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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.

ccuracy consistent with the best engineering knowledge and practice currently availablex“Ilhey were
eveloped by balanced committees representing all concerned interests and they specity procedures,
fnstrumentation, equipment-operating requirements, calculation methods, and uncertainty {analysis.

L ASME Performance Lest Codes provide test procedures that yield results of the higheqt level of

When tests are run in accordance with a Code, the test results themselves;- without adjustment for
ncertainty, 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,
t is recommended that the parties to a commercial test agree before startingithe test and preferably before
igning the contract on the method to be used for comparing the test results to the contractual guarantees. It
1s 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
Committeg in February 1980 with final approval on January 26, 1981. This Performance Test Code wa
approved ps 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 specifi
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 t
measurenjent uncertainty are added.

This revision was approved by the Board on Standardization and Testingcon- April 15, 2008 and by
the ANSI|Board of Standards Review as an American National Standard on April25, 2008.
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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:

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 chianges that
\ppear 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 s specific
is 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 rjiles when
Justified, to permit early implementation of an approved revisien‘when the need is urgent, or to prgvide rules
not covered by existing provisions. Cases are effective immediately upon ASME approval angl shall be
posted on the ASME Committee Web page.

Requests for Cases shall provide a StatementZof Need and Background Information. The request
hould identify the Code, the paragraph, figure or table number(s), and be written as a Question angl Reply in
the same format as existing Cases. Requests for€ases 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
fequirement of the Code. Interpretationis'can only be rendered in response to a written request dent to the
becretary of the PTC Standards Commnittee.

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

bubject: Cite the applicable paragraph number(s) and a concise description.
Edition: Cite theapplicable edition of the Code for which the interpretation is being requested.
PDuestion:  PhraSe)the question as a request for an interpretation of a specific requirement syitable 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 gxplain 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 prigr to being
inswered, which may inadvertently change the intent of the original request.

ASME procedures provide for reconsideration of any interpretation when or it 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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ASME PTC 4.4-2008

GAS TURBINE HEAT RECOVERY STEAM GENERATORS

Section 1
Object and Scope

1-1 OBJECT

The object of this Code is to establish procedures for conducting performance tests of Heat Recovery
bteam Generators (HRSGs) used to recover gas turbine exhaust energy. The steam generator anay include
upplemental firing. This Code provides standard test procedures yielding the highest leyel)of| accuracy
onsistent with current engineering knowledge and practice.

(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 performancefat test conditions to specifjed

operating conditions. A determination of any or all of thé.performance items listed aboye 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 whefY firing different fuels
(6) determining the effects of changes to equipment

-2  SCOPE

(a) This Code addresses steamn 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 recoveyy units,
which may include the following:

(1) units heating water only
(2) units(using working fluids other than water
(3) ufits’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 hedt 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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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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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.

cid 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.

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

immonia injection grid (AIG): a system of pipes to introduce ammonia into the GTE forreaction| with NO,
n the presence of catalyst to form nitrogen and water.

ipproach temperature: the difference between the saturation temperature iy the drum and fthe water
femperature entering the drum.

ittemperation: refer to desuperheating.
uxiliary firing: combustion of fuel in the HRSG to raise the GTE temperature and increase steam ¢apacity.

uxiliary system: any system that uses fluids other than steam ordwater and exchanges energy with the GTE.
['hese 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 dissolyed solids
oncentration.

burner auxiliary air: air introduced into the burriér 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
hrough which it would normally pass.

bypass damper: a damper that is usé€d;to bypass GTE from the HRSG to atmosphere.
apacity: the amount of steam flow at the given steam temperature and pressure.

ascading blowdown: a blewdown system wherein the water from a higher pressure level is blowh down to
ower pressure levels.

O catalyst: a catalyst-that is used to reduce carbon monoxide level in the GTE.
ondensate: water-coming from the condenser.
ondenser:the' vessel that is used to condense the steam exiting the steam turbine.

ontinuois blowdown: the uninterrupted removal of water from an evaporator section to confrol solids
ongentration.

leaeration: 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.

3
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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 pregstre:

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

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

gas turbirle generator (GTG): the combination of gas turbine and the electric generator.
;1 GT: gas tyrbine.
;  GTE: the flue gas flowing through the HRSG from the gas turbine exhaust.

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

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

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

HP: high pressure.

HRSG: hept recovery steam generator.

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

IP: internjediate pressure.

lower heqting value (LHV): the HHY) of fuel minus the latent heat of vaporization of the combustion
products when combustion produets;are cooled to 60°F.

