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Date of Issuance: January 30, 2009

This Code will be revised when the Society approves the issuance of a new edition. There will be no
Addenda issued to this edition.

ASME issues written replies to inquiries concerning interpretation of technical aspects of this Code.
Periodically certain actions of the ASME PTC Committee may be published as Code Cases. Code Cases and
interpretations are published on the ASME Web site under the Committee Pages at http://cstools.asme.org as
they are issued.

ASME is the registered trademark of The American Society of Mechanical Engineers.

This code or standard was developed under procedures accredited as meeting the criteria for
American National Standards. The Standards Committee that approved the code or standard was balanced to
assure that individuals from competent and concerned interests have had an opportunity to participate. The
proposed code or standard was made available for public review and comment that provides an opportunity
for additional public input from industry, academia, regulatory agencies, and the public at large.
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ASME does not “approve,
activity.

rate,” or “endorse” any item, construction, proprietary device, or

ASME does not take any position with respect to the validity of any patent rights asserted in
connection with any items mentioned in this document, and does not undertake to insure anyone utilizing a
standard against liability for infringement of any applicable letters patent, nor assume any such liability.
Users of a code or standard are expressly advised that determination of the validity of any such patent rights,
and the risk of infringement of such rights, is entirely their own responsibility.

Participation by federal agency representative(s) or person(s) affiliated with industry is not to be
interpreted as government or industry endorsement of this code or standard.

ASME accepts responsibility for only those interpretations of this document issued in accordance
with established ASME procedures and policies, which preclude the issuance of interpretations by individual
volunteers.

No part of this document may be reproduced in any form,
in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.
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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 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 they specify procedures,
instrumentation, equipment-operating requirements, calculation methods, and uncertainty 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 equipment. 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.

\%
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FOREWORD

PTC 4.4, Gas Turbine Heat Recovery Steam Generators, was originally formed as a reorganized
PTC 4.1, Steam Generating Units, in September 1973 to prepare an Appendix 10 to PTC 4.1 to cover Heat
Recovery Steam Generators for Combined Cycles. During the early meetings (May 11 and 12, 1976 and
May 3 and 4, 1977) it was decided that the scope was beyond the capacity of an Appendix. At this point a
charter was approved by the PTC Supervisory Committee to prepare a separate code entitled PTC 4.4, Gas
Turbine Heat Recovery Steam Generators. The draft of PTC 4.4 was presented to the Supervisory
Committee in February 1980 with final approval on January 26, 1981. This Performance Test Code was
approved as an American National Standard by the ANSI Board of Standards Review on February 3, 1981.

The Committee completely and extensively revised the 1981 edition to a much more specific
procedure consistent with current industry practice on the testing of Heat Recovery Steam Generators. The
PTC 4.4 Code utilizes two independent approaches to quantify the unit capacity. New sections related to
measurement uncertainty are added.

This revision was approved by the Board on Standardization and Testing on April 15, 2008 and by
the ANSI Board of Standards Review as an American National Standard on April 25, 2008.

vi
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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, and attending Committee meetings. Correspondence should be
addressed to:

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Three Park Avenue

New York, NY 10016-5990

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 description 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, 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 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.

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

Subject: Cite the applicable paragraph number(s) and a concise description.

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 will be rewritten in this 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. ASME does not “approve,” “certify,” “rate,” or “endorse”
any item, construction, proprietary device, or activity.

99 ¢

Attending Committee Meetings. The PTC Standards Committee holds meetings or telephone
conferences, which are open to the public. Persons wishing to attend any meeting or telephone conference
should contact the Secretary of the PTC Standards Committee or check our Web site at
http://cstools.asme.org.
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1-1

ASME PTC 4.4-2008

GAS TURBINE HEAT RECOVERY STEAM GENERATORS

Section 1
Object and Scope

OBJECT

The object of this Code is to establish procedures for conducting performance tests of Heat Recovery

Steam Generators (HRSGs) used to recover gas turbine exhaust energy. The steam generator may include
supplemental firing. This Code provides standard test procedures yielding the highest level of accuracy
consistent with current engineering knowledge and practice.

1-2

(a) The purpose of this Code is to determine the following:
(1) capacity of the unit at specified conditions
(2) energy input from gas turbine exhaust and supplementary firing
(3) gas side pressure drop
(4) steam/water side pressure drop(s)

(b) This Code provides methods for converting the performance at test conditions to specified
operating conditions. A determination of any or all of the performance items listed above may be
used for the following purposes:

(1) checking the actual performance against guarantee

(2) comparing these items at reference conditions

(3) comparing different conditions or methods of operation

(4) determining the specific performance of individual parts or sections of the HRSG unit
(5) comparing the performance when firing different fuels

(6) determining the effects of changes to equipment

SCOPE

(a) This Code addresses steam generators whose primary function is to recover heat from gas turbine
exhaust. Methods noted in this document may also be used for testing other heat recovery units,
which may include the following:

(1) units heating water only
(2) units using working fluids other than water
(3) units obtaining hot gas heat input from sources other than gas turbines
(4) HRSGs with fresh air firing capability
(b) This Code does not cover the following testing:

(1) fired steam generators whose primary function does not include the recovery of heat from
gas turbine exhaust. These are addressed in ASME PTC 4 and ASME PTC 34.

(2) auxiliary equipment such as pumps and fans that are addressed in ASME PTC 8.2 and
ASME PTC 11, respectively.

(3) deaerator performance that is addressed in ASME PTC 12.3.

(4) equipment noise emissions that are addressed in ASME PTC 36.
(5) gaseous emissions to atmosphere.

(6) steam purity.

1
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ASME PTC 4.4-2008

1-3  TEST UNCERTAINTY

This Code requires an uncertainty analysis in accordance with ASME PTC 19.1 as detailed in
Section 7. The pretest uncertainty analysis is used to develop unit specific test procedures that result in
meeting an agreed-upon target uncertainty. Typical values of test uncertainties, various unit configurations,
and performance parameters are presented in Sections 3 and 4.
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ASME PTC 4.4-2008

Section 2
Definitions of Terms, Symbols, and Conversion Factors
2-1 DEFINITIONS OF TERMS
The following terms are either not defined elsewhere in this document or need more clarification:
absolute pressure: pressure above zero, the sum of the gauge and atmospheric pressures.

acid dew point: temperature at which the acid in the gas condenses. Generally, sulfuric acid is considered to
be the most critical compound in the gas for which acid dew point needs to be determined.

ambient temperature: the temperature of the air surrounding the HRSG.

ammonia injection grid (AIG): a system of pipes to introduce ammonia into the GTE for reaction with NO,
in the presence of catalyst to form nitrogen and water.

approach temperature: the difference between the saturation temperature in the drum and the water
temperature entering the drum.

attemperation: refer to desuperheating.
auxiliary firing: combustion of fuel in the HRSG to raise the GTE temperature and increase steam capacity.

auxiliary system: any system that uses fluids other than steam or water and exchanges energy with the GTE.
These systems include air heaters, air coolers, fuel heaters, etc.

base load: a GTG operating on its control curve wherein the power produced is nominally 100%.

blowdown: removal of water from an evaporator for the purpose of controlling the dissolved solids
concentration.

burner auxiliary air: air introduced into the burner to facilitate the combustion process.

bypass: a passage for a fluid, permitting a portion or all of the fluid to flow around certain heating surfaces
through which it would normally pass.

bypass damper: a damper that is used to bypass GTE from the HRSG to atmosphere.
capacity: the amount of steam flow at the given steam temperature and pressure.

cascading blowdown: a blowdown system wherein the water from a higher pressure level is blown down to
lower pressure levels.

CO catalyst: a catalyst that is used to reduce carbon monoxide level in the GTE.
condensate: water coming from the condenser.
condenser: the vessel that is used to condense the steam exiting the steam turbine.

continuous blowdown: the uninterrupted removal of water from an evaporator section to control solids
concentration.

deaeration: removal of oxygen and other dissolved gases from the water.
deaerator: the pressure vessel wherein the dissolved gases are removed from water.

desuperheater: a mixing chamber wherein higher temperature steam is mixed with a lower temperature
steam or water to decrease the overall steam temperature.

desuperheating: reduction of steam temperature by mixing the superheated steam with either water or lower
temperature steam.

duct burner: an in-duct burner system used for auxiliary or supplementary firing.
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economizer: a heat transfer section wherein deaerated feedwater is heated before being introduced into an
evaporator.

evaporator: a heat transfer section wherein feedwater is vaporized.
feedwater: water entering an evaporator or economizer section.
feedwater heater: see preheater.

flashing: the process of producing steam by discharging water at saturation temperature into a region of
lower pressure.

gas approach temperature: the difference of the gas temperature at the inlet or outlet to a heat transfer
section and the corresponding fluid temperature.

gas side static pressure drop: the difference between the static pressure measured at the inlet test boundary
and the atmosphere.

gas turbine generator (GTG): the combination of gas turbine and the electric generator.
GT: gas turbine.

GTE: the flue gas flowing through the HRSG from the gas turbine exhaust.

heater: a section wherein fluid other than water or steam is heated.

heating surface: the surface that is exposed to the heating medium (gas turbine exhaust or hot gas) for
absorption and transfer of heat to the heated medium (water, steam, or air).

higher heating value (HHYV): the total heat obtained from the combustion of a unit amount of fuel that is at
60°F when combustion products are cooled to 60°F.

HP: high pressure.

HRSG: heat recovery steam generator.

integral deaerator: a deaerator that is directly connected to the LP drum.
interstage: between the heat transfer sections.

IP: intermediate pressure.

lower heating value (LHV): the HHV of fuel minus the latent heat of vaporization of the combustion
products when combustion products are cooled to 60°F.

LP: low pressure.

multiple pressure HRSG: an HRSG system that exports steam at more than one pressure.

part load: a gas turbine operating condition wherein the power produced is less than base load.
partial pressure: the contribution to total pressure of a constituent of a gaseous mixture.

peak load: a GT operating condition wherein GT power production is at maximum value.

pegging steam: higher pressure steam used to maintain minimum pressure in a lower pressure system.

pinch point (evaporator): the temperature difference between the gas temperature exiting the evaporator
section and the saturation temperature of the water in the drum.

pinch temperature: the minimal terminal temperature difference between GTE and fluid.

preheater: heat transfer section where aerated water is heated.
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recirculation (economizer): use of a portion of hot water leaving an economizer or feedwater preheater to
increase the incoming water temperature.

reference temperature: a selected temperature from which all properties are based.

reheater: a heat transfer section where steam returning from the steam turbine is heated to a higher temperature.
remote deaerator: a deaerator that is separate from the HRSG.

RH: reheat.

saturation temperature: the temperature for a given pressure at which water vaporizes to steam.

SCR system: selective catalytic reduction system that is used to reduce the NO; levels in the GTE.

single pressure HRSG: an HRSG that exports steam at one pressure only.

stack: a vertical conduit to discharge the GTE to atmosphere.

stack damper: a damper that is closed when the HRSG is not operating to conserve heat.

standard air composition (dry air molar basis): nitrogen, 78.0840%; oxygen, 20.9476%; argon, 0.9365%;
carbon dioxide, 0.0319%.

standard conditions: ambient conditions of 14.696 psia and 60°F.

standard gas compound names, symbols, and molecular weights:

Compound Symbol Molecular Weight
Argon Ar 39.948
Methane CH, 16.04726
Ethane C,Hg 30.06964
Ethene C,H, 28.05376
Propane C;Hg 44.09652
Propene C;H¢ 42.08064
Iso Butane C.Hy 58.1234
Normal Butane C.Hy 58.1234
Butene C,Hg 56.10752
Iso Pentane CsH,, 72.15028
Normal Pentane CsH,, 72.15028
Pentene CsHy, 70.1344
Hexane CeHys 86.17716
Carbon Monoxide CcO 28.0104
Carbon Dioxide CO, 44.0098
Hydrogen Sulfide H,S 34.08188
Hydrogen H, 2.01588
Water H,O 18.01528
Helium He 4.0026
Nitrogen N, 28.01348
Sulfur Dioxide SO, 64.0648
Oxygen 0, 31.9988
5
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steam bypass (steam turbine): steam bypassed around steam turbine to a condenser or some other heat sink.
steam bypass (superheater): amount of steam bypassed around a supereater or part of a superheater.

steam purity: amount of total dissolved solids (TDS) in the steam.

steam quality: percentage by weight of steam in a mixture of water and steam.

superheat: the temperature difference between the steam temperature and the saturation temperature.
superheated steam: steam at a temperature higher than its saturation temperature.

superheater: a heat transfer section where steam is heated to higher temperature.

supplementary firing: see auxiliary firing.

water preheater (feedwater): see preheater.

2-2 SYMBOLS

The symbols that are used in this document are defined as follows:

Symbol Description Units
B Systematic uncertainty of temperature grid
Brc Systematic uncertainty of a temperature element
Bs Spatial contribution to systematic uncertainty
C Capacity Ib/hr
C Discharge coefficient
C Capacity for a given heat balance method Ib/hr
G, Capacity for a given heat balance method Ib/hr
d Flow element bore diameter in.
D Pipe diameter in.
DPc,, Corrected pressure drop 1b/in.?
DPy c,r Corrected steam pressure drop 1b/in.?
DPg 1oy Steam pressure drop for a test Ib/in.?
DPr.q Pressure drop for a test 1b/in.2
DPy cor Corrected water pressure drop 1b/in.?
DPyy rest Water pressure drop for a test 1b/in.2
g Gravitational constant ft/sec?
ha Enthalpy of air Btu/lb
ham Enthalpy of air entering Btu/lb
haout Enthalpy of air exiting Btu/lb
har Enthalpy of argon Btu/lb
has Enthalpy of atomizing steam Btu/lb
heip Enthalpy of bleed air Btu /Ib
hcon Enthalpy of carbon dioxide Btu/lb
hg Gas enthalpy Btu/lb
heiN Gas enthalpy into the HRSG Btu/lb
6
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Symbol Description Units

he out Gas enthalpy out of the HRSG Btu/lb

h,0 Enthalpy of water Btu/lb

h; Constituent enthalpy Btu/lb

hx, Enthalpy of nitrogen Btu/lb

ho, Enthalpy of oxygen Btu/lb

HR Humidity ratio

HRzzr Relative humidity %

HRg,r Saturated humidity ratio ...

hso, Enthalpy of sulfur dioxide Btu/lb

HT Sensing line height in.

HVyer Net heating value Btu/lb

hwc Corrected differential pressure in. wc

hwa Measured differential pressure in. wc

L Length in.

L/D Ratio of length to diameter

MEF,, Mole fraction of argon

MFco, Mole fraction of carbon dioxide

MFy,o Mole fraction of water

MF; Constituent mole fraction

MFy, Mole fraction of nitrogen

MF,, Mole fraction of oxygen

MFso, Mole fraction of sulfur dioxide

MW 4ve Average molecular weight

MWeg Fuel gas molecular weight

MW g Gas molecular weight for reference conditions

MW G est Gas molecular weight for a test

MW; Constituent molecular weight

N Number of samples

n Units conversion

Pary Atmospheric Pressure psia

Paturer Atmospheric pressure for reference conditions psia

Parvtest Atmospheric pressure for a test psia

Py Water vapor pressure psia

Py Partial pressure of water psia

P, Upstream pressure psig

O Heat flow of augmenting air Btu/hr
7
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Symbol Description Units
QOus Heat flow of atomizing steam Btu/hr
Os Heat flow of compressor bleed Btu/hr
Obps Heat input for duct burner Btu/hr
Or Heat input for fuel Btu/hr
Ors Fuel gas sensible heat Btu/hr
OciN Gas heat entering Btu/hr
Ocour Gas heat leaving Btu/hr
Onr Heat loss Btu/hr
O, Injected steam or water heat flow Btu/hr
qu Mass flow rate Ib/hr
Op Energy of gas turbine power output Btu/hr
OwriN Heat flow for entering working fluid Btu/hr
Owrout Heat flow for leaving working fluid Btu/hr
Re Reynolds number

Sc Specific gravity
Ss Standard deviation of spatial temperature averages °F
Sy Standard deviation of the sample

Sx Standard deviation of the sample average

t Student’s ¢ for (NV-1) degrees of freedom
Tps Dry bulb temperature °F
Tr Fuel temperature °F
Tx Temperature °R
Tws Wet bulb temperature °F
U Uncertainty

U, Uncertainty based upon a heat balance method

U, Uncertainty based upon a heat balance method
Vg Volumetric flow of fuel gas Std ft*/min
Viid Specific volume of process fluid ft}/1b
Vien Specific volume of sensing line fluid ft}/1b
Wy Airflow Ib/hr
Waa Augmenting airflow Ib/hr
Wac Wet air for combustion flow Ib/hr
Was Atomizing steam flow Ib/hr
Wsa Balance of wet airflow Ib/hr
Waip GT bleed airflow Ib/hr
Whpr Duct burner fuel flow Ib/hr
W Fuel gas flow Ib/hr

8
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Symbol Description Units
Wro Fuel oil flow Ib/hr
Wein Gas flow into the HRSG Ib/hr
Wsour Gas flow from the HRSG Ib/hr
Werer Gas flow at reference conditions Ib/hr
W6 Test Gas flow at test conditions Ib/hr
Weorr GT fuel flow Ib/hr

W s Rer Steam flow at reference conditions Ib/hr

W Test Steam flow at test conditions Ib/hr
Wwrer Water flow at reference conditions Ib/hr

W Test Water flow at test conditions Ib/hr
WEF s, Weight fraction of argon

WF¢ Weight fraction of carbon in fuel oil

WFco, Weight fraction of carbon dioxide

WFp4 Weight fraction dry air

WFy Weight fraction of hydrogen in fuel oil

WFu,0 Weight fraction of water

WFy, Weight fraction of nitrogen

WF, Fuel oil flow Ib/hr
Wk, Weight fraction of oxygen

WFg Weight fraction of sulfur in fuel oil

WFso, Weight fraction of sulfur dioxide
WM A, Molar flow of argon Ib moles/hr
WM o, Molar flow of carbon dioxide Ib moles/hr
WM g Molar flow of fuel gas 1b moles/hr
WMy, Molar flow of water Ib moles/hr
WMy, Molar flow of nitrogen Ib moles/hr
WMo, Molar flow of oxygen Ib moles/hr
WMso, Molar flow of sulfur dioxide Ib moles/hr
Xi Datum value

x Data average

Z Gas compressibility

Joj Flow element bore to pipe ratio

AP Differential pressure in. we

£ Expansion factor

) Density Ib/tt?

