 1.253 0.210
C3H8 0.113 1.198 0.135 C3H8 0.113 1.198 0.135

iso-C4H10 0.015 1.194 0.018 iso-C4H10 0.015 1.194 0.018
n-C4H10 0.015 1.219 0.018 n-C4H10 0.015 1.219 0.018

iso-C5H12 0.004 1.183 0.004 iso-C5H12 0.004 1.183 0.004
n-C5H12 0.007 1.195 0.009 n-C5H12 0.007 1.195 0.009
n-C6H14 0.000 1.188 0.000 n-C6H14 0.000 1.188 0.000

N2 0.000 0.745 0.000 N2 0.000 0.745 0.000
CO 0.000 0.745 0.000 CO 0.000 0.745 0.000
CO2 0.000 0.605 0.000 CO2 0.000 0.605 0.000
H2O 0.000 1.336 0.000 H2O 0.000 1.336 0.000
H2S 0.000 0.720 0.000 H2S 0.000 0.720 0.000
H2 0.000 10.252 0.000 H2 0.000 10.252 0.000
He 0.000 3.721 0.000 He 0.000 3.721 0.000
O2 0.000 0.658 0.000 O2 0.000 0.658 0.000
Ar 0.000 0.373 0.000 Ar 0.000 0.373 0.000

Enthalpy at Process Temp (Ref = 77 F): Fuel Gas Enthalpy = 1.477 Enthalpy at User Reference Temp: Fuel Gas Enthalpy = 1.477
Enthalpy at Process Temp (Ref = User): 0.000

Compound Enthalpies
TK =  (T(°F) + 459.67) / 1.8

Ho = [(-A1/TK + A2ln(TK) + A3TK + A4TK
2/2 + A5TK

3/3 + A6TK
4/4 + A7TK

5/5 + A8)*R - f H
o] / MW / 2.326

Constituent A1 A2 A3 A4 A5 A6 A7 A8 f H
o MW

CH4 -176685.0998 2786.18102 -12.0257785 0.039176193 -3.61905E-05 2.02685E-08 -4.97671E-12 -23313.1436 -74600 16.04246

C2H6 -186204.4161 3406.19186 -19.51705092 0.075658356 -8.20417E-05 5.06114E-08 -1.31928E-11 -27029.3289 -83851.544 30.06904

C3H8 -243314.4337 4656.27081 -29.39466091 0.118895275 -1.37631E-04 8.81482E-08 -2.34299E-11 -35403.3527 -104680 44.09562

iso-C4H10 -383446.933 7000.03964 -44.400269 0.174618345 -2.07820E-04 1.33979E-07 -3.55168E-11 -50340.1889 -134990 58.12220

n-C4H10 -317587.254 6176.33182 -38.9156212 0.158465428 -1.86005E-04 1.19968E-07 -3.20167E-11 -45403.6339 -125790 58.12220

iso-C5H12 -423190.339 6497.1891 -36.8112697 0.153242473 -1.54879E-04 8.74990E-08 -2.07055E-11 -51554.1659 -153700 72.14878

n-C5H12 -276889.4625 5834.28347 -36.1754148 0.153333971 -1.52840E-04 8.19109E-08 -1.79233E-11 -46653.7525 -146760 72.14878

n-C6H14 -581592.67 10790.97724 -66.3394703 0.252371516 -2.90434E-04 1.80220E-07 -4.61722E-11 -72715.4457 -166920 86.17536

N2 22103.715 -381.846182 6.08273836 -0.008530914 1.38465E-05 -9.62579E-09 2.51971E-12 710.846086 0 28.01340

CO 14890.45326 -292.2285939 5.72452717 -0.008176235 1.45690E-05 -1.08775E-08 3.02794E-12 -13031.31878 -110535.196 28.01010

CO2 49436.5054 -626.411601 5.30172524 0.002503814 -2.12730E-07 -7.68999E-10 2.84968E-13 -45281.9846 -393510 44.00950

H2O -39479.6083 575.573102 0.931782653 0.007222713 -7.34256E-06 4.95504E-09 -1.33693E-12 -33039.7431 -241826 18.01528

H2S 9543.80881 -68.7517508 4.05492196 -0.000301456 3.76850E-06 -2.23936E-09 3.08686E-13 -3278.45728 -20600 34.08088

H2 40783.2321 -800.918604 8.21470201 -0.012697145 1.75361E-05 -1.20286E-08 3.36809E-12 2682.484665 0 2.01588

He 0 0 2.5 0 0 0 0 -745.375 0 4.002602

O2 -34255.6342 484.700097 1.11901096 0.004293889 -6.83630E-07 -2.02337E-09 1.03904E-12 -3391.4549 0 31.99880

Ar 0 0 2.5 0 0 0 0 -745.375 0 39.94800

Enthalpy correlations adapted from McBride, B.J., Zehe, M.J., and Gordon S. (September 2002), NASA Glenn Coefficients for Calculating Thermodynamic 
Properties of Individual Species, NASA/TP-2002-211556.  National Aeronautics and Space Administration, Glenn Research Center, Cleveland, Ohio.
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Fig. I-4-10 Sample Calculation of Fuel LHV