LP: low pfessure.

multiple pressure HRSG:.annHRSG 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 pressurexthie 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.

peggmg steam: higher pressure st€am used [0 maintain minimum pressure 1m a Iower 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.

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

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

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

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

tack damper: a damper that is closed when the HRSG is not operating to conserye heat.

tandard air composition (dry air molar basis): nitrogen, 78.0840%; oxygens 20.9476%; argon,|0.9365%:;

arbon dioxide, 0.0319%.

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

tandard 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
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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.

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

supplementary firing: see auxiliary firing.

water prefieater (feedwater): see preheater.

2-2 S[YMBOLS

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‘tmethod Ib/hr
d Flow element bore diameter in.
D Pipe diameter in.
DPc,, Corrected pressure dfop 1b/in.?
DPy c,r Corrected steam pressure drop 1b/in.?
DPg 1oy Steam pressure drop for a test Ib/in.?
DPr.q Pressuredrop 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 9%
HRg,r Saturated humidity ratio

hso, Enthalpy of sulfur dioxide Btuflb
HT Sensing line height in
HVyer Net heating value Btu/lb
hwc Corrected differential pressure n. 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 joxygen

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

Pafiz Atmospheric Pressure psia
AT R Atmospheriepressure-forreferenceconditions pst
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
Osp 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
Sx 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
Wa Airflow Ib/hr
Waa Augmenting airflow Ib/hr
Wac Wet air Tor combustion IIow 167hr
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
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Symbol Description Units
Wro Fuel oil flow Ib/hr
Wem 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
Woeorr GT-fuel-low Hs/

W s Rer Steam flow at reference conditions 1b

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

W Test Water flow at test conditions Ib

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/lhr
Wk, Weight fraction of oxygen

WFg Weight fraction of sulfurin fuel oil

WFso, Weight fraction of sulfur dioxide ..

WM A, Molar flow of argon Ib molps/hr
WM o, Molar flow,ef.carbon dioxide Ib molgs/hr
WM g Molar flow. of fuel gas 1b molgs/hr
WMy, Molar\flow of water 1b molgs/hr
WMy, Moelar flow of nitrogen Ib molps/hr
WMo, Molar flow of oxygen Ib molps/hr
WMso, Molar flow of sulfur dioxide Ib molgs/hr
Xi Datum value

x Data average

Z Gas compressibility

Jé; Flow element bore to pipe ratio

AP Datterential pressure n. 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?
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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) ki]npa scal (kPa) 1 E+ 02
British thgrmal 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 (Btuyr/h) watt (W) 2.930 711 E-01
British thprmal unit,, per hour (Btug/h) watt (W) 2.92875) E-01
British thprmal unit;r foot per hour square foot watt per meter kelvin 1.730435 E+0
degree Hahrenheit [Btuyy - ft/(h - ft* - °F)] [W/(m - K)]
British thprmal unit,, foot per hour square foot watt per meter kelvin 1729 577 E+0
degree Hahrenheit [Btuy, - ft/(h - ft* - °F)] [W/(m - K)]
British thermal unit;y per pound (Btu;/lb) joule per kilogram 2.326 E + 0]
(J/kg)
British thermal unit,, per pound (Btug/lb) joule per kilograni 2.324 444 E + 0]
(J/kg)
British thprmal unit;r per square foot hour watt per square meter 3.154 591 E+0
[Btuy/(ff” - h)] (W/m?)
British thermal unit,, per square foot hour wattpér square meter 3.152 481 E+0
[Btuy/(ff* - h)] (W/m?)
Calorie (dal) (mean) joule (J) 4.190 02 E+00
Calorie (15°C) (cal;s) joule (J) 4.185 80 E + 00
Degree Cglsius (temperature) (°C) kelvin (K) T°K =T°C +273.15
Degree Cglsius (temperature interval)/(S€) 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 (temperatupe interval) (°F) degree Celsius (°C) 5.555 556 E - 01
Degree Fahrenheit (temperature interval) (°F) kelvin (K) 5.555 556 E - 01
Degree Rpnkine (°R) kelvin (K) T°K = (T°R)/1.8 E + 00
Degree Rpnkine, (temperature interval) (°R) kelvin (K) 5.555 556 E -01
Dyne (dyp) Newton (N) 1.0 E - 05
Dyne per|square centimeter (dyn/cmz) 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
F¢et per second (ft/sec) meter per second (m/s) 3.048 E - 01
Feet pound-force (ft - Ibf) joule (J) 1.355 818 E -00
Feet pound-force per hour (ft - 1bf/hr) watt (W) 3.766 161 E-04
meter (m) 2.54 E-02