05 Ref Steam average density for reference conditions Ib/ft?
PsTest Steam average density for a test Ib/ft?

9
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2-3 CONVERSION FACTORS

To convert from To Multiply by
Acceleration of free fall, standard (g,) meter per second 9.806 65 E +00
squared (m/ s?)
Atmosphere, standard (atm) pascal (Pa) 1.013 25 E + 05
Atmosphere, standard (atm) kilopascal (kPa) 1.013 25 E + 02
bar (bar) kilopascal (kPa) 1 E + 02
British thermal unit (mean) (Btu) joule (J) 1.055 87 E + 03
British thermal unit (59°F) (Btu) joule (J) 1.054 80 E + 03
British thermal unit (60°F) (Btu) joule (J) 1.054 68 E + 03
British thermal unit;r per hour (Btu;r/h) watt (W) 2.930 711 E-01
British thermal unit,, per hour (Btug/h) watt (W) 2.928 751 E-01
British thermal unit;; foot per hour square foot watt per meter kelvin 1.730 735 E + 00
degree Fahrenheit [Btuyy - ft/(h - ft* - °F)] [W/(m - K)]
British thermal unit,, foot per hour square foot watt per meter kelvin 1.729 577 E + 00
degree Fahrenheit [Btuy, - ft/(h - ft* - °F)] [W/(m - K)]
British thermal unit;y per pound (Btu;r/lb) joule per kilogram 2.326 E + 03
(J/kg)
British thermal unit,, per pound (Btug/lb) joule per kilogram 2.324 444 E + 03
(J/kg)
British thermal unit;r per square foot hour watt per square meter 3.154 591 E + 00
[Btuy/(ft* - h)] (W/m?)
British thermal unit,, per square foot hour watt per square meter 3.152 481 E + 00
[Btuy/(ft* - h)] (W/m?)
Calorie (cal) (mean) joule (J) 4.190 02 E+00
Calorie (15°C) (cal;s) joule (J) 4.185 80 E + 00
Degree Celsius (temperature) (°C) kelvin (K) T°K =T°C +273.15
Degree Celsius (temperature interval) (°C) kelvin (K) 1 E + 00
Degree Fahrenheit (temperature) (°F) degree Celsius (°C)  T°C = (T°F - 32)/1.8 E + 00
Degree Fahrenheit (temperature) (°F) kelvin (K) T°K = (T°F + 459.67)/1.8 E + 00
Degree Fahrenheit (temperature interval) (°F) degree Celsius (°C) 5.555 556 E - 01
Degree Fahrenheit (temperature interval) (°F) kelvin (K) 5.555 556 E - 01
Degree Rankine (°R) kelvin (K) T°K = (T°R)/1.8 E + 00
Degree Rankine (temperature interval) (°R) kelvin (K) 5.555 556 E -01
Dyne (dyn) Newton (N) 1.0 E - 05
Dyne per square centimeter (dyn/cm?) pascal (Pa) 1 E-01
Feet per hour (ft/hr) meter per second (m/s) 8.466 667 E - 05
Feet per minute (ft/min) meter per second (m/s) 5.08 E-03
Feet per second (ft/sec) meter per second (m/s) 3.048 E - 01
Feet pound-force (ft - 1bf) joule (J) 1.355 818 E -00
Feet pound-force per hour (ft - Ibf/hr) watt (W) 3.766 161 E-04
Inch (in.) meter (m) 2.54 E-02
10
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To convert from To Multiply by
Inch (in.) centimeter (cm) 2.54 E + 00
Inch per second (in./sec) meter per second (m/s) 2.54 E-02
Kelvin (K) degree Celsius (°C) T°C=T°K - 273.15 E + 00
Kilocalorie;r (kcal) joule (J) 4.1868 E+03
Kilocaloriey, (kcaly,) joule (J) 4.184 E + 03
Kilocalorie (mean) (kcal) joule (J) 4.190 02 E + 03
Kilocaloriey, per minute (kcaly/min) watt (W) 6.973 333 E + 01
Kilocaloriey, per second (kcaly/sec) watt (W) 4.184 E + 03
Kilowatt hour (kW - hr) joule (J) 3.6 E + 06
Kilowatt hour (kW - hr) megajoule (MJ) 3.6 E+00
Mho siemens (S) 1 E-00
Millibar (mbar) pascal (Pa) 1 E+02
Millibar (mbar) kilopascal (kPa) 1 E-01
Pound per hour (Ib/h) kilogram per second 1.259 979 E - 04
(kg/s)
Pound per minute (Ib/min) kilogram per second 7.559 873 E-03
(kg/s)
Pound per second (Ib/sec) kilogram per second 4.535924 E - 01
(kg/s)
Pound per square foot (Ib/ft?) kilogram per square 4.882 428 E + 00
meter (kg/m?)
Pound per square inch (not pound-force) kilogram per square 7.030 696 E + 02
(Ib/in.?) meter (kg/mz)
psi (pound-force per square inch) (Ibf/in.?) pascal (Pa) 6.894 757 E + 03
psi (pound-force per square inch) (Ibf/in.?) kilopascal (kPa) 6.894 757 E + 00
Square foot (ft?) square meter (m?) 9.290 304 E -02
Square inch (in.%) square meter (m?) 6.4516 E-04
Square inch (in.%) square centimeter (cm?) 6.4516 E + 00
torr (Torr) pascal (Pa) 1.333 224 E +02
Watt hour (W - hr) joule (J) 3.6 E +03
Watt per square centimeter (W/cm?) watt per square meter 1 E-04
(W/m?)
Watt per square inch (W/in.?) watt per square meter 1.550 003 E +03
(W/m?)
Watt second (W - sec) joule (J) 1 E + 00

GENERAL NOTES:

(a) For more complete list and other explanatory details visit NIST site:

http://physics.nist.gov/Pubs/SP811

(b) The numbers given in boldface are exact.

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun ‘paniwlad sI uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAlun piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719311SYda) MMM) J1JIUBIDS uoswoy ] Aq AlISIaAlun plojuels 01 pasuadl| reusrew payybuAdod



ASME PTC 4.4-2008

2-4 DESCRIPTIVE FIGURES

Figures 2-4-1, 2-4-2, 2-4-3, and 2-4-4 describe some generic configurations. Job-specific figures
should be generated in the test procedure.

No. Description Flow Direction
1 Fuel to gas turbine In
2 Steam injection into gas turbine In
3 Water injection into gas turbine In
4 Combustion air to gas turbine In
5 Gas leakage out of the GTE exhaust Out
6 Bypass stack gas leakage Out
7 Exhaust gas into HRSG In
8 Burner auxiliary air In
9 Burner fuel for auxiliary firing In
10 HP main steam Out
11 Spray water to HP attemperator In
12 Auxiliary HP steam Out
13 Hot reheater steam to the IP turbine Out
14 Auxiliary HP steam to the HRSG In
15 Cold steam from HP turbine to reheater In
16 Spray water to reheater attemperator In
17 HP saturated steam export Out
18 Recirculation from HP economizer Out
19 Feedwater to the HP system In
20 IP superheated steam Out
21 IP saturated steam for export Out
22 Recirculation water from IP economizer Out
23 Feedwater to the IP system In
24 LP superheated steam Out
25 HRSG heat loss across the HRSG boundary Out
26 LP saturated steam Out
27 Recirculation water from LP economizer Out
28 Feedwater to LP system In
29 Condensate or preheated water to HRSG In
30 LP steam Out
31 Pegging steam into DA drum In
32 Any other fluid out of the HT section Out
33 Any other fluid into the HT section In
34 Gaseous fuel heated in HRSG Out
12
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No. Description Flow Direction
35 Gaseous fuel heated in HRSG In
36 Preheated water out of the feedwater heater Out
37 Condensate into the feedwater heater In
38 Exhaust gas from HRSG to stack Out
39 HP blowdown Out
40 IP blowdown Out
41 LP blowdown Out
42 Feedwater to HP, IP, and LP feedwater pumps Out
43 Water and other condensables from gas Out
44 GT losses Out
13
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ASME PTC 4.4-2008

Section 3
Guiding Principles

3-1 INTRODUCTION

The purpose of this Section is to provide guidance on HRSG testing and to outline the steps required
to plan, conduct, and evaluate a Code test of the heat recovery steam generator performance.

This ASME PTC 4.4 Code uses heat balances around the HRSG and the gas turbine to determine the
primary heat input to the HRSG in the form of flow, temperature, and composition. This Code references
ASME PTC 22 for the methodology of conducting a gas turbine heat balance. Each of these heat inputs is
then used to determine the corrected capacity of the HRSG. A method of uncertainty weighting of these
capacities is used to combine them.

This Code details procedures for conducting tests to meet the objectives outlined in Section 1 to
ensure that proper procedures are developed and the correct performance equations are applied. The
procedures detailed in this Code represent current industry and good engineering practice for the
determination of HRSG performance. The nature of HRSGs and the various design configurations result in a
wide variation in the expected uncertainty of test results. For example, a fired HRSG with high firing may
result in a significant reduction in IP and LP steam flows and corresponding increases in uncertainty. Table
3-1-1 presents a range of values typical of the uncertainty that may be observed when conducting tests in
accordance with this Code on the configuration types identified. Due to the wide range of potential
uncertainties possible, this Code requires agreement on the uncertainty required.

3-2 PLANNING FOR THE TEST

Planning for the test shall be developed well in advance of the test. A test procedure shall be
prepared and agreed to prior to conducting the test. This procedure shall outline the schedule of test
activities, responsibilities, and the procedure for conducting the test and shall detail and clarify all prior
agreements (refer to subsection 3-3 for a list of prior agreements).

Table 3-1-1 Typical Range of Uncertainties

Configuration HP Capacity, % IP Capacity, % LP Capacity, %
Single pressure level 0.7t02 NA NA

Two pressure level 0.7t02 NA 1.5t05
Three pressure level 0.7t02.5 1to4 1.5t07
Three pressure level, fired 0.7t0 1.5 1to 15 1.5to 15

with reheat

Gas Side Pressure Drop 0.4 -0.8in.WC
Steam and Waterside Pressure Drop 4.0% to 8.0%

3-2.1 Test Procedure

A detailed test procedure shall be prepared. The procedures for testing shall be mutually agreed prior
to starting the test and will detail how this Code will be applied for preparing, conducting, and reporting of
the test. The test procedure shall reflect any contract requirements that pertain to the test objectives and
performance guarantees as well as the understanding of the parties as to the interpretation of this Code. It
shall provide clarification to resolve any contract omissions or ambiguities.

18
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3-2.2 Responsibilities of Parties

The parties to the test shall agree on individual responsibilities for the test in accordance with this
Code.

A Test Coordinator who will be knowledgeable in all the technical and operational facets of the test,
including the details of this Code shall be designated. The Coordinator shall have the responsibility for
implementation of the test in accordance with the test procedures.

Representatives from each of the parties to the test, who are to observe the test and confirm that it
was conducted in accordance with the test procedures, shall be identified. They shall have the authority, if
necessary, to approve any agreed upon revisions to the test procedures during the test.

3-2.3 Test Boundary

The test boundary of an energy system is a control volume, with various input and output streams
crossing the boundary. These streams carry energy into or out of the system. The energy and/or capacity of
these streams shall be measured to calculate the corrected results and determine the performance.

Generally, energy or capacity of the internal stream that does not cross the boundary need not be
measured. However, measurements of internal streams may be required if these streams verify the case
operating condition or are functionally related to streams crossing the boundary.

The specific test boundary shall be established. Figures 2-4-1 through 2-4-4 show typical HRSGs
with generally used test boundaries. These figures should be treated as generic and will be customized for a
particular test.

3-2.4 Required Measurements

Once the test boundary has been identified, those streams that cross the boundary will need the
associated energy flow contained in them quantified for the test. The following parameters need to be
determined for a valid test. Additions or deletions may be necessary for a specific test arrangement.

3-2.4.1 Gas Turbine Exhaust. The primary heat input to an HRSG is the gas turbine exhaust (GTE).
The flow and constituents shall be calculated based on the combination of heat balances around the GT and
HRSG. GTE and stack temperatures are total temperatures and are measured with an array of temperature
Sensors.

3-2.4.2 Ambient Conditions. The barometric pressure, dry-bulb temperature, and humidity or
wet-bulb temperature shall be measured.

3-2.4.3 Water and Steam Streams. For all steam and water streams, flow, pressure, temperature,
and quality shall be defined as required to determine the change in energy of the stream. Sufficient flow
measurements shall be made to determine the distribution of fluid within the system. It is generally
considered more accurate to measure water flow than steam flow and, therefore, the feedwater flow stream is
measured. Directly measured steam flow may be more accurate than one calculated by taking the difference
of two feedwater flow measurements.

3-2.4.4 Auxiliary Firing Input. If the HRSG has an auxiliary firing system, the flow, pressure,
temperature, and constituents of the fuel shall be measured. The flow, pressure, and temperature of any air,
steam, and water stream into the burner shall also be determined.

3-2.4.5 Auxiliary Systems. The flow, pressure, temperature, and constituents of streams to and from
auxiliary systems such as fuel heaters, etc., need to be determined if they cross the test boundary.

3-2.4.6 Gas Side Pressure Drop. Since one of the critical variables is the HRSG gas side pressure
drop, measurement of the static pressure at the HRSG inlet is necessary.

3-2.4.7 Steam and Water Pressure Drop. The steam and water pressure drops shall be determined
during the test, if required.
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3-2.5 Design, Construction, and Startup Considerations

During the design phase of the plant, consideration should be given on how to accurately conduct the
test, including the requirements of instrumentation accuracy, calibration, recalibration documentation
requirements and location of permanent plant instrumentation to be used for testing. Adequate provisions for
installation of temporary instrumentation, where plant instrumentation is not adequate to meet the
requirements of the Code, must be considered during the design phase.

Consideration should also be given to the personnel and instrumentation involved in the test.
Examples include safe access to test point locations, availability of suitable utilities and safe work areas for
personnel, as well as potential damage to instrumentation or calibration shifting due to extreme ambient
conditions such as temperature or vibration.

Consideration should also be given to the timing of flow element installation with respect to
chemical cleaning and/or steam blows. Piping arrangements should provide sufficient upstream and
downstream straight lengths as outlined in ASME PTC 19.5 for accurate measurements.

3-3 PRIOR AGREEMENTS

Prior to conducting an HRSG performance test, there shall be a written agreement on the specific
subjects affecting the test. Agreement on the following items must be included:

(a) acceptance criteria.

(b) uncertainty targets for test objectives.

(c) identification of instruments, measurements, and sampling requirements.

(d) objective of test and method of operation.

(e) schedule for test and advance notification required of all parties.

(f) scope of testing and number of different conditions.

(g) if PTC 4.4 is to be conducted in conjunction with an overall plant test such as PTC 46, any
special requirements that will be required to be part of that test.

(h) when the test will be conducted, and what to do if it is delayed.

(i) defined test boundaries identifying inputs and outputs and having clarity to their position of
measurements.

(j) contract requirements that pertain to the test objectives and performance guarantees and provide
any needed clarification of contract issues.

(k) data acceptance and rejection criteria.

(I) requirements for steady-state operation.

(m) maximum deviation from design for which the correction methodology is valid.
(n) test continuous operating time or duration and number of runs.

(o) fuel(s) to be fired, their analysis, heating value, and method of sampling.

(p) identification of test corrections to be imposed shall be clearly described commensurate with the
test boundaries. References or Codes or software required, incorporating performance correction
curves, computations or tables, etc., shall be clearly identified. The documentation to be provided
shall be clearly identified. The methods to incorporate such corrections shall be clearly described
to ensure conformity and accuracy of computation.

(g) the methods and biases for the uncertainty analysis shall be identified and agreed to for the
pretest and post-test uncertainty analysis.

(r) method of measurement shall describe frequency of observation, locations, types, accuracy, and
indicate permanent plant instruments and temporary test instruments.

(s) control and calibration procedures and requirements for instrumentation.
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(t) permissible variations of test conditions at the test boundary shall be identified such as, but not
limited to, ambient temperature, process services to/from the plant, and fuel variations (heating
value and composition).

(u) weather conditions and procedures to be followed to ensure personnel safety.

(v) required levels of cleanliness for testing. If remedial cleanliness measures are not undertaken nor
practical, then the conditions affecting performance shall be reviewed and the parties shall agree
to any corrections in HRSG expected performance.

(w) procedures to account for degradation, if applicable.

(x) operating equipment: a list of plant equipment that is required to be operational during the test or
to be accounted for in the corrections.

(v) a detailed valve lineup for the HRSG.

(z) preliminary testing and stabilization.

(aa) if a testing laboratory is required for analysis, it shall be identified.
(bb) calculation and correction to reference condition methodology.

(cc) agreement on the steam properties to be used if not the IAPWS-1IF97 ASME Industrial
Formulation.

(dd) test report format, contents, inclusions, and index. Agreement shall be reached on how to
handle the sectional deviations. The amount of heat available to downstream sections is
dependant upon the actual heat absorbed by upstream sections. Based upon second law
considerations equivalent heat absorbed in lower pressure sections has a lower potential of
work energy.

(ee) bypass damper leakage if applicable.
(ff) HRSG and GT losses.
(gg) test duration.

3-4  TEST PREPARATIONS

Suitable notification of the test preparations shall be made to all involved to provide the necessary
time to respond and to prepare personnel, equipment, or documentation. Updated information should be
provided as it becomes known. Participating organizations and other third parties to the test shall also be
notified.

3-4.1 Schedule of Test Activities

A test schedule shall be prepared denoting anticipated time of test, notification of the parties to the
test, test plan preparation, and preparation of the results report.

3-4.2 Test Apparatus

Instrumentation used for data collection shall be at least as accurate as instrumentation identified in
the pretest uncertainty analysis and as described in Section 4. This instrumentation can either be permanent
plant instrumentation or temporary test instrumentation.

Calibration of the instruments shall be carried out prior to the test and those records and calibration
reports made available. After the test, calibration or checks shall be made of the instruments. Redundant
instruments should be used as practical to reduce overall test uncertainty. Refer to Section 4 for detailed
information regarding instrumentation and calibration requirements.

Data storage, document retention, and test report distribution shall be established prior to the test.
Data storage decisions for test data, results, and report shall include consideration of longevity, retrieval
access, and usefulness of stored information. Storage format, electronic, magnetic, paper, or other, should be

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun paniwlad si uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAIuN piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719a11SYda) MMM) J1JIIUBI0S uoswoy ] Aq AlISIaAluN plojuels 01 pasuadl| reusrew payyblAdod



ASME PTC 4.4-2008

defined for test data, results, and report. Types and quantities of copies of such information, and
responsibility for storage and ownership of these items shall also be resolved.

3-4.3 Test Personnel

Test personnel shall be identified in sufficient quantity and expertise to support the execution of the
test. The personnel shall be familiar with the test procedures to ensure that they can maintain safe and steady
operation of the plant as required for an accurate test.

3-4.4 Equipment Inspection

Prior to conducting the test, the cleanliness, condition, and age of the equipment is to be determined
by inspection of equipment and operational records. Any cleaning shall be agreed upon and completed prior
to the test. Equipment shall be inspected for leakage.

All parties shall have reasonable opportunity to examine the HRSG. The HRSG shall be checked to
ensure that equipment and subsystems are installed and operating within their design parameters and are
suitable to undergo testing.

Thorough preparations shall be completed before conducting the test. Detailed records shall be made
to define the plant boundaries of the test and the exact method of test selected. Descriptions, drawings,
diagrams, or photographs may all be used to give a permanent record.

3-4.5 Preliminary Run

A preliminary run should be conducted immediately prior to the test. As a result of the preliminary
run, agreements to any test modifications should be made before conducting the test. A preliminary run may
be declared an official run if all requirements of an official run are achieved.

Reasons for a preliminary run include the following:

(a) to determine whether the equipment is in suitable condition for the conduct of the test

(b) to make adjustments, the needs of which were not evident during the preparation of the test
(c) to check the operation of all instruments, controls, and data acquisition systems

(d) to ensure that the facilities can be maintained at a steady-state condition

(e) to ensure that process conditions are not constrained other than those identified in the test
procedure

(f) to familiarize test personnel with their assignments
3-4.6 Documentation of Correction Methodology

Documentation shall be developed for calculated or adjusted data to provide visibility to algorithms,
constants, scaling, calibration corrections, offsets, base points, and conversions, as necessary. It is not the
intent of this section that proprietary design algorithms be disclosed.

3-5 CONDUCTING THE TEST
The purpose of this section is to provide guidelines on conducting the test.
3-5.1 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 everyone involved is informed of the starting time.
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3-5.1.1 Starting Criteria. Prior to starting each test, the following conditions must be satisfied:

(a) Operation, configuration, and disposition for testing have been reached in accordance with the
Test Procedure, including the following:

(1) steady-state operation
(2) equipment operation and method of control
(3) unit configuration, including required process flow rate and valve lineup
(4) HRSG operation within the bounds of the performance correction methods, algorithms, or
programs

(5) equipment operation within allowable limits
(6) for a series of test runs, completion of internal adjustments required for repeatability

(b) Stabilization. Prior to starting the test, the HRSG must operate for a sufficient period of time at
test load to demonstrate and verify stability in accordance with para. 3-5.3 criteria.

(¢) Data Collection. Data acquisition system(s) functioning, and test personnel in place and ready to
collect samples or record data.

3-5.1.2 Stopping Criteria. Tests are normally stopped when the Test Coordinator is satisfied that

requirements for a complete test run have been satisfied. The Test Coordinator may extend the test or
terminate the test if the requirements are not met.

Data logging shall be checked to ensure completeness.
3-5.2 Methods of Operation Prior to and During Tests

A test log shall be developed which shall be maintained during the test to record any occurrences
affecting the test, the time of the occurrence, and the observed resultant effect. This log will become part of
the permanent record of the test.

All equipment necessary for normal operation at the test conditions must be operating during the test
or accounted for in the corrections. Nothing within the plant shall be run or shut down abnormally to affect
the capacity. Any environmental control system must be operating and within normal parametric ranges, gas
flow, inlet and outlet emission concentrations, pH, and solid and liquid concentrations.

HRSG equipment shall be operated in a manner consistent with the basis of design or guarantee.

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

3-5.2.1 Equipment Operation. The HRSG shall be functioning as specified within their design
characteristics and operational ratings as defined by the HRSG suppliers’ instructions, unless mutually
agreed.

Evaporative coolers and chillers, if installed, should be out of service. If a test is required with them
in service, the test uncertainty will increase.
3-5.2.2 Proximity to Design Conditions. It is desirable to operate the HRSG during the test as
closely as possible to the reference performance conditions to limit the magnitude of corrections to capacity.
3-5.2.3 Blowdown. All blowdown should be isolated during the test. If a test is required with
blowdown in service, the test uncertainty will increase.
3-5.3 Adjustments Prior to and During the Test

Permissible adjustments during the test are those required to maintain equipment in safe operation,
to maintain plant stability, or to correct malfunctioning controls.
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Any adjustments that would result in equipment being operated beyond manufacturer’s operating
limits, design or safety limits, and/or specified operating limits are not permissible at any time prior to or
during testing.