CALCULATION OF FUEL LHV

FUEL GAS

Fuel Temperature= 80 °F Reference Temp = 80 °F

J1 J2 J3 J4 J5 J6 J7

Compound Fuel Mole Mol. Wt. [J2]x[J3] Fuel Wt. Heat of [J5]x[J6]
Fraction Fraction Combustion

= [J4] / Sum [J4] Btu/lb

CH4 0.8278 16.04246 13.279 0.679 21511.9 14599.9

C2H6 0.1092 30.06904 3.284 0.168 20429.2 3429.3

C3H8 0.0500 44.09562 2.205 0.113 19922.2 2244.9

iso-C4 H10 0.0050 58.1222 0.291 0.015 19589.8 291.0

n-C4H10 0.0050 58.1222 0.291 0.015 19657.8 292.0

iso-C5H12 0.0010 72.14878 0.072 0.004 19455.9 71.7

n-C5H12 0.0020 72.14878 0.144 0.007 19497.2 143.8

n-C6H14 0.0000 86.17536 0.000 0.000 19392.9 0.0

N2 0.0000 28.0134 0.000 0.000 0.0 0.0

CO 0.0000 28.0101 0.000 0.000 4342.2 0.0

CO2 0.0000 44.0095 0.000 0.000 0.0 0.0

H2O 0.0000 18.01528 0.000 0.000 0.0 0.0

H2S 0.0000 34.08088 0.000 0.000 6533.8 0.0

H2 0.0000 2.01588 0.000 0.000 51566.7 0.0

He 0.0000 4.002602 0.000 0.000 0.0 0.0

O2 0.0000 31.9988 0.000 0.000 0.0 0.0

Ar 0.0000 39.948 0.000 0.000 0.0 0.0

Sum = 19.566 Sum = 21072.5

Fuel Gas LHV (chemical energy only) 21,072.5 Btu/lb
Specific Enthalpy of Fuel at Process Temp 1.5 Btu/lb
Specific Enthalpy of Fuel at Ref Temp 1.5 Btu/lb

HVgas = LHV + SH Tfuel  - SH Tref 21,072.5 Btu/lb

LIQUID FUEL

LHV Input = 18500 Btu/lb

Liquid Fuel LHV (chemical energy only) 18,500.0 Btu/lb
Specific Enthalpy of Fuel at Process Temp 1.4 Btu/lb
Specific Enthalpy of Fuel at Ref Temp 1.4 Btu/lb

HVoil = LHV + SH Tfuel - SH Tref 18,500.0 Btu/lb

FUEL LHV = 21,072.5
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Fig. I-4-11 Sample Correction Performance Calculation

SAMPLE TEST RESULT

All correction factors come from correction curves provided by the equipment manufacturer.

Reference 
Case Test Case

Measured Test Parameters

Turbine Exhaust Flow, lb/h mexh 2,850,000 2,782,517

Turbine Exhaust Temperature, F texh 985 1,000

Inlet Air Temperature, F tair 59 80

Barometric Pressure, psia pair 14.5 14.696

Inlet Humidity, % RH 60 60

Injection Fluid Flow, lb/h minj 55,000 50,000

Exhaust Flow Correction Factors

Inlet Air Temperature γ1 1.0000 0.9500

Barometric Pressure γ2 1.0000 1.0135

Inlet Humidity γ3 1.0000 1.0000

Injection Fluid Flow γ5 1.0000 0.9985

Overall Correction Factor Pγ i 1.0000 0.9614

Exhaust Temperature Correction Factors

Inlet Air Temperature d1 0.0 18.0

Barometric Pressure d2 0.0 -4.0

Inlet Humidity d3 0.0 0.0

Injection Fluid Flow d5 0.0 -0.2

Overall Correction Factor Sdi 0.0 13.8

Corrected Test Results

Turbine Exhaust Flow, lb/h m
exh,corr 2,850,000 2,894,293

Exh Flow Margin, lb/h 44,293

Exh Flow Margin, % 1.55%

Turbine Exhaust Temperature, F texh,corr 985.0 986.2

Exh Temp Margin, F 1.2

87

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



ASME PTC 22-2014

NONMANDATORY APPENDIX A
SAMPLE CALCULATIONS

This Nonmandatory Appendix contains sample calcu-
lations for heat input (fuel flow, heating value, and sensi-
ble heat), electrical power, and corrected performance
(power, heat rate, exhaust temperature, and exhaust
flow).

A-1 CALCULATION OF HEAT INPUT

A-1.1 Gas Fuel Flow Test Data

Table A-1.1-1 shows test data for gas fuel flow.

A-1.2 Gas Fuel Composition

See the following in-text table for gas fuel
composition:

Component Formula Molar Fraction, %

Methane CH4 82.78
Ethane C2H6 10.92
Propane C3H8 5.00
Isobutane C4H10 0.50
n-Butane C4H10 0.50
Isopentane C5H12 0.10
n-Pentane C5H12 0.20

A-1.3 Temperature Compensated Pipe and Orifice
Dimensions

The equations for temperature compensated pipe and
orifice dimensions are shown below.

d p [1 + �PE (Tf − Tmeas)]dmeas

d p [1 + 0.00000925 � (80-68)] � 4.3495 p 4.3500 in.