Adjustments that adversely affect the stability of a primary measurement during a test are not
permitted. If operating conditions vary during any test run beyond the limits prescribed in Table 3-5.3-1, and
if these variations are not covered by mutual agreements, the test run shall be discarded.

Table 3-5.3-1 Suggested Maximum Permissible Variations in Test Conditions

Variation of Any Station Observation From the

Variable Reported Average Test Condition
Feedwater flow +2%
Drum pressure +2% or 10 psi, whichever is greater
Desuperheating water flow +1/2% of steam flow
Fuel flow to gas turbine +2%
Supplemental fuel flow +2%
Gas turbine power output +2%
Average gas turbine exhaust temperature +10°F
Feedwater temperature to economizer +5°F
Steam temperature leaving superheater +5°F

3-5.4 Application of Corrections

A major objective of this Code is to produce the corrected capacity of the HRSG. Section 5 provides
detailed instructions for the determination and application of the necessary corrections. Due to the complex
nature of modern, multi-pressure level HRSGs, this Code recommends the use of computer programs for the
determination of as tested performance and for correction to reference conditions.

3-5.5 Duration of Runs

The duration of a test run shall be of sufficient length that the data reflects the average performance
of the HRSG. This includes consideration for deviations in the measurable parameters due to controls, fuel,
and typical plant operating characteristics. The test duration shall not be less than 1 hr.

The Test Coordinator may determine that a longer test period is required. The minimum time is
generally based upon continuous data acquisition. Depending upon the personnel available and the method
of data acquisition, it may be necessary to increase the length of a test in order to obtain a sufficient number
of readings of the measured parameters to attain the required test uncertainty. Test runs should not last longer
than 2 hr.

3-5.6 Number of Test Runs

A run is a complete set of observations made over a period to time with the unit at stable operating
conditions. A test is the combination (average) of a series of runs for the purpose of determining
performance characteristics. A test shall consist of a minimum of two runs, one of which may be the
preliminary run.
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3-5.7 Number of Readings

Sufficient readings must be taken within the test duration to yield total uncertainty consistent with
Table 3-1-1. At least 30 sets of data shall be recorded for all electronic measurements. There are no specific
requirements for the number of integrated readings. These readings should not be smoothed or averaged. See
Section 4 for details.

3-6 CALCULATION, ANALYSIS, AND REPORTING OF RESULTS

The data taken during the test should be reviewed and, upon acceptance, shall be averaged over the
test period.

Each Code test shall include pretest and post-test uncertainty analyses, and the results of these
analyses shall fall within the agreed upon test uncertainty. Section 5 provides information on the general
performance equations.

3-6.1 Causes for Rejection of Readings

Upon completion of the test or during the test itself, the test data shall be reviewed to determine if data
from certain time periods should be rejected prior to the calculation of test results. Refer to ASME PTC 19.1
and ASME MFC-2M (Appendix C) for data rejection criteria. A test log should be kept, and for any plant
upsets that cause test data to violate the requirements of Table 3-5.3-1, the run or portion shall be rejected. A
minimum of 10 min following the recovery of these criteria shall pass to allow for re-stabilization.

Should serious inconsistencies that affect the results be detected during a test run or during the
calculation of the results, 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. A run that has been invalidated shall be repeated, if
necessary, to attain the test objectives. The decision to reject a run shall be the responsibility of the
designated representatives.

During the test, should any control system set points be modified that affect stability of operation
beyond Code limits, test data shall be considered for rejection from the calculations of test results. The
period rejected shall start immediately prior to the change and end no less than 10 min following the
recovery of the criteria found in Table 3-5.3-1.

An outlier analysis of spurious data should also be performed in accordance with ASME PTC 19.1
on all critical measurements after the test has ended. This analysis will highlight any points that should be
reviewed and possibly rejected prior to calculating the test results. The Modified Thompson Tau method, as
with other statistical methods, identifies potential outliers; points so identified should be reviewed and
rejected only if, in the judgment of the engineer, they are invalid. It should be noted that data rejection
criteria should not be applied to grid data or data varying in space. The criteria should only be applied to a
single point over time. Any points rejected should be identified in the test report.

3-6.2 Repeatability of Test Runs

After completing the first test run that meets the criteria for an acceptable test run (which may be the
preliminary test run), the data should be consolidated and preliminary results calculated and examined to
ensure that the results are reasonable. If it is agreed, the test may be concluded at the end of any test run.

The criterion for repeatability between test runs is that the results of two or more runs each lie within
the uncertainty interval of the other. Refer to Fig. 3-6.2-1 for examples of runs that meet and do not meet this
criterion.

Should a run or set of runs fail to meet the repeatability criteria, the results from all of the runs
should be reviewed in an attempt to explain the reason for excessive variation. Should no reason become
obvious, the uncertainty band can be increased to encompass the runs, and therefore make them repeatable,
or more runs may be conducted, which will allow calculation of the precision component of uncertainty
directly from the test results.
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Fig. 3-6.2-1 Repeatability of Runs

2
2 2
3 2
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Repeatable Not Repeatable 2 & 3 Repeatable Not Repeatable
1 Not Repeatable
<€— Test Result Plus Uncertainty
Legend: <€— Test Result (Corrected)

<«€— Test Result Minus Uncertainty

The results of multiple runs that meet the criteria for repeatability and other Code requirements shall
be averaged to determine the mean result. The uncertainty shall be reported for individual runs.

3-6.3 Comparison of Capacity From GT and HRSG Heat Balances

The capacity determined by GT energy balance shall be compared to the capacity determined by
HRSG heat balance. The difference between the results of the two independent tests must be within the
square root of the sum of the squares of the uncertainty of each test.

Difference < = sqrt(Ul2 +U2%

Ninety-five percent of all test values will theoretically be within this difference. This requirement
must be met to assure that the two test results are within the 95% confidence level. Should the values fail to
meet this criterion, the uncertainty estimates are probably too low and the data should be reviewed in an
attempt to identify the excessive variation. Should no reason become obvious the uncertainty band(s) may be
increased.

3-6.4 Test Uncertainty

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

This Code addresses test uncertainty in four of its sections:

(a) Section 3 identifies typical uncertainties for different types of units. The parties to the test shall
agree on the uncertainty targets for the test.

(b) Section 3 defines the requirements for pretest and post-test uncertainty analyses, and how they
are used in the test. These uncertainty analyses and limits of error are defined and discussed
below. It also includes constancy limits for key variables to limit temporal precision uncertainty.

(c) Section 4 describes the accuracy required for each test measurement.

(d) Sections 5 and 7 provide applicable guidance for determining pretest and post-test uncertainty
analysis results.
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3-6.4.1 Pretest and Post-Test Uncertainty Analyses. A pretest uncertainty analysis must be
performed so that the test can be designed to meet Code requirements. Estimates of random and systematic
error for each of the proposed test measurements should be used to help determine the number and quality of
test instruments required for compliance with Code or contract specifications.

The pretest uncertainty analysis should be used to determine the level of accuracy required for each
measurement to maintain overall Code standards for the test. For simplicity and economic considerations, the
Code allows using plant instrumentation for insignificant measurements or even assuming parameters.
However, the effect of these actions must be demonstrated to have a small effect (less than 0.05%) on overall
test uncertainty, and the test must still meet uncertainty targets set to be considered a Code test.

A post-test uncertainty analysis must also be performed as part of a Code test. The post-test
uncertainty analysis will reveal the actual quality of the test to determine whether the required uncertainty
targets have been met.

3-6.5 Test Report

Parties to the test have the right to have copies of all raw data at the conclusion of the test.
Agreement shall be reached on how the test data is to be distributed. The report shall include all specific
subjects affecting the conducting of the test.

Prior to the issuance of the final report, all parties shall have the opportunity to review the
calculations and the results. Any disagreements shall be noted in the final report.

The results of the test should be presented as a formal document that is certified by all parties to the
test. The contents of the test report are described in Section 6 of this Code.
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Section 4
Instruments and Methods of Measurement

4-1 INTRODUCTION

This Section covers choice of instruments, uncertainty of instruments, and calibration corrections to
readings and measurements specific to this Code. Instructions as to methods of measurement, location of
measuring systems, and precautions to be taken are also included in this Section. The instrumentation
recommended herein may be replaced by new technology as it becomes available, provided this new
technology meets the uncertainty requirements of this Code.

A method shall be selected for measuring each parameter which, when considered with all the other
parameters, produces results within the uncertainty requirements of the test.

4-2  GENERAL
4-2.1 Supplements

The ASME PTC 19 Series contains guidance for developing test uncertainty and descriptions of
instruments, devices, and methods of measurement likely to be required in any test of equipment. They
include directions regarding instrument applications, limits and sources of error, range, sensitivity and
random uncertainties, and methods of calibration. Instruments should be selected to ensure that

(a) the requisite degree of accuracy of measurement is attainable

(b) the selected test apparatus and methods are practical
4-2.2 Location and Identification of Instruments

Transducers shall be located to minimize the impact of environmental conditions such as vibration,
temperature, humidity, etc. Care shall be used in the selection and routing of lead wires to the data collection
equipment to prevent electrical noise in the signal. Manual instruments shall be located so that they can be
read with precision and convenience by the observer. All instruments shall be clearly and properly marked
for identification. Calibration tables or charts, if applicable, shall be readily available. Observers shall be
instructed as to desired degree of precision of readings.

4-2.3 Sources of Error
Sources of error that influence the accuracy of a test include the following:

(a) instrument errors

(b) errors of observation

(c) errors resulting from failure to obtain representative samples

(d) errors resulting from failure to place instruments at the required point of measurement
(e) errors resulting from instruments having insufficient sensitivity

(f) error due to signal

Errors are discussed at length in each edition of the ASME PTC 19 Series.
4-2.4 Instrument Calibration

4-2.4.1 Definition of Calibration. Calibration of an instrument is the act of applying process
conditions to the candidate instrument and to a reference standard in parallel. Readings are taken from both
the candidate instrument and the reference standard. The output of the instrument then may be adjusted to the
standard reading. As an alternative, the difference between the instrument and the reference standard may be
recorded and applied to the instrument reading. This alternative method may be required in the case of flow
elements, or thermocouples because their output cannot be easily altered. The ASME PTC 19 Series
provides guidance on the use and application of calibration data.
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4-2.4.2 Reference Standards. In general, all test instrumentation that is to be calibrated shall be
calibrated against reference standards traceable to the National Institute of Standards and Technology
(NIST), other recognized international standard organizations, or recognized physical constants. All
reference standards shall be calibrated at the frequency recommended by the manufacturer or other
frequency as user has data to support extension of the calibration period. Supporting data are historical
calibration data that demonstrate a calibration drift less than the accuracy of the reference standard for the
desired calibration period.

The reference standards should have an uncertainty at least four times better (less) than the test
instrument to be calibrated. A reference standard with a higher uncertainty may be employed if the
uncertainty of the standard combined with the random uncertainty of the instrument being calibrated is less
than the accuracy requirement of the instrument. If the instrument being calibrated for use in the test is at
least as accurate as the calibration device being used, the instrument being calibrated should only be
“calibration checked” (i.e., calibration of the instrument should not be changed, but simply confirmed to be
within the specified uncertainty band).

4-2.4.3 Ambient Conditions. Calibration of instruments should be performed in a manner that
replicates the condition under which the instrument will be used to make the test measurements.
Consideration must be given to all process and ambient conditions that may affect the measurement,
including temperature, pressure, humidity, electromagnetic interference, radiation, etc.

4-2.4.4 Instrument Ranges and Calibration Points. Instrumentation used to measure primary
variables with a product of relative sensitivity coefficient and instrument uncertainty of 0.25 or greater should
be calibrated at least two points more than the order of the calibration curve fit, whether it is necessary to apply
the calibration data to the measured data, or if the instrument is of the quality that the deviation between the
laboratory calibration and the instrument reading is negligible in terms of affecting the test result.

Each instrument should also be calibrated such that the measuring point is approached in an
increasing and decreasing manner. This exercise minimizes the possibility of any hysteretic effects. Some
instruments are built with a mechanism to alter the range once the instrument is installed. In this case, the
instrument must be calibrated at each range to be used during the test period.

Other instruments may be calibrated at the number of points equal to the calibration curve fit. If the
instrument can be shown to typically have a hysteresis of less than the required accuracy, the calibration
points need only be approached from one direction.

4-2.4.5 Timing of Calibration. Test instrumentation for all variables used in test calculations that
have a product of relative sensitivity coefficient and instrument uncertainty of 0.25 or greater of the total
uncertainty will be calibrated prior to testing and calibrated or checked following the tests. The calibration
requirement is not mandated for instruments used for variables in test calculations that have a product of
relative sensitivity coefficient and instrument uncertainty of less than 0.25 of the total uncertainty. No
mandate is made regarding quantity of time between the initial calibration, the test period, and the re-
calibration, but all instruments should be within their normal calibration cycle (typically up to 1 yr). If
premium grade thermocouple (TC) wire from a given batch is used for temporary TC installations, a section
taken from each end of the batch can be used for calibration.

Flow measuring devices and current and potential transformers, by nature, are not conducive to
post-test calibration. In the case of flow measuring devices, the element may be inspected following the test
rather than recalibrating the device. Flow elements need not be inspected following the test if the devices
have not experienced steam blow or chemical cleaning. Post-test calibration of current and potential
transformers is not required.

4-2.4.6 Calibration Drift. Calibration drift is defined as the difference in the calibration correction as a
percent of the reading. When the post-test calibration indicates that the drift is less than the instrument
systematic uncertainty, the drift is considered acceptable and the pretest calibration is used as the systematic
uncertainty for determining the test results. Occasionally, the instrument calibration drift is unacceptable.
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Should the calibration drift, combined with the reference standard accuracy as the square root of the sum of
the squares, exceed the required accuracy of the instrument, it is unacceptable.

Calibration drift can result from instrument malfunction, transportation, installation, or removal of
the test instrumentation. Should calibration drift occur, engineering judgment must be used to determine
whether the initial calibration or recalibration is correct. Good practices that lead to the application of good
engineering judgment include the following:

(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 are vented pressure transmitters, no load on wattmeters, and ice
point temperature instrument check.

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

4-2.4.7 Loop Checks. All instruments should be loop checked. Loop checking is the process of
checking the instrumentation loop to confirm that the calibrated instrument signal is properly processed
through the signal conditioning equipment to the display. This may be accomplished by applying a calibrated
output signal at the instrument termination point and observing the expected display at the Data Acquisition
System (DAS). Components of the loop may be calibrated (in the case of the sensor) and checked (in the
case of the signal and conditioning equipment) separately. This later approach is particularly true of digital
systems.

4-2.4.8 Quality Assurance Program. A quality assurance program must be in place at facilities that
conduct calibration activities for the test. 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.

Access to the calibration facility should be provided as the instruments are calibrated. The quality
assurance program should also be made available during such a visit.

4-2.5 Plant Instrumentation

It is acceptable to use plant instrumentation if the plant instrumentation (including signal
conditioning equipment) can be demonstrated to meet the uncertainty requirements. In the case of flow
measurement, all instrument measurements (process pressure, temperature, differential pressure, or pulses
from metering device) must be made available, as plant conversions to flow are often not rigorous enough
for the required accuracy.

4-2.6 Redundant Instrumentation

Redundant instruments are two or more devices measuring the same parameter with respect to the
same location. Redundant instruments should be used for those measurements that have the greater impact
on test uncertainty. Redundant instruments can be used to reduce the measurement uncertainty. An example
of a redundant measurement is two wells with separate thermocouples at the same location; by contrast a
dual element thermocouple in a single well does not represent a redundant measurement.
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Other independent instruments in separate locations, including plant instrumentation, can also
monitor instrument integrity. An example case is a constant enthalpy process where pressure and
temperature in a steam line at one point can verify the pressure and temperature of another location in
the line by comparing enthalpies.

4-3 TEMPERATURE MEASUREMENT
4-3.1 General

Temperature is typically measured with thermocouples (TCs), resistance temperature devices
(RTDs), or mercury in glass thermometers (thermometers). These devices produce either a direct reading or
a signal, which can be read with a meter, transmitter, or data logger. Details on use and installation can be
found in ASME PTC 19.3 and ASTM Manual 12, Manual on the use of thermocouples and temperature
measurement.

Data measurement devices must be allowed to reach thermal equilibrium in the environment where
the measurements will be taken. An RTD or a thermocouple with continuous leads should be used for
measurements having a product of relative sensitivity coefficient and instrument uncertainty of 0.25 or greater.
For other measurements, thermocouple extension wires should be of the same quality and composition as the
TCs. ASTM E 230 provides guidance on the selection of thermocouples. Thermocouple lead wires shall be
placed in a nonparallel position relative to electrical sources to avoid possible electrical interference.

4-3.2 Measurement Systematic Uncertainty for Temperature

When estimating the overall uncertainty of a temperature measurement, test personnel should
consider the list of potential sources and range of typical errors as shown in Table 4-3.2-1.

Table 4-3.2-1 identifies the calibrated systematic uncertainty of thermocouples and RTDs. ASME
PTC 19.3 provides guidance on the application of the calibration data.

The following items may also influence temperature measurements:

(a) thermowell location/geometry/design
(b) temperature sensor design

(c) calibration

(d) pad weld (insulated/uninsulated)
(e) stratification of flowing fluid

(f) grid size

(g) grid location

(h) ambient conditions at junctions
(i) ambient conditions at meter

(j) electrical noise

(k) heat conduction and radiation
(1) reference junction accuracy

(m) drift

(n) hysteresis

(o) thermometer nonlinearity

(p) parallax

(q) temperature transmitter

(r) data acquisition system

(s) velocity
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Table 4-3.2-1 List of Potential Sources and Typical Ranges of Uncertainties

Calibrated
Systematic
Item Uncalibrated Systematic Uncertainty | Uncertainty Range, °F
TC Type E Precision Grade | £2°F or £0.4%, whichever is greater See Note (1) 32 - 1,600
TC Type E Standard Grade 13°F or 20.5%, whichever is greater 32 - 1,600
TC Type K Precision Grade | £2°F or £0.4%, whichever is greater See Note (1) 32 -2,300
TC Type K Standard Grade | +4°F or +0.8%, whichever is greater 32 -2,300
Resistance Temperature 10.5°F or £0.3%, whichever is greater 0.2°F <200°F | Up to 32°F
Device (RTD). NIS.T 10.5°F or £0.8%, whichever is greater I°F < 1,OOO°F | 32 —200
Traceable Calibration 2°F > 1.000°F
Standard +1.3% > L 200 — 400
+1.8% 400 - 570
+2.3% 570 - 750
12.8% 750 — 930
+3.3% 930 - 1,100
+3.8% 1,100 — 1,300
Mercury in Glass 10.5 graduation
Thermometer

GENERAL NOTE: Percentages are expressed in terms of Fahrenheit scale reading.

NOTE:
(1) Refer to ASTM E 220 for systematic uncertainties associated with thermocouples.

4-3.3 Typical Applications

4-3.3.1 Temperature Measurement of Fluid in a Pipe or Vessel. Temperature measurement of
a fluid in a pipe or vessel is usually accomplished by installing a thermowell. A thermowell is a pressure-
tight device that protrudes from the pipe or vessel wall into the fluid. The thermowell has a bore extending to
near the tip to facilitate the immersion of a temperature measurement device.

The bore should be sized to allow adequate clearance between the measurement device and the well.
Care should be exercised when inserting the temperature measurement device to prevent it from bending,
which would cause difficulty in the insertion of the device.

The bottom of the bore of the thermowell should be the same shape as the tip of the temperature
measurement device. The bore should be cleaned with high-pressure air prior to insertion of the device.

The thermowell should be installed in a manner so that the tip protrudes through the boundary layer
of the fluid to be measured. The thermowell should be located in an area where the fluid is well mixed and
has no potential gradients.

If more than one thermowell is installed in a given pipe location, they should be installed 90 deg to
180 deg apart and not directly downstream of another thermowell.

When the temperature measurement device is installed, it should be “spring-loaded” to ensure that
the tip of the device remains against the bottom of the thermowell.

32
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For high accuracy measurements, it is recommended that the portion of the thermowell that
protrudes outside the pipe or vessel be insulated along with the device itself to minimize conduction losses.