D p [1 + �PP (Tf − Tmeas)]Dmeas

D p [1 + 0.00000925 � (80 − 68)] � 7.9991 p 8.0000 in.

A-1.4 Beta Ratio

� p
d
D

p
4.35
8.00

p 0.54375

A-1.5 Molecular Weight of Gas Mixture

See the following equation and in-text table for molec-
ular weight of gas mixture.

MWgas p �
n

jp1
xj*MWj
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Molecular
Molar Frac- Weight,

Component tion, (xj),% (MWj) (xj*MWj)

Methane 82.78 16.043 13.280
Ethane 10.92 30.069 3.284
Propane 5.00 44.096 2.205
Isobutane 0.50 58.122 0.291
n-Butane 0.50 58.122 0.291
Isopentane 0.10 72.149 0.072
n-Pentane 0.20 72.149 0.144

Total 19.567

A-1.6 Isentropic Exponent

For typical natural gas compositions, the isentropic
exponent (k p Cp/CV) can be assumed to be 1.3. A more
detailed calculation can be performed as a function of
the specific heat (Cp) as described in A-1.7.

k p Cp/�Cp −
R

MWgas� p 0.5188/�0.5188 −
1.9859
19.567� p 1.2432

A-1.7 Specific Heat at Constant Pressure, Cp

Specific heat at constant pressure is required to calcu-
late the isentropic exponent for the flow equation. How-
ever, mass flow usually has a weak correlation with Cp.
As a result, values for Cp generally can be obtained from
GPSA or NIST publications at atmospheric pressure and
fuel temperature. As a more accurate means for
determining Cp, particularly in compositions where
some of the higher species are liquid at actual fuel pres-
sure, Cp should be calculated from mass averaging the
specific heat values at the partial pressure of the constit-
uents. See Table A-1.7-1.

A-1.8 Expansion Factor

� p 1 − (0.41 + 0.35�4)
�P

kN2Pf
p 1 − (0.41 + 0.35

� 0.543754)
111.24

1.2432 � 27.73 � 400
p 0.9964

A-1.9 Velocity of Approach Factor

Ev p
1

�1 − �4
p

1

�11 − 0.543754
p 1.0468
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ASME PTC 22-2014

Table A-1.1-1 Gas Fuel Flow Test Data

Measurement Symbol Value

Flowing pressure Pf 400 psia
Flowing temperature Tf 80°F
Differential pressure �P 111.24 in. H2O at 68°F
Pipe diameter (measured) Dmeas 7.9991 in.
Orifice diameter (measured) dmeas 4.3495 in.
Coefficient of discharge, C C 0.6038
Pipe measurement temperature Tmeas 68°F
Coefficient of thermal expansion for pipe �PP 0.00000925 in./in.-°F
Orifice measurement temperature Tmeas 68°F
Coefficient of thermal expansion for orifice �PE 0.00000925 in./in.-°F

Table A-1.7-1 Specific Heat at Constant Pressure

Cp p �xj

Molar Partial Molecular Specific *MWj

Fraction, Pressure, Weight, Heat Cp *Cp/�xj

Component xj, % xj*P MWj xj*MWj [Note (1)] Xj*MWj*Cp *MWj

Methane 82.78 331.12 16.043 13.280 0.56664 7.5252 . . .
Ethane 10.92 43.68 30.069 3.284 0.42789 1.4050 . . .
Propane 5.00 20.00 44.096 2.205 0.40779 0.8991 . . .
Isobutane 0.50 2.00 58.122 0.291 0.40019 0.1163 . . .
n-Butane 0.50 2.00 58.122 0.291 0.40787 0.1185 . . .
Isopentane 0.10 0.40 72.149 0.072 0.39968 0.0288 . . .
n-Pentane 0.20 0.80 72.149 0.144 0.40003 0.0577 . . .

Total 19.567 3.0101 10.1508 0.5188

NOTE:
(1) Values for Cp are in units of Btu/lbm-R and were determined at 80°F and partial pressures from NIST Standard Reference Database 69,

March 2003 Release: NIST Chemistry WebBook.

A-1.10 Gas Fluid Density

�(T,P) p
MWgasPf

ZfRTf

where
R p 10.7316 psi−ft3/(lbmol-°R)
Zf p 0.9246 (from AGA Report #8)

�(T,P) p
19.567 � 400

0.9246 � 10.7316 � 539.67
p 1.4616

A-1.11 Reynolds Number and Coefficient of
Discharge

The coefficient of discharge for an ASME PTC 22 test
comes from the meter calibration report. Extrapolation
of calibration data, if required, is addressed in
ASME PTC 19.5.