For measuring the temperature of desuperheated steam, the thermowell location relative to the
desuperheating spray injection must be carefully chosen. The thermowell must be located where the
desuperheating water has thoroughly mixed with the steam. This can be accomplished by placing the
thermowell downstream of one or more elbows in the steam line past the desuperheat injection point.

Steam and water flowing in pipes typically have an approximately uniform temperature distribution.

Selection of the method of measurement and the temperature measuring instruments depends upon
the conditions of the individual case. Steam and water temperatures are usually measured by inserting the
sensing device (RTD or thermocouple) into a thermowell located in the piping. Refer to ASME PTC 19
Series for installation of the temperature devices.

Saturated steam temperature may be determined by the pressure in the steam drum. The temperature
of superheated steam shall be measured as close as possible to the superheater and/or reheater outlets or their
respective terminal points to minimize error from heat loss. Feedwater temperatures shall be measured as
close to the economizer inlet and boiler inlet as possible.

4-3.3.2 Temperature Measurement of Products of Combustion in a Duct. Air and gas
flowing through a duct usually have nonuniform velocity, temperature, and composition. This is especially true
at the gas turbine discharge or near a flow disturbance, such as a bend or transition. Generally, sampling more
points can reduce temperature uncertainty. To compensate for stratification and to obtain a representative
average, multiple points must be sampled in a plane perpendicular to the flow. The measurement plane should
be located away from bends, constrictions, or expansions of the duct. Thermocouples shall be read individually
and not be ganged together to produce a single output.

The total temperature of the gas flowing is required and if the average velocity in the area of
temperature measurement exceeds 100 ft/sec then it is suggested that the temperature reading be adjusted for
velocity effect.’

(U.S. Customary Units)
T,=T+V/(2Jg.C,)=T+T,
where

T, = the total temperature, °F
T = the measured temperature, °F
= the gas velocity (ft/sec)
J = the mechanical equivalent of heat, 778.1692623 ft-Ibf/Btu

g. = the gravity constant as defined in Section 2,
32.1741 lbm-ft/Ibf s*

C, = the specific heat, Btu/lbm °F

T, = the dynamic temperature, °F
(SI Units)
T, = T+V4Q2JC)=T+T,

! Robert P. Benedict, Fundamentals of Temperature Pressure, and Flow Measurements, Third Edition, Copyright 1984 John
Wiley and Sons, Equation 11.7, page 204
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where

T, = the total temperature, °C

T = the measured temperature, °C

V= the gas velocity (m/sec)

J = the mechanical equivalent of heat, 1000 kg-m*/kJ s>
C, = the specific heat, kJ/kg °C

T, = the dynamic temperature, °C
This Code requires independent measurements of

(a) exhaust gas temperature at the gas turbine outlet following requirements of ASME PTC 22
(b) HRSG inlet temperature as noted in this Code

Typically, the duct pressures are low or negative so that thermowells are not needed. A long-sheathed
thermocouple or an unsheathed thermocouple attached to the HRSG structure or a test fixture will suffice.

The number of measurement points necessary to be used is determined experimentally or by
experience from the magnitude of the temperature variations at the desired measurement cross section and
the required maximum uncertainty of the value of the average temperature. The total uncertainty of the
average temperature is affected by the uncertainty of the individual measurements, the number of points used
in the averaging process, the temperature gradients, and the time variation of the readings. The parties to the
test should locate HRSG inlet temperature measurement as close to the CT/HRSG interface as possible. The
stack measurement plane should be located at least two diameters from any obstructions or transitions. The
recommended number of points is as follows:

HRSG Inlet
Axial Discharge Side Discharge
Located every 25 ft* Located every 25 ft
A minimum of 12 points A minimum of 18 points
A maximum of 36 points A maximum of 36 points
Stack

Typically, 12 points in a well-mixed HRSG outlet stream will
provide desired results.

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.

4-3.3.3 Inlet Air Temperature. The dry-bulb temperature is the static temperature at the inlet to the
gas turbine (upstream of any evaporative cooler or chiller systems). The temperature sensor must be shielded
from solar and other sources of radiation and must have a constant airflow across the sensing element.
Although not required, a mechanically aspirated psychrometer, as described below, may be used. If a
psychrometer is used, a wick should not be placed over the sensor (as is required for measurement of wet-
bulb temperature). If the air velocity across the sensing element is less than 1,500 ft/min, shielding of the
sensing element is required to minimize stagnation effects. The evaporative cooler or chiller system should
be turned off to reduce the uncertainty, or the uncertainty of the gas turbine heat balance will increase.

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun ‘paniwlad sI uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAlun piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719311SYda) MMM) J1JIUBIDS uoswoy ] Aq AlISIaAlun plojuels 01 pasuadl| reusrew payybuAdod



ASME PTC 4.4-2008

4-3.3.4 Inlet Air Moisture Content. The moisture content of the gas turbine compressor inlet may be
determined by the measurement of adiabatic wet-bulb or relative humidity. Measurements to determine
moisture content should be made in proximity with measurements of inlet air dry-bulb temperature to
provide the basis for determination of air properties. Descriptions of acceptable devices for measurement of
moisture content are discussed below:

(a) Wet-Bulb Temperature. The thermodynamic wet-bulb temperature is the air temperature that
results when air is adiabatically cooled to saturation. Wet-bulb temperature can be inferred by a
properly designed mechanically aspirated psychrometer. The process by which a psychrometer
operates is not adiabatic saturation, but one of simultaneous heat and mass transfers from the
wet-bulb sensing element. The resulting temperature achieved by a psychrometer is sufficiently
close to the thermodynamic wet-bulb temperature over most condition ranges. However, a
psychrometer should not be used for temperatures below 40°F or when the relative humidity is
less than 15%.

The mechanically aspirated psychrometer should incorporate the following features:

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

(2) The sensing element is suspended in the air stream and is not in contact with the shield
walls.

(3) The sensing element is snugly covered by a clean cotton wick that is kept wetted from a
reservoir of distilled water.

(4) The air velocity across the sensing element is maintained constant in the range of 800 ft/min
to 1,200 ft/min.

(5) 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.

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

(b) Cooled Mirror Dew Point Hygrometer. The dew point temperature is the temperature of moist
air when it is saturated at the same ambient pressure and with the same specific humidity. A
cooled mirror dew point hygrometer uses a cooled mirror to detect the dew point. Air is drawn
across a mirror that is cooled to the temperature at which vapor begins to form on the mirror. A
temperature sensor mounted in the mirror measures the surface temperature. Manual devices are
available. There are also commercially available instruments that automatically control the
mirror temperature, detect the inception of condensation, and provide temperature readout.

The advantages of using dew point hygrometers include the following:

(1) Calibration can be verified by using sample gases prepared with known concentrations of
moisture.

(2) Dew point can be measured over the full range of ambient conditions, including below
freezing.

(c) Relative Humidity Hygrometers. Thin film capacitance and polymer resistance sensors provide a
direct measurement of relative humidity. Measurement uncertainties vary with sensor type and
design. They usually range from £1% to £2% for relative humidity between 0% and 90%.
Measurement uncertainties for relative humidity value above 90% are usually higher. The
accuracy of these types of instruments is dependent on proper calibration. The advantages of
relative humidity hygrometers include the following:

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun paniwlad si uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAIuN piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719a11SYda) MMM) J1JIIUBI0S uoswoy ] Aq AlISIaAluN plojuels 01 pasuadl| reusrew payyblAdod



ASME PTC 4.4-2008

(1) Calibration can be verified by using sample gases prepared with known concentrations of
moisture.

(2) Relative humidity can be measured over the full range of ambient conditions, including
below freezing.

4-4 PRESSURE MEASUREMENT
4-4.1 General

This section presents methods of measurement and precautions regarding the measurement of
pressure. For additional guidance and requirements, refer to the current version of ASME PTC 19.2, Pressure
Measurement.

4-4.2 Measurement Systematic Uncertainty for Pressure

When estimating the systematic uncertainty of a pressure measurement, test personnel should
consider the following list of potential sources. The accuracy class and total uncertainty of the pressure
measurement system must satisfy the overall test uncertainty calculated in the pretest uncertainty analysis
(Table 4-4.2-1):

(a) water leg

(b) specify gravity of manometer fluid

(c) ambient conditions at sensor

(d) ambient conditions at meter

(e) hysteresis

(f) electrical noise

(g) data acquisition

(h) drift

(i) transducer nonlinearity

(j) parallax

(k) gauge, manometer, transducer or transmitter type

(1) calibration

(m) tap location/geometry/flow impact

(n) probe design

(o) number and location of measurements

4-4.3 Air and Gas—Static and Differential Pressure

The static pressure in the gas duct at the HRSG inlet is required to determine gas side pressure drop
in the unit. Should the pressure drop not be between the inlet and atmosphere, then a differential pressure
transmitter or manometer shall be used. The HRSG inlet pressure is a static pressure measurement. Pressure
drop across components should be performed using a differential pressure measuring apparatus rather than
two separate instruments. The measurement should be based on the average of four separate measurement
points in the same plane.

4-4.3.1 Method of Measurement. Pressure shall be measured with gauges, manometers, or
transducers. The output of these devices is either visual or a signal, which can be read with a meter or a data
logger. ASME PTC 19.2 provides further information on pressure measurement techniques.
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Table 4-4.2-1 Potential Pressure Systematic Uncertainty Limits

ASME PTC 4.4-2008

Instrument Systematic Uncertainty Limits [Note (1)]
Pressure Note (2)
Gauge
Test (0.25% Class) 10.25% of span
Standard (1.0% Class) +1% of span
Manometer 0.5 graduation

Transducer and Transmitter
High Accuracy (0.1% Class)

10.23% of span

Standard (0.25% Class) 10.32% of span
Aneroid Barometer +0.05 in. Hg
NOTES:

(1) All systematic uncertainty limits are percent of reading unless noted otherwise.
(2) Refer to ASME PTC 19.2, Pressure Measurement, for applicability.

4-4.4 Steam and Water—Static and Differential Pressure

The static pressure in steam and water piping is required to determine fluid properties for flow
measurement and enthalpy determination, as well as for obtaining corrected results. Reheater pressure drop
determinations shall be performed using a differential measuring apparatus rather than two separate
instruments.

4-4.4.1 Method of Measurement. The ASME PTC 19.2 guidelines should be adhered to in the
installation of pressure measuring devices.

4-4.4.2 Installation. If the instrument is used in gas service, the sensing lines should slope upward to
the instrument. This eliminates the possibility of error due to moisture condensing in the sensing lines.

Differential pressure transmitters used in steam, water, or other liquid service should be installed
with the sensing lines sloping downward to the instrument. The sensing lines for differential transmitters in
steam service should extend 2 ft horizontally before the downward slope begins. This will ensure that the
vertical length of sensing line is full of liquid.

The flow element should be installed in horizontal piping. When a differential pressure meter is
installed on a flow element that is located in a vertical steam or water line, the measurement must be
corrected for the difference in sensing line height and fluid head change. If vertical, the correction for
sensing lines is as follows:

(a) for upward flow

o e HC (1
" o 62.32 Sg Vsen |4 Sfluid

(b) for downward flow

A
" . 62.32 Sg\V sen % Sfluid
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where
h,. = corrected differential pressure, in. H,O
h,, = measured differential pressure, in. H,O
Ht = sensing line height difference, in.

62.32 = conversion factor

Vien = specific volume of sensing line, ft/Ibm
Viwia = specific volume of process, ft*/lbm
Se = specific gravity at the “sensing line” temperature

4-45 Barometric Pressure
Barometric pressure is required to determine local ambient conditions.

4-4.5.1 Method of Measurement. The preferred method for determining barometric pressure is from
a barometer at the test site in the vicinity of the gas turbine air inlet.

4-5 FLOW MEASUREMENT
4-5.1 General

This Code recommends ASME PTC 19.5 laboratory calibrated venturi, orifice, or flow nozzle
metering runs to measure the inlet water or steam flow to each pressure level of the HRSG and the
supplementary fired fuel flow. Water inventory in all of the steam drums must be determined at the
beginning and end of each test run to correct steam flow for volume changes because steam flow is
determined based on water flow.

4-5.2 Flowmeters

In most power plant applications, use of differential pressure meters (orifices, nozzles, and venturis)
is common, as is the class of meters recommended and discussed by this Code. However, other types of
flowmeters may be used if they can be demonstrated to be of the same or better levels of uncertainty required
by this Code, which are shown in the Table 4-5.2-1:

Table 4-5.2-1 Maximum Allowable Flow Measurement Uncertainty

Instrument Systematic Uncertainty Limits [Note (1)]
HP Steam Flow 0.5%

IP Steam Flow 1.0%

LP Steam Flow 1.0%

Supplemental Fuel Flow 0.75%

GENERAL NOTE: Refer to ASME PTC 19.5, Flow Measurement, for applicability.

NOTE:
(1) All systematic uncertainty limits are percent of reading unless noted otherwise.

4-5.2.1 Compliance With Code Requirements. It is emphasized that in order for a flowmeter to be
used, it must be designed, fabricated, and installed in strict accordance with ASME PTC 19.5, and the
calculation of flow must be performed in accordance with that Code.
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Start-up procedures must also ensure that spool sections are provided for use during any steam blows
to avoid damage to the flowmetering. While stored during steam blows, the flowmetering must be capped
and protected from environmental damage such as moisture and dirt.

Special care must therefore be taken in the specifications for the design of the plant to ensure that all
plant flowmeters to be used for an ASME PTC 4.4 Code test meet these requirements.

4-5.2.2 Plant Design Considerations. There are many combinations of flowmetering that will meet
the uncertainty requirements of this Code. It is very important as early as the specification stages of the plant
design to consider testing requirements to optimize all design considerations such that the test uncertainty
limits of this Code will not be exceeded.

Compliance with ASME PTC 19.5 requirements for metering for determination of flow at primary
locations shall be considered during the design phases of the plant.

Water or steam flowmetering may be in the HRSG manufacturer’s scope. Utilization of waterside
flowmetering avoids damage problems from pre-operational steam blows. Operational procedures requiring
attemperation spray, desuperheating flow and fuel heating need to be considered in the design of the
flowmetering system.

The design uncertainty study should be used to develop the HRSG mass balance metering flows.

Reheat steam flow can be determined by subtracting HP steam turbine gland losses from the HP
turbine throttle steam flow. See ASME PTC 6.2 for guidance.

4-5.2 .4 Calculation of Flow. Calculation of flow shall be in accordance with ASME PTC 19.5.

4-5.2.5 Accuracy and Other Characteristics of Flowmeters. This Code mandates calibration of
the meter or meters used for determination of flow for each pressure level of the HRSG, or use of alternative
meters that meet the requirements of Table 4-5.2-1. Investigation is needed if the results differ from each tap
set calculation by more than the measurement uncertainty.

The procedures for fitting a curve through laboratory calibration data is given in detail for each type
of differential pressure meter run in ASME PTC 19.5. The procedures for extrapolation of a calibration to
higher Reynolds numbers than available in the laboratory are also given for each type of device in ASME
PTC 19.5.

4-5.2.6 Selection of Flowmeters. The complexities associated with the selection of flowmeters are
such that they cannot be covered in this Code. The Code user is referred to ASME PTC 19.5 for this
information.

4-5.2.7 Energy and Mass Balance Calculation. Certain flows, such as superheat and reheat spray,
may be calculated by energy balance. Energy balance would be the preferred method when the flows are
relatively low. Direct flow measurement may be preferable when the flows are high or there is water
impingement on the downstream thermocouple.

4-5.3 Air and Exhaust Gas

The total mass flow of turbine exhaust gas crossing the HRSG boundary shall be calculated by
energy balance. This Code requires a gas turbine and an HRSG energy balance to be used for these
calculations. Refer to subsections 5-3 and 5-4 for discussions of exhaust gas flow determination by HRSG
heat balance and gas turbine heat balance, respectively. Required gas turbine measurements for a gas turbine
heat balance are described in Section 4 of ASME PTC 22, Performance Test Code on Gas Turbines. ASME
PTC 22 should be used as the basis for the gas turbine balance measurements.

4-5.4 Liquid Fuel

If liquid-fueled duct burners are employed, the quantity of liquid-fuel burned must be determined.
Refer to ASME PTC 22 and ASME PTC 19.5 for liquid-fueled gas turbine fuel flow measurements.
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4-5.4.1 Method of Measurement. Liquid fuel flows can be measured using either a flow orifice
installed in accordance with ASME PTC 19.5, or other measurement devices such as positive displacement
flowmeters or turbine flowmeters that are calibrated throughout the Reynolds number range expected during
the test. For volume flowmeters, the temperature of the fuel must be measured accurately to calculate the
flow correctly. Other flowmeters or uncalibrated meters are permitted so long as a measurement error of
0.75% or less can be achieved. Refer to ASTM D 1480 for liquid fuel density and ASTM D 445 for liquid
fuel viscosity.

4-55 Gaseous Fuel

If gaseous-fueled duct burners are employed, the quantity of gaseous fuel burned must be
determined.

4-5.5.1 Method of Measurement. Measurement of the gaseous fuel flow requires the use of a
venturi, orifice, flow nozzle, ultrasonic, or turbine meter. For orifices, venturis, or nozzles, refer to ASME
PTC 19.5 for installation guidelines as well as the calculation procedure. For differential pressure meters, the
pressure drop shall be measured using a differential pressure transducer. Outputs from these devices can be
read manually via meters or with a data acquisition system. The method and procedure detailed in American
Gas Association Gas Measurement Committee Report No. 8 shall be followed for the determination of gas
density. Linear flowmeters should be calibrated at the expected working pressure to reduce the flow error.
Uncalibrated flowmeters are acceptable if the measurement uncertainty is demonstrated to be less than
0.75%.

4-6 LIQUID AND GASEOUS FUEL SAMPLING
4-6.1 General

A representative sample of the fuel fired during the performance test should be obtained using the
methods described in ASTM D 4057 or ASTM D 5287.

4-6.2 Measurement Systematic Uncertainty for Sampling

When the systematic uncertainty of a sampling procedure is estimated, the test engineer should
consider the following potential sources. There may be other sources, and not all sources listed are applicable
to all measurements:

(a) sampling location/geometry

(b) number and location of sample points
(c) ambient conditions at sample location
(d) fuel/variability

(e) sample handling/storage

(f) duration of test

(g) quantity of sample obtained

An estimate of the systematic uncertainty from a sample is a combination of systematic limits from
sample acquisition, location, and stream consistency.

4-6.3 Methods of Liquid or Gas Sampling

GPA Standard 2166, Method of Obtaining Natural Gas Samples for Analysis by Gas
Chromatography, should be used for the proper procedures and equipment for sampling liquid or gas.
Evacuated gas cylinders are recommended versus the flow-through cylinder method, which would
concentrate the heavy hydrocarbons. At least three samples should be taken (start, middle, and end of test) if
the gas supply composition is consistent. If consistency is not assured, then five equally spaced samples
should be obtained. An on-line gas chromatograph may be used if its accuracy is confirmed prior to the test
and confirmed with limited (once per test) samples for laboratory analysis and confirmation of the on-line
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chromatograph within 0.4% (of heat content) uncertainty band. Backup samples should also be taken in case
there is a problem with the chromatograph during the test.

An estimate of the systematic uncertainty from a sample is a combination of systematic limits from
sample acquisition, location, and stream consistency.

4-6.4 Fuel Analysis

4-6.4.1 General. It is the intent of this Code that the samples be analyzed in accordance with the latest
methods and procedures. When choosing a laboratory, the parties to the test should choose a certified
laboratory.

4-6.4.2 Measurement Systematic Uncertainty for Fuel. ASTM provides guidelines for typical
lab-to-lab systematic uncertainties for use in estimating the systematic uncertainty of a sample analysis. In
addition, a reference sample may be obtained from NIST and sent to the lab for analysis. ASME PTC 22
refers to a 0.4% expected measurement systematic uncertainty (of heat content) for gaseous fuel analysis.

4-6.5 Methods of Fuel Analysis

Gaseous fuel should be analyzed using gas chromatography in accordance with ASTM D 1945.
Higher heating value is calculated in accordance with para. 5-2.4 of this Code. Liquid fuel heating value
should be determined by bomb calorimeter in accordance with ASTM D 4809.

4-7 POWER MEASUREMENT

Power measurement is required for determination of exhaust flow by gas turbine heat balance.
Methods of measuring gas turbine output are described in ASME PTC 22, Performance Test Code on Gas
Turbines.

4-8  DATA COLLECTION AND HANDLING
4-8.1 Data Collection and Calculation Systems

The analog-to-digital converter shall be at least 14 bits or greater to reduce uncertainty to less than
0.01% of the span.

4-8.1.1 Data Collection Systems. A data collection system should be designed to accept multiple
instrument inputs and should be able to sample data from all of the instruments within 1 min to 2 min to
obtain all necessary data with the plant at the same condition. The system should be able to collect data and
store data and results within 2 min. All data collected shall be time stamped.

4-8.1.2 Data Calculations. Paragraph 5-1.2 discusses data reduction and calculations.
4-8.2 Data Management

4-8.2.1 Storage of Data. 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 if developed onsite. Prior to leaving the test site, all test data
should be stored in a removable medium to secure against equipment damage and loss of data during
transport.

4-8.2.2 Manually Collected Data. Most test programs will require some data to be taken manually.
The data sheets should each identify the data point, test site location, date, time, data collector, collection
times, and data collected.

4-8.2.3 Distribution of Data. The data in engineering units should be available to all parties to the
test prior to leaving the test site. All manually collected data should be made available to all parties to the
test prior to leaving the test site.
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4-8.3 Construction of Data Collection Systems

4-8.3.1 Design of Data Collection System Hardware. With advances in computer technology,
data collection system configurations have a great deal of flexibility. They can consist of a centralized
processing unit or distributed processing to multiple locations in the plant.

Each measurement loop must be designed with the ability to be loop calibrated separately. Each
measurement loop should be designed so that it can individually be checked for continuity and power supply,
if applicable, to locate problems during equipment setup.

Each instrument signal 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.

4-8.3.2 Calibration of Data Collection Systems. 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 instrument is calibrated, it should be connected
to the position on the data collection system that will be employed during the test. Should this be impractical,
each piece of equipment in the measurement loop should be individually calibrated. Separate pieces of
equipment include current voltage sources and resistors in the measurement loop.

If the system is not loop calibrated prior to the test, parties to a test should be allowed to spot check
the measurement loop using a signal generator to confirm that the combined inaccuracy of the measurement
loop is within the expected value.

4-8.3.3 Use of Existing Plant Measurement and Control System. The Code does not prohibit
the use of the plant measurement and control system for Code testing. However, this system must meet the
requirements of this section. Some areas of caution are as follows:

(a) Typically, plant measurement and control systems do not calculate flows in a rigorous manner.
Often, the flow is based on a ratio relationship with compensation factors. Calculation of flow
shall follow subsection 4-5.

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

(c) Some plant systems do not allow the instrument signal prior to conditioning to be displayed or
stored. The raw signal must be available to check the signal conditioning calculation for error.

(d) Distributed control systems typically only report changes or store values of a variable that exceed
a set threshold 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.
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Section 5
Calculations

5-1 INTRODUCTION
5-1.1 General Discussion

The objective of these calculations is to determine the corrected capacity, gas side pressure drop, and
steam side pressure drop. To predict the performance at the test conditions, the GTE flow and composition
must be determined. The approach of this Code is to calculate the GTE flow by calculating heat balances
around both the GT and the HRSG. These results are then used to predict the performance for the test
conditions. These values are then combined using an uncertainty weighting procedure to establish a single
predicted value.

The calculations deal mainly with the determination of the GT gas flow and composition by the
means of an HRSG heat balance. Enough GT data is required in order to calculate the GT gas composition,
which in turn allows for the determination of the gas enthalpies. If a duct burner is in operation during a test,
the change in composition and heat input is also taken into account.

The airflow through the GT is the only unknown with GT fuel flow and injection streams being
measured. The total heat given up by the gas is equal to the heat absorbed by the working fluid plus heat
losses. In order to define the gas compositions entering and leaving the HRSG, the GT airflow is split into
two streams: air for combustion and the balance of air. The air for combustion stream includes any changes
for fuel combustion, steam or water injection, augmenting air, and atomizing steam. The flow and
composition of this stream are defined. The balance of air stream is just moist air. The total heat is equal to
the difference in gas enthalpy entering and exiting the HRSG multiplied by the flow for both streams.

With the calculated gas flow and composition along with other measured test data, the predicted
capacity can be determined for the test conditions. The predicted capacity can then be compared to the
measured capacity. These results can then be used to correct the measured capacity to the guaranteed
conditions.

5-1.2 Data Reduction

Following the test, when all test logs and records have been completed and assembled, they should
be critically examined to determine whether or not the limits of permissible variations have been exceeded.
Inconsistencies in the test record or test results may require tests to be repeated in whole or in part in order to
attain the test objectives.

Test data should be reviewed for outliers in accordance with guidance provided in ASME PTC 19.1.
The remaining data should be averaged to determine values for use in the calculations. It is this averaged
data that is to be used in the calculations to determine unit performance.

5-2 INTERMEDIATE CALCULATIONS
5-2.1 Air Composition Calculations

5-2.1.1 General. The inlet dry air composition is assumed. The assumed molar composition is taken
from the NAS A Reference Publication 1311 (Gordon 1982).

Nitrogen 78.0840%
Oxygen 20.9476%
Argon 0.9365%
Carbon dioxide 0.0319%
100.000%
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The dry air composition is corrected for humidity and atmospheric pressure effects via humidity
calculations taken from the American Society of Heating, Refrigerating, and Air Conditioning Engineers
Handbook of Fundamentals, 1997. This section determines the mass fractions and molar flows of the air
constituents entering the GT.

5-2.1.2 Data Required
(a) airflow, 1b/hr
(b) atmospheric pressure, psia

(c) dry bulb temperature, °F

(d) wet bulb temperature, °F

or relative humidity, %
5-2.1.3 Calculations

Step I:

Step 2:

Calculate the vapor pressure (psia) of water or ice at the wet bulb temperature by the
following equation:

In (P,) = Ci/Tg + Cy + C3Tr + CiTx" + CsTx’ + CoT* + C71n (Tk)
where Tk = Ty + 459.67
For the vapor pressure of ice over the temperature range of —148°F to 32°F, the constants are:
C;=-1.0214165E + 4
C, =-4.8932428
C;=-5.3765794E -3
C,=-1.9202377E -7
Cs5=-3.5575832 E- 10
Cs=-9.0344688 E - 14
C,=4.1635019

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

C,=-1.0440397 E +4

C, =-11.294650

C;=-2.7022355E-2

C,=-1.2890360 E -5

Cs=-2.4780681 E-9

Ce=0

C; =6.5459673

If the relative humidity is known, go to Step 2.

If the wet bulb temperature is known, go to Step 4.

The vapor pressure should be calculated as in Step 1 using the dry bulb temperature
instead of the wet bulb temperature. Calculate the partial pressure of water in the gas by
multiplying this vapor pressure times the relative humidity and dividing by 100.

PW=PV*HREL/100
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Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

ASME PTC 4.4-2008

Calculate the fraction of dry air by subtracting the partial pressure of water from the
atmospheric pressure and dividing this difference by the atmospheric pressure.

WFps = (PATM - PW)/PATM

The humidity ratio is the difference of the inverse of the weight fraction of dry air minus
one, times the molecular weight of water divided by the molecular weight of dry air.

HR = (1/WFps — 1) * 18.01528/28.96518
Go to Step 7.

Calculate the saturated humidity ratio from the atmospheric pressure and vapor pressure
by the following equation:

_0.62198 % (1.0039 * Pv)
M (P, —1.0039% Py)

HR

Calculate the actual humidity ratio from the saturated humidity ratio, wet bulb temperature,
and dry bulb temperature by the following equation:

(1093 —0.556 % T, ) * HR,, —0.240% (T, —T,,;)
1093+ 0.444%T,, — T,

HR =

Calculate the fraction of dry air from the actual humidity ratio by the following equation:
18.01528
WF,, =
28.9651785* HR +18.01528

The wet air mole fractions can now be calculated. The fraction of dry air multiplied by the
dry air mole fraction will give the actual air constituent mole fraction.

Nitrogen mole fraction = MFy, = WFps *0.780840
Oxygen mole fraction = MFo, = WFps *0.209476
Argon mole fraction = MF,, = WFps * 0.009365
Carbon dioxide mole fraction = MFco, = WFps *0.000319
The molar composition of water is one minus the fraction of dry air.
Water mole fraction = MFuy =1.0—-WFpa

The composition of Sulfur Dioxide in air is zero.

Sulfur Dioxide mole fraction = MFjo, =0.0

Calculate the air average molecular weight by the following equation:

MWy = MFy, *28.01348 + MFy, * 31.9988 + MFo, * 44.0098
+ MFy,0 * 18.01528 + MFy, * 39.948 + MFso, * 64.0648

Calculate the air molar flow by dividing the airflow by the average molecular weight. The
air constituent molar flow is the air molar flow times the constituent mole fraction:

Nitrogen molar flow = WMy, =MFy, * WAMW 6

Oxygen molar flow = WMo, = MFo, * WA MW g6

Carbon Dioxide molar flow = WMco, =MFco, ™ WAlMW v

Water molar flow = WMy,0 = MFuy0 * WAIMWav

Argon molar flow = WM,, = MF . * WAIMW 4v6

Sulfur Dioxide molar flow = WMso, = MFjo, * WaAIMW,va
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Step10: Calculate the air constituent weight fraction by multiplying the constituent mole fraction
by its molecular weight and dividing by the air average molecular weight.

Nitrogen weight fraction = WFy, = MFy, * 28.01348/MW 4,
Oxygen weight fraction = WFo, = MFo, * 31.9988/MW 4,
Carbon Dioxide weight fraction = WFco, = MFco, * 44.0098/MW,,,
Water weight fraction = WFuyo = MFyyo * 18.01528/MW 4y,
Argon weight fraction = WFy, = MF,, * 39.948/MW,,,,
Sulfur Dioxide weight fraction = WFso, = MFso, * 64.0648/MW

5-2.2 Molar Flow Change Due to Fuel Gas Combustion
5-2.2.1 General. Paragraph 5-2.2 determines the molar flow change of the air or gas stream
constituents due to the complete stoichiometric combustion of the each compound of a fuel gas stream.
5-2.2.2 Data Required

(a) either fuel gas flow, Ib/hr
or fuel gas flow, Standard ft*/min
gas compressibility
(b) fuel gas constituent mole fraction
5-2.2.3 Table of Combustion Ratios. Table 5-2.2.3-1 shows the ratios of air constituent molar flow
change per mole of fuel gas compound combusted. 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 equation for a unit mole of fuel gas
compound in accordance with the following generic oxidation equation:

CH,S, + (x +y/4 + 2)0, = (x)CO, + (y/2)H,0 + (2)SO,
The coefficients for oxygen must be negative because oxygen is consumed in the reaction.

Table 5-2.2.3-1 Combustion Ratios

Fuel Gas Compound N, 0, CO, H,0 Ar SO,
CH, 0 -2 1 2 0 0
C,Hg 0 -35 2 3 0 0
CH, 0 -3 2 2 0 0
C3Hg 0 -5 3 4 0 0
CsHg 0 -4.5 3 3 0 0
C4Hy 0 -6.5 4 5 0 0
C;Hs 0 -6 4 4 0 0
CsHip 0 -8 5 6 0 0
CsHiy 0 -7.5 5 5 0 0
CeHy4 0 -9.5 6 7 0 0
N, 1 0 0 0 0 0
(¢f0) 0 -0.5 1 0 0 0
CcO, 0 0 1 0 0 0
H,O 0 0 0 1 0 0
H2 0 -0.5 0 1 0 0
H,S 0 -1.5 0 1 0 1
He 0 0 0 0 0 0
0, 0 1 0 0 0 0
Ar 0 0 0 0 1 0
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5-2.2.4 Calculations

Step I:

Step 2:

Calculate the fuel gas average molecular weight by adding for all fuel gas compounds the
product of the compound mole fraction and the compound molecular weight. Molecular
weights for some typical compounds are listed in Section 2.

MWgg = Z[MF; * MW

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

W

FG

MW,

Fuel Gas Molar Flow = WM . =

Sometimes the fuel gas flow is known in terms of standard cubic feet per minute (SCFM).
If this is the case, the fuel gas molar flow can be determined by the following equation:

Ve x60
f6 37967% 7

where standard conditions are defined as 60°F and 14.696 psia.

Step 3:

Step 4:

Step 5:

Step 6:

Step 7

Step 8:

Step 9:

Calculate the change in molar flow of nitrogen. Multiply the fuel gas molar flow by the
mole fraction of nitrogen in the fuel gas.

Calculate the change in molar flow of oxygen. Sum for all fuel gas compounds, the
product of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound oxygen combustion ratio.

Calculate the change in molar flow of carbon dioxide. Sum for all fuel gas compounds, the
product of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound carbon dioxide combustion ratio.

Calculate the change in molar flow of water. Sum for all fuel gas compounds, the product
of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound water combustion ratio.

Calculate the change in molar flow of argon. Multiply the fuel gas molar flow by the mole
fraction of argon in the fuel gas.

Calculate the change in molar flow of sulfur dioxide. Sum for all fuel gas compounds, the
product of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound sulfur dioxide combustion ratio.

The dry air for combustion is the change in molar flow of oxygen from Step 4 divided by
the fraction of oxygen in dry air multiplied by dry air molecular weight. The moist air
flow for combustion is the dry air flow multiplied by one plus the humidity ratio of air
(para. 5-2.1.3, Step 3 or Step 5).

AWM

W, =———2%28.9651785 * HR
0.209476

5-2.3 Molar Flow Change Due to Fuel Oil Combustion

5-2.3.1 General. Paragraph 5-2.3 determines the molar flow change of the air or gas stream
constituents due to the complete stoichiometric combustion of each element of a fuel oil stream.

5-2.3.2 Data Required
(a) fuel oil flow, Ib/hr
(b) fuel elemental weight fractions
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5-2.3.3 Calculations

Step 1:  Calculate the change in molar flow of nitrogen. Multiply the fuel oil flow by the elemental
weight fraction of nitrogen in the fuel oil and divide by 28.01348.

Step 2:  Calculate the change in molar flow of oxygen. Subtract from the oxygen weight fraction
divided by 31.9988, the sum of the carbon weight fraction divided by 12.011, the
hydrogen weight fraction divided by 4.03176, and the sulfur weight fraction divided by
32.066. Multiply the result times the fuel oil flow.

AWMo, = (WF/31.9988 — WFc/12.011 — WFp/4.03176 — WFs/32.066) * Wro

Step 3:  Calculate the change in molar flow of carbon dioxide. Multiply the fuel oil flow by the
carbon weight fraction in the fuel oil and divide by 12.011.

Step 4:  Calculate the change in molar flow of water. Multiply the fuel oil flow by the hydrogen
weight fraction in the fuel oil and divide by 2.01588.

Step 5:  There is no change in the molar flow of argon due to combustion.

Step 6:  Calculate the change in molar flow of sulfur dioxide. Multiply the oil fuel flow by the
sulfur weight fraction in the fuel oil and divide by 32.066.

Step 7:  The dry air for combustion is the change in molar flow of oxygen from Step 2 divided by the
fraction of oxygen in dry air multiplied by dry air molecular weight. The moist airflow for
combustion is the dry airflow multiplied by one plus the humidity ratio of air (para. 5-2.1,
Step 3 or Step 5).

AWM

W, =———2% 289651785 * HR
0.209476

5-2.4 Fuel Gas Heating Value

5-2.4.1 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.
5-2.4.2 Data Required
(a) fuel gas compound mole fractions
(b) fuel gas temperature
5-2.4.3 Fuel Compound Heating Value Table. Table 5-2.4.3-1 is taken from ASTM D 3588-98. It
has been updated based upon GPA Standard 2145-03 in accordance with ASTM D 3588 Table 1, Footnote A.
The most current version of these standards should be used. The heating values for butanes, pentanes, and
hexanes are average values for the various isomers. The heats of combustion are based upon 60°F and 14.696
psia.
5-2.4.4  Calculations

Step 1:  Calculate the total fuel gas molecular weight by summing the products of fuel gas
compound mole fraction and compound molecular weight for all fuel gas compounds.

Step 2:  Calculate the heating value contribution of each fuel gas compound by computing the
product of the fuel gas compound mole fraction, the fuel gas compound molecular weight,
and the fuel gas compound heat of combustion and dividing by the total fuel weight.

Step 3:  Calculate the fuel gas ideal heating value by summing the heating value contributions of
all fuel gas compounds.
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Table 5-2.4.3-1 Fuel Compound Heating Values

Compound Name Compound Symbol Molecular Weight Heat of Combustion, Btu/lb
Methane CH, 16.04276 21,503
Ethane C,Hg 30.06964 20,432
Ethene C,H, 28.05376 20,278
Propane C;Hg 44.09652 19,923
Propene C;Hg 42.08064 19,678
Iso Butane CH,p 58.1234 19,587
Normal Butane CHy 58.1234 19,659
Butene (avg) C,Hg 56.10752 19,450
Iso Pentane CsH), 72.15028 19,456
Normal Pentane CsH), 72.15028 19,498
Pentene (avg) CsHy 70.1344 19,328
Hexane (avg) CeH iy 86.17716 19,353
Nitrogen N, 28.01348 0
Carbon Monoxide CO 28.0104 4,342
Carbon Dioxide CO, 44.0098 0
Water H,O 18.01528 0
Hydrogen Sulfide H,S 34.08188 6,534
Hydrogen H, 2.01588 51,566
Helium He 4.0026 0
Oxygen 0, 31.9988 0
Argon Ar 39.948 0

Step 4:  The following equation is used to calculate the sensible heat content of the fuel. It is
adequate for natural gas. For nonstandard fuels, especially fuels with hydrogen, a different

method may be required. See Nonmandatory Appendix C.

Qps = TF#/4720 + 0.491%T; — 30.2

Step 5:  The fuel net heating value is the sum of the fuel gas ideal heating value and the fuel

sensible heat.

5-2.5 Fuel Oil Heating Value

5-2.5.1 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 oil is to be determined by a bomb calorimeter test performed in accordance with

ASTM D 4809.

5-2.5.2 Data Required
(a) fuel oil ideal heating value, Btu/lb

(b) fuel temperature, °F
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5-2.5.3 Calculations

Step 1:  The following equation is used to calculate the sensible heat content of the fuel oil. It is
taken from Perry’s Chemical Engineering Handbook, 7" Edition, page 27-10. See
Nonmandatory Appendix C.

Ops = TF14132 + 0.417 * T — 25.9

Step 2:  The fuel net heating value is the sum of the fuel oil ideal heating value and the fuel
sensible heat.

5-2.6 Gas Enthalpy

5-2.6.1 General. The gas stream enthalpy is a mass weighted value of the stream constituent
enthalpies. The constituent enthalpy equations are derived from NASA correlations (Ref. NASA Reference
Publication 2002-211556, September 2002).

5-2.6.2 Data Required
(a) gas temperature, °F
(b) gas constituent mass fractions

5-2.6.3 Enthalpy Equation Constants. The enthalpy is calculated for each constituent in a gas stream
as a function of the gas temperature. The enthalpy correlations for each constituent are dual range correlations
with a change at 1,800°R. The correlations require the temperature to be in °R. See Table 5-2.6.3-1.

Tk = Temperature [°R] = (Temperature [°F] + 459.67)
hi = —=A/Tg + AIn(Ty) + A3*Tx + A TR + As¥TR® + Ag* Ty + ATy — Ag

Table 5-2.6.3-1 Constituent Enthalpy Equation Constants
Tr <=1,800°R

A, A, As A*10° As*10° Ag¥10M | A*10" Ag
N, 5076.903444 -48.72474552 0.431208942 -16.79893331 100.9860003 -2925.146767 34031.29176 -123.5670205
0, —-6888.073538 54.14599817 0.069447256 7.402341031 —-4.364913417 —538.2934954 12285.5047 406.9617332
CO, 7227.711078 -50.87920389 0.239235281 3.138394549 —0.987579956 —148.749738 2449.873977 —-199.50475
H,0 —-14100.39482 114.2053432 0.102713623 22.11623913 —-83.27114025 2341.441933 -28077.80325 844.3000544
Ar 0 0 0.124279476 0 0 0 0 64.58431507
SO, -5333.964877 50.72160967 -0.073060273 18.98189113 -80.07268636 1921.86454 —-19897.19608 330.8196608

Tr > 1,800°R

A, A, As A*10° As*10° Ag¥10M | A*10" Ag
N, 134989.0343 -285.7350587 0.43008964 -1.209016552 1.088015054 —5.844054022 14.34281709 —1809.588277
0, -208707.2821 261.9417179 0.112934906 2.185673559 -1.397060777 5.463669086 -9.687873053 2037.040157
CO, 17207.41433 -145.2915082 0.374147054 -0.115607258 0.022579091 —0.365792061 5.44194572 —758.4598037
H,0 369646.9091 —-478.7281864 0.512156854 7.018191588 —7.753574689 44.54356391 —-101.277945 -3313.267173
Ar 3.238297928 -0.005362306 0.124282926 —5.51268E-05 6.16422E-05 —0.000387631 0.001021528 64.54706733
SO, -11325.49719 -46.04550381 0.236090695 -0.172156415 0.180366793 —0.724777306 1.723497991 —151.4826348
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5-2.6.4 Calculations

Step I:

Step 2:

Calculate the enthalpy for each gas constituent for the given temperature and appropriate
correlation coefficients.