The coefficient of discharge is a function of Reynolds
number and therefore an iterative process. A mass flow
rate is assumed, then Reynolds number calculated, then
coefficient of discharge calculated, then the mass flow
rate calculated. It typically only requires one or two
iterations to converge on a coefficient from the following
calibration report:

RD p
Mf

75D�
p

54,545.4
235.61945 � 8 � 7.1674 � 10-6 p 4,037,340
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where � is the dynamic viscosity in lbm/ft-sec, and
can be typically be obtained by the same sources and
methods given for CP above.

C p 0.6038 based on the orifice calibration report

A-1.12 Mass Flow Rate

Mf p N1d
2C�Ev ��(T,P)�P p 0.0997019 � 4.352 � 0.6038 � 0.9964

� 1.0468�1.4616 � 111.24 p 15.515
lb
sec

p 54,545.4
lb
hr

A-1.13 Lower Heating Value

See the following equation and Table A-1.13-1 for
lower heating value (LHV).

LHV p �
n

jp1
xjMWjLHVj/�

n

jp1
xjMWj

LHV p 21,072Btu/lbm

A-1.14 Higher Heating Value

See the following equation and Table A-1.14-1 for
higher heating value (HHV).

HHV p �
n

jp1
xjMWjHHVj/�

n

jp1
xjMWj

HHV p 23,269 Btu/lbm
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Table A-1.13-1 Lower Heating Value

Molar Molecular Net Heating �xj*MWj*hj/�
Component Formula Fraction, xj Weight, MWj xj*MWj Value, hj xj*MWj*hj xj*MWj

Methane CH4 82.78 16.043 13.280 21,511.9 285687 . . .
Ethane C2H6 10.92 30.069 3.284 20,429.2 67,080 . . .
Propane C3H8 5.00 44.096 2.205 19,922.2 43,924 . . .
Isobutane C4H10 0.50 58.122 0.291 19,589.8 5,693 . . .
n-Butane C4H10 0.50 58.122 0.291 19,657.8 5,713 . . .
Isopentane C5H12 0.10 72.149 0.072 19,455.9 1,404 . . .
n-Pentane C5H12 0.20 72.149 0.144 19,497.2 2,813 . . .

Total 100.00 19.567 412,314 21,072

Table A-1.14-1 Higher Heating Value

Gross
Molar Molecular Heating �xj*MWj*hj/�

Component Formula Fraction, xj, % Weight, MWj xj*MWj Value, Hj xj*MWj*Hj xj*MWj

Methane CH4 82.78 16.043 13.280 2,389.2 31,7298 . . .
Ethane C2H6 10.92 30.069 3.284 22,334.1 73,335 . . .
Propane C3H8 5.00 44.096 2.205 21,654.1 47,743 . . .
Isobutane C4H10 0.50 58.122 0.291 21,232.3 6,170 . . .
n-Butane C4H10 0.50 58.122 0.291 21,300.2 6,190 . . .
Isopentane C5H12 0.10 72.149 0.072 21,043.7 1,518 . . .
n-Pentane C5H12 0.20 72.149 0.144 21,085.0 3,043 . . .

Total 100.00 19.567 455,297 23,269

A-1.15 Sensible Heat

The heat rate for this sample calculation includes the
consideration of sensible heat with an actual fuel tem-
perature of 80°F, and a specified reference fuel tempera-
ture of 60°F. Equation (5-3.16) may be used. From that
equation, hT p 11.4 Btu/lb, and hRef p 0 Btu/lb.

SH p Mf(hT − href) p 54,545.4 � (11.4 − 0) p 621,818 Btu/hr

A-1.16 Total Heat Input (LHV)

HI p LHV * Mf + SH p 21,072 * 54,545.4 + 621,818
p 1,150.0 MMBtu/hr

A-2 CALCULATION OF ELECTRICAL OUTPUT

This section provides a sample calculation of the test
electrical output for a three-wattmeter method.

A-2.1 VT Test Data

For VT test data, see Table A-2.1-1.

A-2.2 VT Calibration Data

For VT calibration data, see Table A-2.2-1.

A-2.3 VT Voltage Drop

For VT voltage drop data, see Table A-2.3-1.
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A-2.4 CT Corrections

For CT corrections, see Table A-2.4-1.

A-2.5 Gross Generation

For gross generation data, see Table A-2.5-1.

A-2.6 Corrected Secondary Watts

For correctd secondary watts data, see Table A-2.6-1.

A-3 CALCULATION OF CORRECTED PERFORMANCE
(POWER, HEAT RATE, EXHAUST
TEMPERATURE, AND EXHAUST FLOW)

See Tables A-3-1 through A-3-5.