The gas enthalpy is the sum of the products of the constituent enthalpy and constituent
mass fraction for all constituents.

5-2.7 Gas Turbine Gas Composition

5-2.7.1 General. The GT gas composition has to be determined in order to determine the gas enthalpy.
The composition is the summation of the GT inlet air and steam/water injection plus the changes due to the
combustion of the fuel.

5-2.7.2 Data Required
(a) airflow, Ib/hr
(b) steam/water injection, Ib/hr
(c) fuel flow, Ib/hr
(d) air molar flow, moles/hr (para. 5-2.1.3, Step 9)

(e) change in molar flow, moles/hr
(para. 5-2.2.4, Steps 3 and 8 for fuel gas; para. 5-2.3.3, Steps 1 and 6 for fuel oil)

5-2.7.3 Calculations

Step I:
Step 2:

Step 3:
Step 4:
Step 5:

Step 6:
Step 7

Step 8:

Step 9:

Calculate the molar flow of steam/water injected by dividing the injection flow by 18.01528.

The nitrogen molar flow is the sum of the nitrogen molar flow from the air and the change
in molar flow of nitrogen from the combustion of the fuel.

The oxygen molar flow is the sum of the oxygen molar flow from the air and the change in
molar flow of oxygen from the combustion of the fuel.

The carbon dioxide molar flow is the sum of the carbon dioxide molar flow from the air
and the change in molar flow of carbon dioxide from the combustion of the fuel.

The water molar flow is 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/water injection molar flow.

The argon molar flow is the argon molar flow from the air.

The sulfur dioxide molar flow is the sum of the sulfur dioxide molar flow from the air and
the change in molar flow of sulfur dioxide from the combustion of the fuel.

The GT gas mass flow is the sum of the airflow, the fuel flow, and the steam/water
injection flow.

Calculate the gas constituent mass fractions. A gas constituent mass fraction is the constituent
molar flow times the constituent molecular weight divided by the total gas mass flow.

5-2.8 Desuperheater Spray Water Flow by Heat Balance

5-2.8.1 General. The spray water flow should be directly measured by means of a flowmeter.
A less desirable alternative is to establish the water flow by heat balance. Note that the water temperature
should be measured close to the spray point. The water temperature can vary significantly from that of the

water source.

The steam flow to the desuperheater is taken as the feedwater flow. This assumes that there is no
blowdown or other water extractions after the feedwater flowmeter.
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5-2.8.2 Data Required
(a) steam temperature before water spray, °F

(b) steam temperature after water spray, °F

(c) steam pressure at spray point, psig

(d) spray water temperature, °F

(e) spray water pressure, psig
(f) feedwater flow, Ib/hr

5-2.8.3
Step I:

Step 2:

Step 3:
Step 4:

Calculations

The enthalpy for the steam before the desuperheater is determined based on the steam
temperature before the desuperheater and the steam pressure.

The enthalpy for the steam after the desuperheater is determined based on the steam
temperature after the desuperheater and the steam pressure.

The water enthalpy is determined based on the water temperature and pressure.

The spray water flow is equal to the feedwater flow times the difference of steam enthalpy
before desuperheater and the steam enthalpy after desuperheater divided by the difference
of the steam enthalpy after desuperheater and the water enthalpy.

5-2.9 Extraction Flow by Heat Balance

5-3

5-2.9.1 General. Any stream flow crossing the test boundary should be determined by direct
measurement. A less desirable alternative is to establish a flow by heat balance. For example, an extraction
stream could be a water flow extraction used to preheat a fuel gas in an external heat exchanger. For this
approach, all terminal temperatures, pressures, and the fuel gas stream flow must be known with the only
unknown being the extraction water flow.

5-2.9.2 Data Required
(a) water inlet temperature, °F

(b) water outlet temperature, °F

(c) water inlet pressure, psig

(d) water outlet pressure, psig

(e) nonwater stream flow, 1b/hr

(f) nonwater stream inlet temperature, °F

(g) nonwater stream outlet temperature, °F

(h) nonwater stream specific heat, Btu/Ib °F
5-2.9.3 Calculations

Step I:
Step 2:

Step 3:

The water inlet/outlet enthalpies are calculated for the inlet/outlet temperature and pressure
conditions.

The heat transferred to the nonwater stream is equal to the stream flow times the specific
heat times the difference between the outlet temperature and the inlet temperature.

The extraction water flow is equal to the heat transferred divided by the difference
between the water inlet enthalpy and the outlet enthalpy.

GAS FLOW BY HRSG ENERGY BALANCE
5-3.1 HRSG Gas Flow Calculations

5-3.1.1 General. Gas flow is determined by an energy balance. The heat into the HRSG is the energy
associated with the GT exhaust, any duct burner stream and the working fluid entering the HRSG. The heat
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from the HRSG would be the energy associated with the gas heat from the HRSG, the working fluid leaving
the HRSG and heat losses. The energy balance is:

06N+ Ops + Oaa+ Ouas + Owrin = Qe our + Owr our+ Onr

Each term is quantified except for the gas energy in and out. These are defined as the gas flow times
the inlet and outlet gas enthalpy respectively. The gas flow is the airflow into the GT plus the GT fuel flow
and any GT injection stream flow. The airflow being an unmeasured stream is thus the only unknown.

The heat for the gas in and gas out is split into two streams: one stream for fuel combustion plus any
other added stream, and the other stream is the balance of air that is the air in excess of that required for
combustion. For the combustion stream, the gas flow and composition in to the HRSG is based upon the
stoichiometric combustion of the GT fuel and any steam or water injection. Any duct burner stream can be
added to the combustion stream so that the gas outlet flow and composition is also defined. The heat flow for
this stream in and out of the HRSG can then be determined.

The balance of air stream has the composition of moist air so the enthalpies in and out of the HRSG are
known. The balance of airflow can then be directly determined. The gas flow in is the sum of the balance of air
flow and the combustion stream in to the HRSG. The reference temperature for the calculations is 60°F.

5-3.1.2 Data Required

(a) Ambient

(1) either wet bulb temperature, °F or relative humidity, %
(2) dry bulb temperature,’F
(3) barometric pressure, psia
(b) GT
(1) either fuel flow, Ib/hr or fuel flow, SCFM, and
gas compressibility
(2) fuel composition
(3) steam/water injection flow, Ib/hr
(c) working fluid duty, Btu/hr
(d) HRSG
(1) gas inlet temperature, °F
(2) gas outlet temperature, °F
(3) heat loss, Btu/hr
(e) duct burner
(1) fuel flow,lb/hr
(2) fuel temperature, °F
(3) fuel composition
(4) fuel heating value (oil), Btu/lb
(5) atomizing steam flow, Ib/hr
(6) atomizing steam enthalpy, Btu/Ib
(7) augmenting airflow, Ib/hr
(8) augmenting air temperature, °F

5-3.1.3 Calculations. The calculations consist of a series of steps, many of which involve calculations
performed in other sections.

Step 1:  The air composition is determined from the ambient conditions as described in para. 5-2.1.
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

Step 12:
Step 13:

ASME PTC 4.4-2008

The change in molar flow due to the combustion of the GT fuel is calculated as described
in para. 5-2.2 for fuel gas and para. 5-2.3 for fuel oil. The wet airflow for combustion is
also determined.

If there is a duct burner, the change in molar flow due to the combustion of the duct burner
fuel is calculated as described in para. 5-2.2 for fuel gas and para. 5-2.3 for fuel oil. The
wet airflow for combustion is also determined.

If there is a duct burner, the duct burner fuel heating value including the sensible heat of
the fuel is determined in para. 5-2.4 for gas and para. 5-2.5 for oil.

The inlet gas composition is calculated using the total wet airflow for combustion as
determined in Steps 2 and 3 and adding the change in molar flow due to the combustion of
fuel in the GT from Step 2 only. The inlet gas composition must also include the molar
flow of steam or water injection into the GT. The gas constituent mass fractions can then
be calculated. These calculations are described in para. 5-2.7. The combustion gas inlet
mass flow is the sum of the combustion wet airflow, the GT fuel flow, and any steam or
water injection flow.

The gas enthalpy to the HRSG is calculated in para. 5-2.6 with the gas constituents’ mass
fractions as determined from Step 5 and the HRSG gas inlet temperature.

If there is a duct burner, go to Step 8. Otherwise, the gas enthalpy from the HRSG is
calculated as described in para. 5-2.6 with the same gas constituents mass fractions as
determined in Step 5 and the HRSG gas outlet temperature. Skip to Step 11.

The HRSG outlet gas composition is calculated using the GT molar flows as determined in
Step 5 and adding the change in molar flow due to the combustion of the duct burner fuel
from Step 3. The HRSG outlet gas molar flow must also include the molar flow of air or
steam associated with the burner operation. The gas constituent mass fractions can then be
calculated. These calculations are described in para. 5-3.2.

The gas enthalpy from the HRSG is calculated in para. 5-2.6 with the gas constituents’
mass fractions from Step 8 and the HRSG gas outlet temperature.

The duty associated with any stream injected into the gas stream such as augmenting air or
atomizing steam must be calculated by multiplying the stream flow times the stream
enthalpy. The air enthalpy is calculated by using the air composition from Step 1 in para.
5-2.6 for the given air temperature. For steam atomization, the steam enthalpy is
determined by subtracting 1087.734 Btu/Ib from the steam table enthalpy to adjust to the
reference temperature of steam at 60°F. The fuel and injected stream mass flows must be
added to the combustion gas stream mass flow.

The working fluid duty must be included. A theoretical system envelope around the HRSG
is defined such as those in subsection 2-4. The duty is the stream flow times its enthalpy.
The duty associated with a stream crossing the boundary going to the HRSG would be
negative. The duty with a stream leaving the HRSG would be positive. The streams will
typically be water and the ASME steam tables are to be used to determine the stream
enthalpy. Sometimes stream flows are not measured directly. They can be determined by
heat balance. (See paras. 5-2.8 and 5-2.9.)

The HRSG heat loss is estimated in para. 5-3.3.

The balance of airflow is now the only unknown parameter in the heat balance equation
and can be directly solved.

Energy In = Energy Out

Wia* hain + Wo in* hg v+ Wop * HVgr + Waa * ha + Wys ™ has + Owrin
= Qwrour + Onr + Wein + Wpg + Waa + Was) * hg our + Waa * ha our
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Step 14:

Step 15:

ASME PTC 4.4-2008

The total gas flow in to the HRSG is the sum of the balance of air flow from Step 13 and
the combustion gas inlet flow from Step 5.

The balance of air inlet constituent molar flow is determined by dividing the flow by the
air molecular weight determined in para. 5-2.1.3, Step 7 and multiplying by the constituent
mole fraction for each constituent from para. 5-2.1.3, Step 8. The combustion gas
constituent molar flow is added to the balance of air constituent molar flow to determine
the total inlet constituent molar flow. The inlet constituent mole fraction for each
constituent is the constituent molar flow divided by the sum of molar flows for all
constituents.

5-3.2 Duct Burner Gas Composition

5-3.2.1 General. The gas composition after the duct burner has to be determined in order to determine
the gas enthalpy out of the HRSG. The composition is a function of the gas and duct burner streams plus the
changes due to the combustion of the duct burner fuel.

5-3.2.2 Data Required
(a) GT gas flow, Ib/hr
(b) atomizing steam, Ib/hr

(c) augmenting airflow, Ib/hr

(d) air molecular weight (para. 5-2.1.3, Step 6)
(e) duct burner fuel flow, Ib/hr

or

duct burner fuel flow, SCFM
gas compressibility

(f) gas molar low, moles/hr (para. 5-2.7.3, Steps 2 and 7)
(g) air mole fraction (para. 5-2.1.3, Step 7)

(h) change in molar flow, moles/hr (para. 5-2.2.4, Steps 3 and 8 for fuel gas; para. 5-2.3.3, Steps 1
and 6 for fuel oil)

5-3.2.3 Calculations

Step I:
Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Calculate the molar flow of augmenting steam by dividing the flow by 18.01528.

The nitrogen molar flow is the sum of the nitrogen molar flow from the GT gas, the
change in molar flow of nitrogen for the combustion of the fuel and the augmenting
airflow times the nitrogen mole fraction in air divided by the air molecular weight.

The oxygen molar flow is the sum of the oxygen molar flow from the GT gas, the change
in molar flow of oxygen from the combustion of the fuel and the augmenting airflow times
the oxygen mole fraction in air divided by the air molecular weight.

The carbon dioxide molar flow is the sum of the carbon dioxide molar flow from the GT
gas, the change in molar flow of carbon dioxide from the combustion of the fuel and the
augmenting airflow times the carbon dioxide mole fraction in air divided by the air
molecular weight.

The water molar flow is the sum of the water molar flow from the GT gas, the change in
molar flow of water from the combustion of the fuel, the atomizing steam molar flow, and
the augmenting airflow times the water mole fraction in air divided by the air molecular
weight.

The argon molar flow is the argon molar flow for the GT gas and the augmenting airflow
times the argon mole fraction in air divided by the air molecular weight.
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Step 7:  The sulfur dioxide molar flow is the sum of the sulfur dioxide molar flow from the GT gas
and the change in molar flow of sulfur dioxide from the combustion of the fuel.

Step 8:  The duct burner gas mass flow is the sum of the GT gas flow, the duct burner fuel flow,
the augmenting airflow, and the atomizing steam flow.

Step 9:  Calculate the duct burner constituent mass fractions. The duct burner gas constituent mass
fraction is the constituent molar flow times the constituent molecular weight divided by
the total duct burner gas mass flow.

5-3.3 HRSG Heat Loss

The heat loss is estimated from the HRSG as a function of the GT gas flow. The test uncertainty
analysis typically does not warrant detailed calculations. The heat loss would be for typical systems. Unusual
cases may require additional calculations. More guidance is available in Nonmandatory Appendix F.

The heat loss is approximated by the following equation:

O | Qo ) 0
QHL%=—1.38><10“°><[%} +8.83><10‘7>{%J —1.66x10‘3x(%j+1.24

Ou = Qura X1OOX(QGIN - QGOUT)

The above equation is based on a base loaded, unfired operating condition. HRSGs with
supplemental firing will have a minor impact on the calculated heat loss in Btu/hr and this equation should
be used based upon the heat input from the GT only. The range of heat input that this equation is valid for is
from 100 million Btu/hr to 1,500 million Btu/hr. For heat inputs outside this range the user is referred to
Nonmandatory Appendix F.

5-4 GAS FLOW BY GAS TURBINE ENERGY BALANCE
5-4.1 Gas Turbine Gas Flow Calculations

5-4.1.1 General. The gas flow is determined by an energy balance around the GT. The energy into the
system is from the fuel, air and injection streams to the GT. The energy from the system is from the gas
leaving the GT, electrical energy generated, bleed air, and heat losses.

Energy In = Energy Out
Ooin + Or+ Q1 =0p+ Qu+ Qcour + Os

Each term associated with these energy flows is quantified except for the gas flow. The unknown
portion of the gas flow is the airflow into the GT. The heat for the gas in and gas out is split into two steams;
one stream for fuel combustion and any other added stream, and the balance of air stream. For the
combustion stream, the airflow into the GT is based upon the stoichiometric combustion of the GT fuel. The
injection stream, bleed stream, and fuel flow and composition effects can be added to the inlet air stream so
that the gas outlet flow and composition is also defined. The heat flow for this stream in and out of the
HRSG can then be determined.

The balance of air stream has the composition of moist air so the enthalpies in and out of the GT are
known. The balance of airflow can then be directly determined. The gas flow in is the sum of the balance of
airflow and the combustion stream in to the HRSG. The gas outlet composition is determined from the
constituent molar flows of both gas outlet streams.The calculations for this method are in Mandatory
Appendix L.
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5-5  WEIGHTED CAPACITY

5-5.1 General

More than one determination of capacity value requires an averaging of the values. An example of
this would be the averaging of the steam flow results from the GT heat balance and from the HRSG heat
balance. The averaging must be a weighted average as a function of the steam flow uncertainties. For more
information, see ASME PTC 19.1 on Test Uncertainty.

5-5.2 Data Required
(a) C1 — Capacity Value 1
(b) U1 — Uncertainty 1
(c¢) B1 — Systematic Uncertainty 1
(d) S1 —Random Uncertainty 1
(e) C2 — Capacity Value 2
(f) U2 — Uncertainty 2
(g) B2 — Systematic Uncertainty 2
(h) S2 — Random Uncertainty 2

5-5.3 Calculations

Step I:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

The weighting for value 1 is uncertainty 2 squared divided by the sum of uncertainty 1

squared and uncertainty 2 squared.
2

Wl= —5]2 >

U2 +U1

The weighting for value 2 is uncertainty 1 squared divided by the sum of uncertainty 1

squared and uncertainty 2 squared.
2

w2= %

U2 +U1

The weighted systematic uncertainty is the square root of the sum of the products of
weighting and systematic uncertainty for each value.

Bw = (W1*B1 + W2*B2)*

The weighted random uncertainty is the square root of the sum of the products of
weighting and random uncertainty for each value.

Sw = (WI*S1 + W2%52)*

The weighted capacity is the sum of the products of weighting and capacity for each value.
Cw = WI1*C1 + W2*C2

The weighted uncertainty is two times the square root of the sum of the random
uncertainty squared and the systematic uncertainty divided by 2 squared.

Uw =2 * [(Bw/2)” + Sw” >

Note that if the weighted uncertainty is greater than either of the individual uncertainties, the lowest
individual uncertainty is the overall test uncertainty and the overall capacity is the capacity of the lowest
uncertainty test. As an alternative, a combined uncertainty calculation for simultaneous tests for both heat
balance methods can be determined.
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5-6 CORRECTION OF TEST CONDITIONS TO GUARANTEE
5-6.1 Correction of Steam Flow for Superheat

Steam flow must be corrected for the superheated steam outlet temperature in order to compare
measured and predicted steam flows. Differences in heat absorbed in a superheater would create differences
in heat available in evaporator sections. It is not the intent of this correction to adjust the steam temperature
for the purpose of comparison to a predicted steam temperature, rather only to adjust the flow on a consistent
energy basis.

The excess energy in the steam is calculated by multiplying the measured steam flow by the
difference in the measured and predicted steam outlet enthalpy. The steam flow adjustment, which is added
to the measured flow, is the excess energy divided by the difference in predicted steam outlet enthalpy and
the inlet feedwater enthalpy for the same pressure level. This correction is made prior to correcting to
reference conditions.

5-6.2 Capacity

Once a test has been performed, the gas flow and composition can be computed by heat balance. The
steam capacity (Flow and Temperature) can then be predicted for the test conditions. The predicted steam
capacity will be dependent upon all of the factors necessary to originally design the HRSG. The performance
factors would include

(a) gas flow

(b) gas temperature

(c) gas composition

(d) duct burner heat input

(e) feedwater inlet temperature for all pressure levels
(f) steam/water outlet pressure for all pressure levels

Predicted steam temperatures and flows for a test will serve as comparative values to what was
actually measured. Two different methods can be used to predict the steam capacity. One method utilizes
correction curves. This method consists of a series of curves that reflect the impact of each performance
parameter on the steam flow or temperature of each pressure level. The impact on steam flow or temperature
can be presented as a multiplier or absolute difference. The steam flow or temperature corrections for each
performance parameter would be the product of the reference flow or temperature and all the other
corrections in the case of percentages. In the case of an absolute difference, the reference flow or temperature
would be added to each of the corrections. The resultant steam flow and temperatures would represent the
predicted values for the test conditions. This approach is not recommended for multiple pressure HRSGs.

The other method consists of a computer model of the HRSG heat transfer sections. This model
would be able to predict the steam capacity that should be produced for the test conditions. A computer
model has the advantage of taking into account all performance factors simultaneously. It would also take
into account any secondary interaction effects between performance factors. A computer model would be
able to better predict results with factors quite different than originally specified conditions.

Once the capacity is established for the test conditions, it can be compared to the corresponding
measured value. The measured value would be the uncertainty-weighted value as calculated in subsection
5-5. The ratio between the measured and predicted capacities is assumed to be equal to the ratio of the true
capacity to the reference condition capacity.

5-6.3 Duct Burner Fuel Flow

The correction of results for duct burner fuel flow is a special case of the correction of results. For
this case the duct burner fuel flow rate would be adjusted in order to achieve an established steam flow. It
must be clear that during the test the fuel flow is adjusted to a pre-established set point. The predicted fuel
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flow will be dependent upon all of the factors necessary to originally design the HRSG. The performance
factors would include

(a) gas flow

(b) gas temperature

(c) gas composition

(d) steam flow and temperature for all pressure levels
(e) feedwater inlet temperature for all pressure levels
(f) steam/water outlet pressure for all pressure levels

The correction curve method consists of a series of curves that show the impact of each performance
parameter on duct burner fuel flow. The impact on fuel flow can be presented as a multiplier or absolute
difference. The duct burner fuel flow corrections for each performance parameter would be the product of
the reference flow or temperature and all the other corrections in the case of percentages. In the case of an
absolute difference, the reference fuel flow would be added to each of the corrections. The resultant fuel flow
would represent the predicted values for the test conditions. This approach is not recommended for multiple
pressure HRSGs.

The other method consists of a computer model of the HRSG heat transfer sections. A computer
model would be able to predict the fuel flow for any set of performance parameters. It has the advantage of
taking into account all performance factors simultaneously. It would also take into account any secondary
interaction effects between performance factors. A computer model would be able to better predict results
with factors quite different than originally specified conditions.

Once the fuel flow is established for the test conditions, it can be compared to the corresponding
measured value. The measured value would be the uncertainty-weighted value as calculated in subsection 5-5.
The ratio between the measured and predicted capacities is assumed to be equal to the ratio of the true capacity
to the reference condition capacity.

5-6.4 Gas Side Pressure Drop

5-6.4.1 General. The pressure drop is a function of the GTE flow and gas density and thus requires
corrections for these parameters. The density is a function of the gas temperature through the HRSG, GTE
composition, and pressure. The most accurate method to predict the pressure drop for the test conditions
would be through the use of a computer model or detailed manual calculation. In the absence of these
approaches the following method can be used. The assumption for this method is that the gas average
temperature through the HRSG is the same as the reference conditions. If the temperatures vary from the
reference conditions such as the difference between a duct-fired and unfired case, the following method
should not be used.

5-6.4.2 Data Required. The following data is required for Test and Reference Conditions:
(a) GTE flow, Ib/hr
(b) GTE molecular weight
(c) atmospheric pressure, psia
(d) gas pressure drop, inches of water

5-6.4.3 Calculations. The gas pressure drop of the test is corrected by multiplying the measured
pressure drop times the ratio of Reference GTE Flow divided by the Test GTE flow squared. This product is
multiplied by the atmospheric pressure of the test divided by the reference atmospheric pressure. This
product is multiplied by the Test GTE molecular weight divided by the reference gas molecular weight. The
atmospheric pressure approximates the average gas pressure in the HRSG.

DPCor = DPTesl * (WG Ref/WG Tesl)2 * PATM Test/PATM Ref * MWG Test/MWG Ref

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun paniwlad si uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAIuN piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719a11SYda) MMM) J1JIIUBI0S uoswoy ] Aq AlISIaAluN plojuels 01 pasuadl| reusrew payyblAdod



ASME PTC 4.4-2008

The DPc,, is calculated using the gas flows determined from the GT and HRSG heat balances. The
corrected gas pressure drop is determined by the weighting process described in subsection 5-5.

5-6.5 Steam Side Pressure Drop

5-6.5.1 General. The steam/water side pressure drop usually is not a critical factor in the design of the
HRSG. The pressure drop is a function of the steam/water flow and the associated density and thus requires
corrections for these parameters. The density is a function of the temperatures and operating pressures
through the HRSG. The most accurate method to predict the pressure drop for the test conditions would be
through the use of a computer model or detailed manual calculation. This is especially true for coil sections
for superheating steam that can be impacted by desuperheater spray flow conditions. Extractions or additions
of flow can also have a significant impact. In the absence of these methods the following approach can be
used. The assumption for this method is that the average steam/water temperatures through the HRSG are the
same as the reference conditions.

A reheater would be synonymous with a superheater in the following calculations. The following
calculation is not applicable to all situations, for example a forced circulation evaporator or two-phase flow
exiting economizers are special cases that have to use methods beyond the scope of this test code.

5-6.5.2 Data Required. The following data is required for both the test and reference conditions:

(a) pressure drop in coil sections and piping for superheating steam, psig

(b) outlet pressure of sections for superheating steam, psig

(c) inlet pressure of sections for superheating steam, psig

(d) outlet temperature of superheater, °F

(e) inlet temperature of superheater, °F

(f) pressure drop in sections and piping for heating water, psig

(g) steam/water flow, Ib/hr

5-6.5.3 Calculations

Step 1:  The average steam density is determined from the steam tables using the average of the
superheater inlet and outlet pressure and average of the superheater inlet and outlet
temperature. The density would be determined for both the test and reference conditions.

Step 2:  The pressure drop in coils for superheated steam is proportional to the steam flow squared
and inversely proportional to the average steam density. The corrected steam coils
pressure drop is equal to the measured pressure drop times the ratio of reference flow
divided by the measured flow squared, times the test average density divided by the
reference average density.

DPS Cor = DPS Test * (WS Ref/WS Tesl)2 * (pS Test/pS Ref)

Step 3:  The pressure drop in coils for heating water is proportional to the water flow squared. The
corrected water coils pressure drop is equal to the measured pressure drop times the ratio
of reference flow divided by the measured flow squared.

DPW Cor = DPWTesl * (WW Ref/WWTesl)2

Step 4:  The total corrected pressure drop is the sum of the steam coils pressure drop and the water
coils pressure drop.
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6-1
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Section 6
Report of Results

GENERAL

The report shall formally and clearly present the pretest agreements and the observed data,

calculations, and results. It shall include sufficient information to demonstrate that all objectives of the test
have been met.

The title page shall include the report number, report date, test date(s), test title, location, Owner,

Purchaser, HRSG manufacturer, and HRSG identification (tag number and service).

6-2

The table of contents shall include the following major sections and subsections as needed.

SECTION 1: EXECUTIVE SUMMARY

The Summary shall consist of a single page noting the objectives, actual test results, corrected test

results, guarantee requirements, conclusions, and uncertainty of the test. It shall also include a statement that
the corrected test results are believed correct and that the post-test uncertainty is within the agreed upon
allowance for uncertainty.

6-3

6-4

SECTION 2: INTRODUCTION

The Introduction shall consist of the following:

(a) a description of the HRSG, including nameplate data of the HRSG and auxiliary equipment
involved in the test

(b) the objectives of the test, i.e., to verify guarantees or establish performance at specified
conditions

(c) a description of the age and condition of the HRSG, instrumentation, and auxiliary equipment at
the time of the test, including any items that may affect the test results

(d) a description of the operating history of the HRSG and auxiliary equipment since initial startup,
including any items that may affect the test results

SECTION 3: TEST DATA

Test data shall consist of a summary of actual measurements and observations and a complete

description of date and time and any methods of testing or measurement, including any differences from the
pretest agreement or not prescribed by this Code.

6-5

SECTION 4: DATA REDUCTION, CORRECTIONS, AND RESULTS
Data reduction, corrections, and results shall include the following:

(a) a description of the final test data reduction methods used and test data reduction

(b) the uncorrected test results, including calculations to establish performance at the actual test
conditions

(c) the corrected test results, including calculations, factors, or methods used for correcting the
actual test results to the specified (or guaranteed) operating and performance conditions

(d) a post-test uncertainty analysis

(e) a discussion of the tests, results, and conclusions, including test observations and descriptions of
any differences from the methods agreed to or allowed by this Code, and the resolution of the
differences
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SECTION 5: APPENDICES
The Appendices should include the following:

(a) the pretest agreement and modifications to the pretest agreement
(b) the pretest and post-test uncertainty analyses
(c) the design and performance data that the test is to verify

(d) any sketches or data required to describe and show locations of any temporary testing equipment
or instruments used in the test

(e) the instrument calibration methods used and calibration data for instrumentation used in the test
with appropriate approval initials

(f) the raw test data
(g) a list of personnel directing, conducting, witnessing, and determining results of the test with their
affiliations and titles

(h) any other supporting information required to make the report a complete, self-contained
document of the entire undertaking
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Section 7
Uncertainty Analysis

7-1 INTRODUCTION

(a) An uncertainty analysis provides numerical estimates of systematic uncertainties, random
uncertainties, and the combination of these into a total uncertainty with an approximate
confidence level. Measurement uncertainty analysis is useful because it

(1) identifies dominant sources of error, their effects on a test result, and estimates of their
limits, uncertainties

(2) facilitates communication regarding measurement results

(3) facilitates the choice of appropriate and cost-effective measurement devices and procedures
(4) reduces the risk of making erroneous decisions

(5) demonstrates compliance with agreements

(b) This Section describes the methodology that shall be used for the required pretest and the
required post-test uncertainty analyses. Specifically, this Section addresses the following:

(1) how to determine individual random uncertainties and how they are combined
(2) how to combine individual systematic uncertainties
(3) how to combine the random and systematic uncertainties
(4) how to calculate the uncertainty of test results
Additional information on uncertainty is available in ASME PTC 19.1, Test Uncertainty.

7-1.1 Pretest Uncertainty Analysis and Test Planning

A pretest uncertainty analysis is an excellent aid in test planning. The parties to a test can use a
pretest uncertainty analysis to assist in reaching many of the agreements required in Section 3. Decisions
regarding number and types of instruments, number of readings, number of sampling points in a grid, and
number of fuel samples can be made based on their predicted influence on the uncertainty of the test results.

A careful pretest uncertainty analysis can help control the costs of testing by keeping the number of
readings or samples at the minimum necessary to achieve the target uncertainty and by revealing when it is
not necessary or cost-effective to make certain measurements.

7-2  UNCERTAINTY CALCULATION
7-2.1 Pretest and Post-Test Uncertainty

The uncertainty calculation described in para. 7-2.2 is applicable for both a pretest and post-test
uncertainty calculation. When performing a pretest uncertainty calculation, the design values can be used in
place of the measured test results, which are not available. The random uncertainties can be estimated based
on preliminary observation of equipment operating conditions and prior experience.

7-2.2 Uncertainty Calculation Procedure

(a) To complete the uncertainty analysis the following will be required:

(1) a method for calculating a heat balance around the gas turbine-generator (see Mandatory
Appendix I)
(2) a method for calculating a heat balance around the HRSG (see Section 5 of this Code)

(3) a computer program that can be used to determine the sensitivities of each measured
parameter on the final result

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun paniwlad si uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAIuN piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719a11SYda) MMM) J1JIIUBI0S uoswoy ] Aq AlISIaAluN plojuels 01 pasuadl| reusrew payyblAdod



ASME PTC 4.4-2008

(b) The following procedure is used to determine the uncertainty. Two Uncertainty calculations are
generated for each test result parameter, i.e., HP Capacity, IP Capacity, LP Capacity, Gas Side
Pressure Drop, and RH Pressure Drop. One calculation is for the determination of the test result
parameter by using the HRSG Energy Balance; the other calculation is for the determination of
the test result parameter by using the Gas Turbine Energy Balance. Each calculation is comprised
of a sensitivity worksheet and an uncertainty worksheet.

(1) Sensitivity Worksheet (Nonmandatory Appendix H):

(a) For each Uncertainty calculation, the sensitivity worksheet “Measured Parameter”
column is filled in by listing all the measured values that are used to predict or measure
the test result parameter by the specific Energy Balance method used.

(b) Fill in the column “Average Value” by recording the measured average value of each
measured parameter of the performance test.

(c) All average values of test data are used to determine an exhaust flow by the selected
method. This exhaust flow is then used in a predictive model to determine the Base
Value of Result.

(d) Sensitivity coefficients are calculated either analytically or numerically in accordance
with ASME PTC 19.1. Specifically, Section 7.2 and 10.5.4.1 of ASME PTC 19.1-1998
shall be followed for determination of Sensitivity Coefficients. Fill in the column
“Incremental Change” with the value of the incremental change. The incremental change
should be large enough to indicate a nominal change in predicted performance.

(e) Fill in the column “New Value of Parameter” by recording the new value, which is the
average value plus the incremental change.

(f) Using the new value for only one measured parameter and the average value for the
remaining measured parameters, calculate a new exhaust gas flow by the appropriate
energy balance method. Record this value in the column “New Exhaust Flow With New
Parameter.”

(g) Using the new value for only one measured parameter, the exhaust flow calculated in
para. 7-2.2(b)(1)(f), and the average value for the remaining measured parameters,
determine the corrected test result parameter, i.e., HP Capacity, IP Capacity, LP
Capacity, Gas Side Pressure Drop, RH Pressure Drop. If the measured parameter is an
input to the performance prediction model such as exhaust temperature, the exhaust flow
and the new value should be changed in order to determine the new test result. Record
this value in the column “New Steam Flow at New Exhaust Flow” and new parameter.

(h) Fill in the column “Absolute Sensitivity Coefficient” with the difference of the new
result minus the base value of result and divide by the incremental change of the
measured parameter.

(i) Fill in the column “Relative Sensitivity Coefficient” by recording the relative sensitivity
coefficient, which is the absolute sensitivity coefficient times the average value of the
parameter divided by the base value of result.

(j) Repeat steps in para. 7-2.2(b)(1)(f) through (i) for each measured parameter.
(2) Uncertainty Worksheet (Nonmandatory Appendix H):

(a) For the Uncertainty worksheet, fill in the columns “Measured Parameter,” “Average
Value” and “Absolute Sensitivity Coefficient” from the Sensitivity worksheet. When the
Uncertainty for a Test Result has that same value included in the uncertainty analysis as
a Measured Parameter, the value to be filled into the “Absolute Sensitivity Coefficient”
of the Uncertainty Worksheet is one minus the calculated “Absolute Sensitivity
Coefficient” from the Sensitivity Worksheet. An example of this is shown in
Nonmandatory Appendix C with a brief summary as follows:
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(b)

(c)
(d)

(e)

)

~—

(g

(h)

ASME PTC 4.4-2008

(1) HRSG Heat Balance HP Steam Flow Uncertainty

(2) Sensitivity Worksheet
HP Steam Flow (Feedwater) Absolute Sensitivity Coefficient = 0.7901

(3) Uncertainty Worksheet
HP Steam Flow (Feedwater) Absolute Sensitivity Coefficient = 0.2099

Fill in the column “Sample Deviation” by recording the standard deviation of the sample
data for each measured value. The standard deviation is determined by summing for all
data points, the square of the difference between the measured value and the average of
all data points. This sum is divided by one less than the number of data points and then
the square root is taken, using the following formula:

5.2 (R

-X)
-1

X, = datum value

X = data average

N = number of sample points
Sy = standard deviation

Fill in the column “Number of Samples” by recording the number of data samples taken.

Fill in the column “Sample Deviation of Average” by recording the standard deviation of
the average using the following formula:

S = S,
x N
where
S, = standard deviation of the sample
N = number of sample points
S- = standard deviation of the sample average

X

Fill in the column “Degrees of Freedom.” The number of degrees of freedom is the
number of samples minus 1.

Calculate the “Absolute Sensitivity X Sample Deviation of Ave,” also called the
Precision Index of the Result by recording the product of absolute sensitivity coefficient
and the sample deviation of the average

Calculate the Overall Degrees of Freedom by filling in the column “(Ab Sens X
SDA)*/Deg of Fdm” by recording the product of the absolute sensitivity coefficient and
the sample deviation of the average, raised to the 4™ power, and divided by the number
of degrees of freedom.

Fill in the column “Random Uncertainty %" by recording the result of “Absolute
Sensitivity X Sample Deviation of Ave” divided by the base value of the result times

100%. Terms with larger absolute values have more influence on the random uncertainty
of the result.
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(i) Fill in the column “Systematic Uncertainty for Parameter” by recording the estimated
systematic uncertainty for the parameter in the same units as the measured parameter.
The systematic uncertainty is estimated based on the method used to determine the
measured parameter. Guidance on estimating systematic uncertainty is included in
Section 4. Sample worksheets are included in Nonmandatory Appendix H. Refer to
ASME PTC 19.5 and ASME PTC 4 for further assistance in the determination of
individual systematic uncertainty.

(j) Fill in the column “Abs Sensitivity X Systematic Uncert-Para” by recording the product
of absolute sensitivity times systematic uncertainty for the parameter.

(k) Fill in the column “Systematic Uncertainty %” by recording the result of “Abs
Sensitivity X Systematic Uncert-Para” divided by the base value of the result times
100%. Terms with larger absolute values have more influence on the systematic
uncertainty of the result.

(1) Determine the “Random Uncertainty of Result” by taking the square root of the sum of

the squares of the values in the column “Absolute Sensitivity X Sample Deviation of
Ave.”

(m) Determine the “Degrees of Freedom for Random Uncertainty of Result” by taking the
random uncertainty of result raised to the 4™ power divided by the sum of the values in
the column “(Ab Sens X SDA)*/Deg of Fdm”.

(n) Fill in the value 2 for the “Student’s ¢ Value” for the uncertainty. This is based on the
combined degrees of freedom for the systematic and random components of uncertainty.

(o) Determine the “Systematic Uncertainty of Result — 95% Confidence Level” by taking the
square root of the sum of the squares of the values in the column “Abs Sensitivity X
Systematic Uncert-Para”.

(p) Determine the “Total Uncertainty” by multiplying 2 by the square root of the sum of
“Random Uncertainty of Result” squared and (“Systematic Uncertainty of Result-95%
Confidence Level” divided by 2) squared.

(q) Determine the “Uncertainty Percent” by dividing the total uncertainty by the base value
of the result.

(r) Determine the weighted value of the test result by combining the results determined by
the HRSG and gas turbine energy balances as described in subsection 5-5.

When calculating the new test result at new exhaust flow on the sensitivity worksheet [para.
7-2.2(b)(1)(g)], the exhaust gas composition should be determined from the average value test data.
Perturbing individual measured parameters will result in small changes in the exhaust gas composition.
These small changes may be ignored in the calculation of the new test result.

7-3  GUIDANCE FOR DETERMINING SYSTEMATIC ERRORS

The systematic error is the “built-in” component of the error. The systematic error is what remains
after all reasonable attempts to eliminate it (such as calibrating instruments) have been made. An essential
characteristic of the systematic error is that it cannot be determined directly from the test data. It is always
necessary to estimate the systematic error. Sometimes, models based on the test data or observations of
conditions during the test can be used in making estimates, but they remain estimates nevertheless. A second
essential fact concerning the systematic error is that its value(s) is unique to the measurement system
employed in a specific test and to the process and ambient conditions during the test.

This Section gives certain mandatory rules for making systematic error estimates and for
mathematical manipulation of them. It also provides guidance and some models for estimating values of
systematic errors. Users of this Code are free to adopt, modify, or reject any models for systematic error set
forth in this Section, provided that the parties to the test agree to do so and agree on an appropriate substitute.
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7-3.1 General Rules
Systematic errors used in this Code have the following characteristics:

(a) Systematic errors shall be agreed upon by the parties to the test.

(b) Systematic errors should be estimated at a 95% confidence level; the maximum conceivable
values of the systematic error should not be used.

(c) If the parties to the test agree that there are nonsymmetrical or one-sided systematic errors, then
it is necessary to refer to ASME PTC 19.1 for the procedure on handling nonsymmetrical
systematic errors.

Although the actual systematic error in any measurement or result is a fixed value, an estimate of the
systematic error is a random variable. This Code specifies that systematic errors shall be combined by using
the root-sum-square method.

Generally, the same systematic error will be used for both pretest and post-test uncertainty analyses.
Observations of conditions during the test may indicate that it is allowable to decrease one or more
systematic errors or that it is advisable to increase one or more systematic errors. This shall be permitted if
both parties to the test agree.

7-3.2 Systematic Error in Measured Parameters From Instrumentation

There are a number of sources of instrumentation systematic error in any measurement; among those
are: primary element, primary sensor, transducer, amplifier, analog/digital converter, recording device, drift,
and environmental effects. The following documents may be consulted for general information on
instrumentation systematic error: ASME Performance Test Codes, ASME MFC, ISA Standard ANSI/ISA
S51.1. This Section provides general guidelines and rules for combining these elemental systematic errors.

If separate components of an instrumentation loop or the entire loop has been calibrated and the
calibration data are incorporated into the test data, the systematic error shall be reduced to account for the
uncertainty of the calibration.

7-3.3 Systematic Error in Gas Turbine HRSG Exhaust Temperature and Stack Temperature

The GT exhaust temperature and stack temperature uncertainty is made up of two components:
random uncertainty and systematic uncertainty.