A-4 CALCULATION OF TRANSFORMER LOSS

The losses through a transformer are determined by

LossTOTAL p LossNO-LOAD + LossLOAD

where
LossTOTAL p total transformer losses in kW

LossNO-LOAD p transformer no-load losses in kW
LossLOAD p transformer load losses in kW
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Table A-2.1-1 VT Test Data

Parameter Label Units Phase 1 Phase 2 Phase 3

VT voltage (measured) V VAC 69.28 68.95 69.63
VT current (measured) I mA 360 350 410
VT VA(p V*I/1000) Bc VA 24.941 24.133 28.548
VT phase angle (measured) PAc deg 8 0 12
VT Power factor [p cos(PA)] PF ratio 0.990268 1 0.978148

Table A-2.2-1 VT Calibration Data

Parameter Label Units Phase 1 Phase 2 Phase 3

Burden at Zero Bo VA 0 0 0
Burden at Calibration Test Point (Z) Bt VA 200 200 200
Power Factor at Calibration Test Point (Z) PFt ratio 0.85 0.85 0.85
Phase Angle at Calibration Test Point (Z) PAt deg 31.78833 31.78833 31.78833
RCF at 0 VA RCFo ratio 0.99765 0.99784 0.9976
RCF at 200 VA, 0.85 PF RCFt ratio 1.00105 1.0024 1.00191
Phase Angle Error at 0 VA �o min 0.61 1.3 0.75
Phase Angle Error at 200 VA, 0.85 PF �t min -0.46 -2.25 -2.48
RCF difference p RCFt−RCFo RCFd ratio 0.0034 0.00456 0.00431
Phase Angle difference p �t − �o �d min -1.07 -3.55 -3.23
Ratio Correction Factor VTRCFc ratio 0.998022 0.998242 0.998133

GENERAL NOTE: Complete formula:

VTRCFc p RCFo + �Bc

Bt	�RCFd cos(PAt − PAc) + � �d

3438�*sin(PAt − PAc)	

Table A-2.3-1 VT Voltage Drop

Parameter Label Units Phase 1 Phase 2 Phase 3

Voltmeter 1 at VT V1o VAC 69.28 . . . . . .
Voltmeter 2 at VT V2o VAC 69.14 . . . . . .
VM difference (p V1o - V2o) Vd VAC 0.14 0.14 0.14
Voltmeter 1 at VT V1t VAC 69.28 68.95 69.63
Voltmeter 2 at Test Watt Meter V2t VAC 69.12 68.77 69.43
Corrected Reading at Test Watt Meter

V2c p (V2t + Vd) V2c VAC 69.26 68.91 69.57
Voltage drop (p V1t - V2c) VTVD VAC 0.02 0.04 0.06

Voltage Drop Correction Factor
VTVDC p 1 + VTVD/V1t VTVDC ratio 1.000289 1.00058 1.000862

Table A-2.4-1 CT Corrections

Parameter Label Units Phase 1 Phase 2 Phase 3

CT Measured I amps 4875.515 4875.515 4875.515
CT Rated Current Ir amps 8000 8000 8000
CT Percent of Rating Ip % 60.94394 60.94394 60.94394
Ratio Correction Factor (from Calibration Curve) CTRCFc ratio 1.00014 1.00014 1.00014
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Table A-2.5-1 Gross Generation

Parameter Label Units Phase 1 Phase 2 Phase 3

Secondary Watts at Meter (measured) SW watts 209.0457 210.0945 207.5302
Voltage Drop Correction Factor VTVDC ratio 1.000289 1.000580 1.000862

Secondary Watts at VT:
SWvt p SW � VTVDC SWvt watts 209.1060 210.2164 207.7091
VTRCFc VTRCFc ratio 0.998022 0.998242 0.998133

Phase Angle Correction Factor, PACFc cos(
2) ratio 0.9998 1 0.9958
Apparent Primary Side Power Factor (includes the 
2 radians 0.0200 0.0000 0.0917

transformer phase shift errors) arccosine (Apparent
Power Factor)

Power Meter Phase Shift, � A minutes 20.9 20.3 20.5
CT Phase Shift, � B minutes 7 2 5
VT Phase Shift, � � minutes -3 -1 0
Total Secondary Side Phase Shift −�+�−� minutes -10.9 -17.3 -15.5
Total Phase Shift, in radians [multiply by PI /(180*60)] −�+�−� radians -0.00317 -0.00503 -0.00451
PACFc p cos(
2 − � + � − �)/cos(
2) PACFc ratio 1.000058 0.999987 1.000404

GENERAL NOTES:
(a) The Phase Angle Correction Factor, PACFC, can be made negligible by testing near unity power factor, as shown in this example.
(b) Apparent Power Factor includes the transformer phase shift errors, that is, cos(
2) is based on meters that have not been corrected

for transformer errors. (True PF p cos(
), where 
 p 
2 − � + � − �)
(c) According to ANSI/IEEE standards:

(1) Alpha (�) is positive when the current in the wattmeter potential circuit leads the voltage.
(2) Beta (�) is positive when the reversed secondary current leads the primary current.
(3) Gamma (�) is positive when the reversed secondary voltage leads the primary voltage.