The random component is determined from the variation of the average exhaust temperatures at each
time period. It is calculated like the random component of flow, temperature, or pressure.

The systematic component needs to include the systematic uncertainty of the thermocouples used
and the spatial variation from one temperature measurement point to another. The systematic uncertainty of
the thermocouple is a function of the type of thermocouple being used, the transmitter, wiring, etc. For a type
K thermocouple measuring 1,100°F, this would be approximately 11°F or 1% of the measured value. The
spatial variation is estimated from the variation of the temperatures between measurement locations using the
following equation:

Bs = t* Ss/(N**0.5)
where
Bs = spatial contribution to systematic uncertainty
Ss = standard deviation of the spatial temperature averages'
t = the Student ¢ for (N-1) degrees of freedom
N = number of samples

' The temperatures at each location are averaged for the entire test set. The standard deviation, S, is of these average
temperatures.
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The systematic uncertainty of the gas turbine exhaust or stack temperature is then calculated using
the following equation:

B = (Bpc**2 + Bs*¥¥2)¥*0.5
where
B = systematic uncertainty of temperature grid
B = systematic uncertainty of temperature measurement
Bs = spatial contribution to systematic uncertainty
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MANDATORY APPENDIX |
EXHAUST FLOW BY GAS TURBINE ENERGY BALANCE

-1 INTRODUCTION

The Committees of PTC 4.4 and PTC 22 have been working together to come up with a common
procedure for calculating heat balance. This procedure will be incorporated into ASME PTC 22 when it is
issued. In the interim, this procedure will be utilized for the calculation of gas turbine heat balance.

-2 GENERAL

The calculations in this Section are for the determination of the GT exhaust flow and composition by
the means of a GT heat balance. GT data is required in order to calculate the GT gas composition, which in
turn allows for the determination of the gas enthalpies.

The airflow through the GT is the only unknown with GT fuel flow, bleed air, and injection streams
being measured. In order to define the gas composition leaving the GT, the airflow is split into two streams:
air for combustion and the balance of air. The air for combustion stream includes any changes for fuel
combustion and steam or water injection. The flow and composition of this stream can be defined. The
balance of air stream is just moist air.

The exhaust flow is determined by an energy balance around the GT. The energy into the system is
from the fuel, air, and injection streams to the turbine.

Fig. I-2-1 Exhaust Flow

Balance of o » Balance of Moist Air
Moist Air
Combustion @ » Combustion Products and
Moist Air Injected Water
v :
Bleed Fuel Injected
Air Water/
Steam

The energy from the system is from the exhaust leaving the turbine, electrical energy generated,
bleed air stream, and heat losses. The only unknown is the balance of airflow, which can be solved directly.
Once this is defined, the entire exhaust stream flow and composition can be computed. See Fig. [-2-1.

The reference temperature for the calculations is 60°F.
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-3 DATA REQUIRED

Note that
compressor inlet s

the air temperature and humidity conditions must be characteristic of the air as it enters the
ection of the GT.

(a) Ambient

(1) wet bulb temperature, °F
(2) dry bulb temperature, °F

(b) Either
(c) GasT
(d) Either

or

barometric pressure, psia, or relative humidity, %
urbine

(1) fuel flow, Ib/hr

fuel flow, SCFM

gas compressibility

(2) fuel composition

(3) fuel heating value (oil), Btu/lb

(4) steam/water injection flow, Ib/hr
(5) steam/water injection temperature, °F
(6) steam/water injection pressure, psig
(7) injection flow state (liquid/vapor)
(8) GT exhaust outlet temperature, °F
(9) GT heat loss, Btu/hr

(10) power, MW

(11) bleed airflow, 1b/hr

(12) bleed air outlet temperature, °F

I-4 CALCULATIONS

The calcu
other sections.

Step I:

Step 2:

Step 3:

Step 4:

Step 5:

lations will consist of a series of steps, many of which involve calculations performed in

The GT inlet air composition is determined from the ambient conditions as described in
para. 5-2.1.

The change in molar flow due to the combustion of the GT fuel is calculated as described
in para. 5-2.2 for fuel gas and para. 5-2.3 for fuel oil. The wet airflow for combustion is
also determined.

The GT inlet air enthalpy is calculated in para. 5-2.6 by using the air composition from
Step 1 and the given dry bulb temperature. The bleed air enthalpy is calculated with the
same air composition and the given bleed air temperature. The balance of air outlet
enthalpy is also calculated with the same air composition and the GT gas outlet
temperature.

The gas outlet composition is calculated using the total wet air molar flow for combustion
as determined in Step 1 and adding the change in molar flow due to the combustion of fuel
in the GT from Step 2. The gas molar flow must also include the molar flow of steam or
water injection into the GT. The gas constituent mass fractions can then be calculated.
These calculations are described in para. 5-2.7.

The gas enthalpy from the GT is calculated in para. 5-2.6 with the gas constituent mass
fractions as determined from Step 4 and the gas turbine gas outlet temperature.
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Step 6:  The GT fuel heating value including the sensible heat of the fuel is determined in para. 5-2.4
for gas and para. 5-2.5 for oil.

Step 7: The enthalpy of a steam or water stream injected into the GT is determined from the
stream temperature, pressure, and state (liquid or vapor). The stream enthalpy is
determined by subtracting 1,087.73 Btu/lb from the steam table enthalpy to adjust the
reference temperature to a vapor at 60°F.

Step 8:  The electrical energy generated is determined by multiplying the megawatts produced by
3,412,140 Btu/hr/megawatt.
Step 9:  The GT heat loss is determined. See subsection I-4.
Step 10: The balance of airflow is now the only unknown parameter in the heat balance equation
and can be directly solved.
Energy In = Energy Out

(Waa + Waip + Wace) * han + Wing * hing + Worre * HVggr
= Qur+ Wgp * hgip + Wac + Wiy + Werp) * hg our + Waa * ha our

Step 11: The total gas flow from the GT is the sum of the balance of airflow from Step 10 and the
combustion air inlet flow plus the injection flow plus the GT fuel flow.

Step 12: The balance of air inlet constituent molar flow is determined by dividing the balance of
airflow by the air molecular weight determined in para. 5-2.1.3, Step 7 and multiplying by
the constituent mole fraction for each constituent from para. 5-2.1.3, Step 8. The
combustion gas constituent molar flow is added to the balance of air constituent molar
flow to determine the total inlet constituent molar flow. The inlet constituent mole fraction
for each constituent is the constituent molar flow divided by the sum of molar flows for all
constituents.

I-5 GAS TURBINE MISCELLANEOUS HEAT LOSS

The GT heat loss is a combined value of variable and fixed losses. The variable losses would include
generator efficiency and would be estimated by the generator efficiency curve. The fixed losses would be
lube oil losses and other losses that would not vary. These losses must be given by the GT manufacturer. It is
possible to quantify some of the losses and this should be done where practical.
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NONMANDATORY APPENDIX A
SAMPLE HRSG HEAT BALANCE CALCULATIONS
The sheets in this Appendix are included to demonstrate the calculation procedure. Guidance is

included on the sheets in order to help the user know where numbers need to be transferred within or
between sheets. The following describes the reference convention.

Column Reference

Each sheet except the MAIN sheet is characterized by
a letter designation from A to J. Columns on the sheets
are numbered so a reference to a column on a specific
sheet would be a letter followed by a number. These
are not worksheet cell references.

Column references are shown in brackets.

The sum of a column of numbers is designated
by the word Sum followed by the column reference.
This for example points to Sum [ES8].

(
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NONMANDATORY APPENDIX B
SAMPLE GAS TURBINE HEAT BALANCE CALCULATIONS
The sheets in this Appendix are included to demonstrate the calculation procedure. Guidance is

included on the sheets in order to help the user know where numbers need to be transferred within or
between sheets. The following describes the reference convention.

Column Reference
E7 E&
E; Each sheet except the MAIN sheet is characterized by
ol [EBJHET]

. a letter designation from A to K. Columns on the sheets
/eight are numbered so a reference to a column on a specific
sheet would be a letter followed by a number. These
01348, 9551897 \ are not worksheet cell references.

59980 0 \

009s0| 202140

01828 270866
84800 16315

6430 0 ] The sum of a column of numbers is designated

Sum=|l 1447518 $— by the word Sum followed by the column reference.
This for example points to Sum [ES8].

Column references are shown in brackets.

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2
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NONMANDATORY APPENDIX C
UNCERTAINTY SAMPLE CALCULATION

The sheets in this Appendix are included to demonstrate the calculation procedure for the test
uncertainty. There are Appendices for HP, IP, and LP capacity.

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2
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ASME PTC 4.4-2008

NONMANDATORY APPENDIX D
FUEL SENSIBLE HEAT

D-1 INTRODUCTION

The sensible heat of a fuel has a minor impact on an HRSG performance test; therefore, this Code
has adopted a modified procedure for calculating the fuel sensible heat. A more rigorous determination is
required for fuel gas that deviates significantly from U.S. pipeline natural gas. A simplified approximation
has been derived to quantify and adjust the net fuel heat input for the given fuel temperature from the
reference temperature of 60°F. These derived equations should be adequate for most fuel oil and natural gas
streams in which the components are almost entirely hydrocarbons. A gas stream with even a few percent
hydrogen can have different results.

D-2 FUEL OIL

The specific heat for fuel oil is taken from Perry’s [1]. The specific heat is evaluated at the average
temperature in degree Fahrenheit (°F) and divided by the fuel specific gravity. The specific gravity is
assumed to be 0.8654, typical for No. 2 fuel oil. Specific gravities for No. 1 and No. 6 fuel oil would be
0.8251 and 0.9861, respectively. This would result in sensible heat errors of +2.3% and —6.3%.

_0.388+0.00045xT,

JSG

The sensible heat of the fuel oil is calculated by multiplying the specific heat times the difference of
the fuel temperature in degree Fahrenheit (°F) and the reference temperature of 60°F.

h=Cp *(T-60)=1[0.417 +0.000484 * (T + 60) / 2] * (T — 60)
This reduces to the equation:
h=T?/4132+0417T-259 (Btu/lb) (1)

An alternate method is described in the reference STEAM [2]. This equation requires that the fuel
API gravity be known which is the reason the method was not recommended.

h=-30.016 - 0.11426API + 0.373T + 1.43e — 3(API)(T) + (2.184e — 4 + Te — TAPI)(T) 2)

An example comparison was done to illustrate the results of the two methods.

Y6 (Btu/lb °F)

Equation 1  Equation 2

#2 F.O. #6 F.O.
API 33 12.6
h@T =200 55.4 59.9 55.8 (Btu/lb)

D-3 FUEL GAS

Fuel gas sensible heat is a function of temperature, pressure, and composition. Some simplifying
assumptions were made in this derivation, which are as follows:

(a) Fuel gas is composed of 92% methane and 8% ethane on a volume basis.
(b) Fuel Pressure is 100 psia.

The assumption of a fixed pressure is illustrated in Table D-3-1 calculated from Reference [3]. The
specific heat of methane varies only slightly over a significant pressure range. Table D-3-1 also shows that
the specific heat of propane and ethane are very similar so that the assumption that nonmethane constituents
are ethane is acceptable. The assumptions that the gas stream is 92% methane and that the average fuel
pressure is 100 psia are arbitrary.

109

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. @2

M pajjojuodun paniwlad si uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAIuN piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719a11SYda) MMM) J1JIIUBI0S uoswoy ] Aq AlISIaAluN plojuels 01 pasuadl| reusrew payyblAdod



ASME PTC 4.4-2008

Table D-3-1 Specific Heat at 124°F

14.7 psia 100 psia 300 psia
Methane 0.5488 0.5556 0.5724
Ethane 0.4633
Propane 0.4623

Specific heat is calculated on a weight basis so the composition is converted from a volume basis by
the following:

Methane Wt % =0.92 * 16/ (0.92 * 16 + 0.08 * 30 ) = 0.86
Ethane Wt % =0.08 *30/(0.92*16+0.08 *30) = 0.14
The combined gas stream specific heat was calculated as a fraction of the pure methane specific heat.
F=1[(0.86 *0.5556) + (0.14 *0.4633) ]/ 0.5556 = 0.9767

Methane specific heat as a function of temperature was determined from Reference [3] and is shown
in Table D-3-2.

Table D-3-2 Specific Heat at 100 psia

Average temperature 32°F 124°F 216°F 308°F 400°F
Methane 0.5189 0.5556 0.5953 0.6364 0.6783

It was found that the specific heat could be accurately correlated by a linear curve fit in this
temperature range by the following equation with the temperature in degree Fahrenheit (°F)

Cp =0.503081 +4.34348e — 4 * Tayc [error max./min. = 0.27 / -0.37%]

This correlation was multiplied by the factor calculated from above to correct it for nonmethane
hydrocarbons. The equation then becomes

Cp =0.491 + Ty / 2360

The sensible heat of the fuel gas is calculated by multiplying the specific heat times the difference of
the fuel temperature in degree Fahrenheit (°F) and the reference temperature of 60°F.

h=Cp *(T-60)=1[0.491 + (T + 60) / 2 /2360] * (T — 60)
This reduces to the equation
h=T?/4720 +0.491T - 30.2 (Btu/Ib)

An example of this calculation for a fuel gas at 300°F results in a sensible heat of 136.9 Btu/Ib. If the
fuel lower heating value is 20,000 Btu/lb, the sensible heat represents a 0.7% increase in the net heating
value.

D-4 REFERENCES

[1] Perry's Chemical Engineering Handbook 6" Edition, Eq. 9—12.
[2] “STEAM”, B&W 40" ed., pg 9-18.
[3] Reid, Prausnitz, and Poling, "The Properties of Liquids and Gases", McGraw Hill, 1987.
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NONMANDATORY APPENDIX E
GAS ENTHALPY EQUATION DERIVATION

This Appendix shows the derivation of the gas enthalpy equations used in this Code. If changes to
the NASA correlations occur, the equations in this Code can be updated following the same derivation
approach.
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ASME PTC 4.4-2008

NONMANDATORY APPENDIX F
HRSG HEAT LOSS

F-1 HRSG HEAT LOSS

Insulated casing heat loss does not vary much with ambient conditions. The insulated casing heat
flux can be estimated by the casing design conditions. Paragraph F-1.1 is an example of the variation that can
be expected.

F-1.1 Insulated Casing Design Criteria
(a) For 140°F casing temperature with 80°F ambient temperature and no wind
Calculated heat flux = ¢ = 110.6 Btu/hr-ft*

If the ambient conditions change to 30°F ambient and no wind and the heat flux is recalculated,
q = 114.7 Btu/hr-ft*

(b) For 30°F ambient and 10 mph wind,
q = 118.0 Btu/hr-ft*

Insulated casing heat loss can be approximated be multiplying the insulated casing design heat flux
times the square footage of casing. This will result in a higher than expected heat loss because minimum
insulation thickness may control at the cold end of the HRSG. This is compensated by heat losses from
piping and drums.

The heat loss from uninsulated casing and stacks has to be calculated considering gas heat transfer to
the wall and heat transfer from the wall to ambient. The inside casing heat transfer rate is assumed to be that
calculated by the Dittus Bolder equation for turbulent heat transfer in a cylinder.

(hid) / (12k) = 0.23 Re*® P (1)
where
h; = heat transfer coefficient
d = stack diameter
= gas conductivity
Re = Reynolds number
Pr = Prandtl number

This can be reduced to the following equation:

WOAS CpOA kOAﬁ

W= Ty @
where
C = constant
W = gas flow (Ib/hr)
D = stack diameter (in.)
Cp = gas specific heat
VIS = gas viscosity
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A gas turbine composition is assumed as follows:

(1) nitrogen, 75.6%

(2) oxygen, 13.5%

(3) carbon dioxide, 3.5%
(4) water, 6.5%
(5) argon, 0.9%

A table of physical properties for this composition can be determined.

physical property portion of eq. (2) is developed.

A linear correlation of the

Cp0.4 k0.6
TEMP Cp VIS k vis™ CORR % ERROR
100 0.2440 0.0453 0.0148 0.15656 0.1580 0.89
200 0.2485 0.0506 0.0174 0.16626 0.1654 -0.54
300 0.2524 0.0557 0.0198 0.17398 0.1728 -0.69
400 0.2560 0.0607 0.0221 0.18057 0.1802 -0.22
500 0.2594 0.0655 0.0243 0.18640 0.1876 0.64
Correlation of property function = 0.1506 + 7'/ 13,520 3)
T = gas temperature (°F)
W()‘S
hy=C—r5 (0.1506+7/13,520) (4)
The correlation constant for eq. (4) is:
C=12%0.023(12%4/3.14159)*° = 2.444 (5)
The resulting equation for the heat transfer to the uninsulated casing is
0.8
h=2— [ 0368 + Lk (6)
d- 5,530

The heat transfer from the casing to ambient is defined by two equations

gc =0.296  (Tc — Ty)"® = [(V % 5,280 / 60 + 68.9) / 68.91%3
gr=0.1714 % 0.8 * {[(Tc + 460) / 100]* — [(T4 + 460) / 100]*}

where
gc = convective heat flux
gr = radiant heat flux
TC = casing temperature
TA = ambient temperature

The heat flux from the gas to the casing equals the flux from the casing to ambient

g=hi* (Tg—Tc)=qc+qr

115

Copyright © 2008 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

®)

M pajjojuodun ‘paniwlad sI uonnguisip Jo uononpoudal Jayuny oN 1asn AlsIaAlun piojuels Aq 0T0Z-S0-190 U0 papeojumop ‘(L02719311SYda) MMM) J1JIUBIDS uoswoy ] Aq AlISIaAlun plojuels 01 pasuadl| reusrew payybuAdod



ASME PTC 4.4-2008

where

q total heat flux, Btu/hr ft*

Tg

gas temperature, °F

The total heat flux can be solved by iteration. The heat loss is the total heat flux times the
uninsulated casing surface area.
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NONMANDATORY APPENDIX G
BYPASS DAMPER LEAKAGE

G-1 GENERAL

Bypass dampers have been used in the power industry as a means to isolate, modulate, and divert gas
flows. In the gas turbine combined cycle applications, dampers have been used to isolate the bypass stack
during combined cycle operation and to isolate the exhaust ductwork to the HRSG during simple cycle
operation. This application locates the damper in the gas turbine exhaust duct where the damper is subjected
to high exhaust gas temperatures and high mass flow rates. Unless the damper is periodically maintained and
exposed to uniform temperatures, the potential for seal damage and frame and blade deformation exists.

G-2 DAMPER LEAKAGE

The gas turbines are brought on- and off-line frequently thereby exposing the damper to a wide
range of exhaust gas temperatures. This thermal cycling can cause deformations to the damper frame and
blades/disc causing the damper to leak. The damper industry can provide a seal air system that pressurizes a
cavity around the point of contact between the frame and blade/disc. This seal air is maintained at pressures
above the exhaust gas from the gas turbine and causes infiltration of seal air rather than exfiltration of
exhaust gases.

G-3 LEAKAGE RATE

The exact amount of leakage experienced for a damper with and without a seal air system is hard to
determine. Manufacturers may quote a leakage rate for a new damper without seal air system, and this
leakage may increase with thermal cycling. The new damper with seal air system may have zero leakage out
at initial operation, but will have a slight leakage after subjected to thermal cycling.

For damper without seal air system, leakage means exfiltration of exhaust gas that will result in
reduced exhaust gas flow through HRSG. For damper with seal air system, leakage means infiltration of seal
air that will result in reduced exhaust gas temperature entering HRSG. For both cases, the damper
installation will influence the results of performance testing. The user shall review with the bypass damper
manufacturer to resolve all issues associated with the leakage rate.

If the system has seal air, it is balanced such that the seal air pressure is slightly higher than the gas
turbine exhaust pressure. This would result in an air infiltration that would have a negligible impact on
HRSG performance. If the system has no seal air, the committee personnel are not aware of a reliable
accurate method to determine the exhaust gas leakage.
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NONMANDATORY APPENDIX H
UNCERTAINTY WORKSHEET FORM

The sheets in this Appendix are included to facilitate the calculation procedure. Guidance is included
on the sheets in order to help the user know where numbers need to be transferred within or between sheets.
The following describes the reference convention.

= Eg Column Reference
o S f— Each sheet except the MAIN sheet is characterized by
ole [E&J[EY] a letter designation from A to K. Columns on the sheets

feight are numbered so a reference to a column on a specific
- sheet would be a letter followed by a number. These

O13da) 9899197 \ are not worksheet cell references.

55880 D \ Column references are shown in brackets.

nosso| 205140
01828 270866
84800 16318
De480 0
= The sum of a column of numbers is designated
Sum=|%~ by the word Sum followed by the column reference.

This for example points to Sum [ES8].
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