Table A-2.6-1 Corrected Secondary Watts

Parameter Label Units Phase 1 Phase 2 Phase 3

SWc p SWvt � VTRCFc � PACF � CTRCFc SWc watts 208.7339 209.8735 207.4342
VT Marked Ratio VTR ratio 120 120 120
CT Marked Ratio CTR ratio 1600 1600 1600
Corrected Primary watts PWc p SWc � PWc kW 40076.91 40295.72 39827.37

VTR � CTR/1000
Measured Power . . . kW . . . . . . 120200.00
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Table A-3-1 Calculation of Corrected Performance
(Power, Heat Rate, Exhaust Temperature, and Exhaust Flow)

Exhaust Exhaust
Specified Power Heat Rate Flow Temperature
Reference Correction Correction Correction Correction

Parameter Test Condition Condition Factor, � Factor, � Factor, � Factor, �

Inlet temperature (°F) 80 68 0.958 1.0123 0.9704 -9
Inlet pressure (psia) 14.696 14.5 1.0137 0.9991 1.0139 0
Inlet humidity (%) 60 70 1 0.9991 1.0009 0
Fuel supply composition see below see below 0.999 1.0003 1.0001 0
Fuel temperature (°F) 80 60 1 0.9991 1 0
Injection fluid (lb/hr) 50,000 45,000 1.0048 1.0019 1.0015 1
Injection fluid enthalpy (Btu/lb) 168.4 168.4 1 1 1 0
Injection fluid composition H2O H2O 1 1 1 0
Exhaust pressure (in. w.g.) 14 15 1.0016 0.9981 1 1
Shaft speed (rpm) 3,600 3,600 1 1 1 0
Turbine extraction flow (lb/hr) 10,000 10,000 1 1 1 0
Equivalent operating hours 350 200 0.9984 1.0009 0.9996 -0.3
Overall correction factor 0.9749 1.0107 0.986 -7.3

Table A-3-2

Specified
Reference

Fuel Analysis (vol %) Test Condition Condition

Methane 82.78 86.2
Ethane 10.92 8.6
Propane 5 4.1
Isobutane 0.5 0.4
n-Butane 0.5 0.4
Isopentane 0.1 0.15
n-Pentane 0.2 0.15

GENERAL NOTE: The correction factor was determined from the
manufacturer’s model.

Table A-3-3

Power
Parameter Test Condition Specified Reference Condition Correction Factor

Generator power factor 0.99 0.9 235
Generator hydrogen pressure n/a n/a n/a
Generator hydrogen purity n/a n/a n/a
Overall correction factor . . . . . . 235

Table A-3-4

Corrected Power Corrected Heat Rate

Pmeas (kW) 120,200 HRcalc (Btu/kW·h) 9,567
Pcorr (kW) 123,050 HRcorr (Btu/kW·h) 9,466
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Table A-3-5

Corrected Exhaust Flow Corrected Exhaust Temperature

EFcalc (lbm/hr) 2,874,980 ETmeas (°F) 1,000.00
EFcorr (lbm/hr) 2,915,902 ETcorr (°F) 992.7

LossNO-LOAD is determined from the factory shop test
report. It is a constant value. The load losses of a trans-
former are determined as

LossLOAD p L1 CORR + L2 CORR

where
L1 CORR p I2R losses (kW), corrected to reference

conditions
L2 CORR p stray load losses (kW), corrected to refer-

ence conditions

The load losses vary with winding temperature, oil
temperature, ambient conditions, voltage, and load.
Therefore, the values for the load losses taken from the
shop test report need to be corrected. The following
formula, derived from IEEE C57.12.90, corrects for these
conditions:

L1 CORR p L1 � n � K � �TK + TM

TK + TR��
TK + TMC

TK + TM �
L2 CORR p L2 � n � K � �TK + TR

TK + TM�� TK + TM

TK + TMC�
where

K p voltage correction ratio, dimensionless
L1 p I2R losses (kW) from factory test report at

rated load with rated winding temperature
(TR)

L2 p stray load losses (kW) from factory test report
at rated load and rated winding
temperature (TR)

n p load correction ratio, dimensionless
TK p transformer material correction factor

(copper p 234.5°C)
TM p average winding temperature at prevailing

ambient temperature (°C), from calculation
below

TMC p average winding temperature, corrected to
reference ambient temperature (°C), from cal-
culation below

TR p rated winding temperature (°C), from factory
test report

To determine n and K:

n p � Test Load
Rated Load�

2

K p �Rated Voltage
Test Voltage �

2

94

The test load (kVA), in kVA, and test voltage (V), in
kV, are determined from the power and voltage mea-
surements, collected as test data. The rated load (kVA),
in kVA, and voltage (V), in kV, are from the factory test
reports. Rated voltage is a phase to phase value, so a
Sqrt 3 factor is applied to the measured phase to ground
voltage measurement.

Test Load p � PMEAS

PFMEAS� − �PLINE LOSS + PAUX MEAS

PFMEAS �
where

PMEAS p measured active power, in kW, at the gen-
erator terminals

PFMEAS p generator power factor at test conditions,
dimensionless

PAUX MEAS p measured auxiliary loads, if any, between
power measurement and low side of the
transformer, kW

PLINE LOSS p line losses between power measurement
and low side of the transformer, kW

Test Voltage p VMEAS � PT Ratio � �3

where
PT Ratio p from instrument transformer design data

VMEAS p measured secondary voltage, in kV, at
the low side of the transformer, adjusted
for meter errors as necessary (phase to
ground)

To determine the average winding temperature, TM,
from IEEE C57.12.90

TM p TC + TOM

where
TC p corrected difference between average wind-

ing temperature and the oil temperature (°C),
measured in the filled oil thermometer pocket

TOM p measured oil temperature (°C), measured in
the filled oil thermometer pocket

TC is determined by

TC p TO � � Test Load
Rated Load�

2m

where
m p 1.0 for main step up transformer, 0.8 for auxil-

iary transformer
TO p measured difference between average wind-

ing temperature (from factory test report) and
the oil temperature (°C), measured in the filled
oil thermometer pocket at rated load (from
factory test report)

The average winding temperature is measured
between the high voltage winding and the low voltage
winding.
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To determine the winding temperature, corrected for
differences in ambient temperature (TMC), the following
equations are used:

TMC p TM + (TA − TAM)

where
TA p ambient temperature at rated conditions

(°C) (conditions upon which transformer
losses are based, from factory test report)

TAM p measured ambient temperature (°C)
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NONMANDATORY APPENDIX B
PTC UNCERTAINTY ESTIMATES FROM ASTM REPEATABILITY

AND REPRODUCIBILITY DATA

B-1 INTRODUCTION

Many PTC Codes reference ASTM test procedures for
obtaining critical information for calculation of equip-
ment performance. PTC Codes require procedures for
calculating the uncertainty of the test results, so that
the quality of the test can be compared with the PTC
uncertainty limits. This Nonmandatory Appendix will
show how the ASTM repeatability and reproducibility
data can be utilized for calculating test uncertainties.

B-2 DEFINITIONS

It is important to understand the ASTM precision and
bias data, as it is not covered in ASME PTC 19.1, Test
Uncertainty. The first sentence of each definition is taken
from ASTM E177, Standard Practice for Use of the Terms
Precision and Bias in ASTM Test Methods, followed by
explanatory information.

accepted reference value: an agreed upon result, based on
certified or theoretically established value. In most prac-
tical cases this is not available, but the ASTM data are
based where possible on extensive controlled tests in
multiple labs where an accepted reference value was
available to determine lab bias.

bias: the difference between the expectation of the test
results and an accepted reference value. This is the sys-
tematic error which includes any bias associated with
the test method as well as the bias associated with each
lab’s operators and/or equipment. Hopefully qualified
labs will work to minimize this component of bias.

precision: closeness of agreement between independent
test results obtained under stipulated conditions. This
relates to random errors within the laboratory, and has
no relationship to the accepted reference value.

repeatability: the closeness of results obtained with the
same method in the same lab under repeatability condi-
tions, which are by the same operator, same equipment,
in the shortest practical time period, using specimens
from a single quantity of material that is as homoge-
neous as possible. The repeatability limit, r, is the value
below which the absolute difference between two test
results, under repeatability conditions, may be expected
to occur 95% of the time. This is basically the random
variation in results that can be expected at a given
laboratory.
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reproducibility: precision under reproducibility condi-
tions, which are where test results are obtained with the
same method on identical test items in different labs
with different operators using different equipment. The
reproducibility limit, R, is the value below which the
absolute difference between two test results, under
reproducibility conditions, may be expected to occur
95% of the time. This is the range within which one can
expect results to lie from only two tests, one at each of
two labs. It does not indicate where the mean might be;
only the band within which two tests will lie. This can
be a useful factor, as often with PTC testing limited
samples are analyzed at two facilities. It is, however, a
predictive factor for establishing the expected difference
between two test results from two labs without any prior
knowledge of the sample’s test results. It is not the test
uncertainty.

B-3 QUANTIFYING R, r, AND BIAS

From the controlled tests performed by the labs, stan-
dard deviations can be calculated, and from these ASTM
calculates the repeatability limit, r, and reproducibility
limit, R:

r p 1.96�2* sr

where
sr p repeatability standard deviation

and

R p 1.96�2* sR

where
sR p reproducibility standard deviation

The 1.96 reflects the 95% limit for an infinite sample
size. The reproducibility sR includes sr, and since sr is
based on same operator, same equipment, same time, it
also includes the variability within a lab due to differ-
ences in operator-equipment-time. It also includes the
between-laboratory variability and any differences in
sample material properties, environment, etc.

When an accepted reference value is available, the
systematic error associated with each lab can be deter-
mined, which includes both the lab bias and the method
bias. With multiple lab participation, ASTM is able to

Copyright      2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

c

C
opyrighted m

aterial licensed to U
niversity of T

oronto by T
hom

son S
cientific, Inc. (w

w
w

.techstreet.com
).  T

his copy dow
nloaded on 2015-01-14 15:45:18 -0600 by authorized user U

niversity of T
oronto U

ser.
 N

o further reproduction or distribution is perm
itted.



ASME PTC 22-2014

statistically evaluate the two components, and reports
a method bias along with r and R.

Without an accepted reference value, lab biases cannot
be determined, but would be reflected in the R value.

B-4 UNCERTAINTY CONSIDERATIONS

Performance Test Codes use the familiar uncertainty
calculation that combines the systematic and random
errors in root sum square fashion (see ASME PTC 19.1)

ux p �(bx)2 + (sx)2 (B-4.1)

Ux p 2ux

where bx and sx are the systematic and random standard
uncertainties, respectively, with bx and sx calculated from
the sample standard deviation. This uncertainty reflects
the impact of the measurement errors on the test result.
The ASTM r, R, and bias relate to the testing process.
These two can be reconciled in the following manner.

ISO TS 21748, Guidance for the use of repeatability, repro-
ducibility and trueness estimates in measurement uncertainty
estimation, provides a methodology for doing this. Their
statistical model is based on the following equation:

y p � + � + B + �cixi + e (B-4.2)

where
B p lab bias
c p sensitivity coefficient
e p residual error term
x p deviation from the nominal value of a

measurement
y p observed result
� p bias associated with the measurement method
� p (unknown) expectation of ideal results

The �cixi term includes any effects not included in
the other terms, such as sampling. The variance of e can
be estimated as sr, and � is the reported method bias. The
variance of B can be written as sL

2. The reproducibility
standard deviation sR is obtained from sR

2 p sL
2 + sr

2

An uncertainty estimate can be made from the above

u2(y) p u2(�) + sL
2 + sr

2 + � [ciu(xi)]2 (B-4.3)

which can be reduced to

u2(y)p u2(�) + sR
2 + � [ciu(xi)]2 (B-4.4)

So sL can be calculated from ASTM data. However,
previous experience with qualified labs will be the best
source for agreeing on sL. Some labs may have performed
method tests using samples with a reference value, and
hence have calculated their bias. The material being
tested can enter in: one with previous data or one that
is very homogeneous should result in lower values for

97

sL. Test complexity is a factor, which should be reflected
in sr and/or �.

For pretest uncertainty estimates, the use of sr and sR
can be useful, lacking specific data on the material of
interest or the labs expected to be utilized. Since sR
includes both random and systematic components, and
a 95% confidence level is required, using 2sR p R/�2
is a close estimate of the uncertainty for the parameter
of interest.

B-5 EXAMPLE

A representative example will show how an uncer-
tainty calculation can be performed. One of the most
frequent needs in PTC work is the heat value of the fuel
burned. For fuel oils, ASTM D4809, Standard Test Method
for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb
Calorimeter (Precision Method), is specified. ASTM D4809
lists, for all fuels, the following values:

Parameter Gross (High HV) Net (Low HV)

Repeatability, r 0.097 0.096
Reproducibility, R 0.228 0.324
Bias (method) 0.001 0.089

These numbers are in units of MJ/kg, so it is easier
to convert them to percentages to eliminate the need to
convert between unit systems. A typical distillate oil
fuel will have a Gross HV of 45.3 MJ/kg, and a Net HV
of 42.6 MJ/kg. The resulting percents are

Parameter Gross (High HV), % Net (Low HV), %

Repeatability, r 0.214 0.225
Reproducibility, R 0.503 0.761
Bias 0.002 0.209

The standard deviation values can also be calculated
from r p 1.96�2 sr , etc.

Parameter Gross (High HV), % Net (Low HV), %

sr 0.077 0.081
sR 0.182 0.275

The bias for the test method is very low: 0.001 MJ/kg,
or 0.002% (for Gross, which is what this test determines).
(The difference in heat value between Gross and Net is
calculated from the mass fraction of hydrogen in the oil,
determined using ASTM D1018, Standard Test Method for
Hydrogen in Petroleum Fractions.) This reflects the capabil-
ity of the labs to properly implement the method. It is
assumed that this bias is for the 95% confidence level.

Looking at eq. (B-4.3), to understand the magnitudes
of sr and sL, the inputs are

u2 (�) p (0.002/2)2 which is negligible
sr

2 p 0.0772 p 0.00593
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�[ciu(xi)]2 — this would account for slight material
differences, and any other effect not included in �, B, or
e. For distillate fuels with generally consistent properties
an assumption of negligible is appropriate. For crude
and residual oils, there will likely be less consistency,
and hence some value here may be appropriate.

sL
2 — the value of sL from �S2R − S2r is 0.165%.

The resulting value of u(y) is 0.182%. Note that this
is not for the 95% confidence level.

For the PTC uncertainty, U [eq. (B-4.1)]:
bx p RSS value of lab and method biases [sL and

u(�)] at the 68% level
sx p RSS value of all pertinent random standard

deviations {sr and � [ciu(xi)]}
bx p �0.1652 + 0.0012 p 0.165
sx p √0.0772 + 0 p 0.077
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Then U p 2�(0.165)2 + (0.077)2 p 0.364%, which is
2*sR as discussed above.

This would be a useful estimate for the pretest uncer-
tainty for the fuel oil HHV. As discussed earlier, the
parties may have previous experience with testing labs
that can influence the value of sL, which hopefully will
reduce the uncertainty of this value.

B-6 CONCLUSION

The ASTM test procedures provide valuable data for
establishing uncertainty estimates, particularly when
preparing pretest uncertainties. In conjunction with the
parties combined experience with the materials to be
tested and the laboratories that will perform the tests,
uncertainty estimates equal to R/�2 are recommended.
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