Inch (in.)
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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) 419002 E + 03
Kilocaloriey, per minute (kcaly,/min) watt (W) 6.973 333 E + 01
Kilocaloriey, per second (kcalgy/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.se¢ond 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/it:%) 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 squaré centimeter (W/cm?) watt per square meter 1 E-04
(W/m?)
Watt perisquare 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.
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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 systera 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 theat 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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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 hgat input to the HRSG in the form of flow, temperature, and composition. 1his Code reterence
ASME PTC 22 for the methodology of conducting a gas turbine heat balance. Each of these heat inputs's
then used| to determine the corrected capacity of the HRSG. A method of uncertainty weighting of\thes¢
capacities|is used to combine them.

This Code details procedures for conducting tests to meet the objectives outlined in Seéction 1 t
ensure thpt 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 th¢
determinafion of HRSG performance. The nature of HRSGs and the various design configurations result in 3
wide varigtion 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. Tabl¢
~ 3-1-1 pregents a range of values typical of the uncertainty that may be obseryed when conducting tests i1
- accordande with this Code on the configuration types identified. Dué<to the wide range of potential
* uncertaintjes possible, this Code requires agreement on the uncertainty srequired.

3-2 PLANNING FOR THE TEST

- Planning for the test shall be developed well in adyvafice of the test. A test procedure shall b¢
~ prepared pnd agreed to prior to conducting the test. This procedure shall outline the schedule of tes
activities, |responsibilities, and the procedure for conducting the test and shall detail and clarify all priof
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 0.7 to 2 NA NA

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

with feheat

Gas Sidle Pressure Drop 0.4 -0.8in.WC
Steam pnd Watetside Pressure Drop 4.0% to 8.0%

3-2.1 TestProecedure

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.
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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
vas conducted in accordance with the test procedures, shall be identified. They shall have the-aythority, if
necessary, to approve any agreed upon revisions to the test procedures during the test.

B-2.3 Test Boundary

The test boundary of an energy system is a control volume, with various input and outpyit streams
rossing the boundary. These streams carry energy into or out of the system. The{eénergy and/or capacity of
hese 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 nged not be
measured. However, measurements of internal streams may be required)if these streams verify the case
perating condition or are functionally related to streams crossing thesboundary.

The specific test boundary shall be established. Figures(2-4-1 through 2-4-4 show typicjl HRSGs
vith generally used test boundaries. These figures should be tfeated as generic and will be custonjized for a
particular test.

B-2.4 Required Measurements

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

3-2.4.1 Gas Turbine Exhaust. The&.ptimary heat input to an HRSG is the gas turbine exhayst (GTE).
'he flow and constituents shall be calculated based on the combination of heat balances around the GT and
HRSG. GTE and stack temperaturgs ,are total temperatures and are measured with an array of temperature
ensors.

3-2.4.2 Ambient Copditions. The barometric pressure, dry-bulb temperature, and humidity or
vet-bulb temperature shall be“measured.

3-2.4.3 Water and)Steam Streams. For all steam and water streams, flow, pressure, temperature,
ind quality shall be.defined as required to determine the change in energy of the stream. Suffigient flow
measurements shall’be made to determine the distribution of fluid within the system. It is|generally
onsidered mote-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
f two féedwater flow measurements.

3=2:4.4 Auxiliary Firing Input. If the HRSG has an auxiliary firing system, the flow,| pressure,

lemperature, and constituents of the fuel shall be measured. The flow, pressure, and temperature ¢f any air,

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 mehrdesafe-accessto-test Puiut luuatiuua, avaﬂabiht_y of stitableutthtres—and-safe-workareas—fo
personnel{ as well as potential damage to instrumentation or calibration shifting due to extreme ambien
conditiong such as temperature or vibration.

Cpnsideration should also be given to the timing of flow element installation with téspect t
chemical |cleaning and/or steam blows. Piping arrangements should provide sufficient upStream and
downstreqm 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 @gréement on the specific
subjects affecting the test. Agreement on the following items must be included:

(d) acceptance criteria.

() uncertainty targets for test objectives.

(q) identification of instruments, measurements, and sampling requirements.
(d) objective of test and method of operation.

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

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

(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 requiredctp 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 thatpettain 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.

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

(d) fuel(syto.be fired, their analysis, heating value, and method of sampling.

(1) ideftification of test corrections to be imposed shall be clearly described commensurate with the
test’boundaries. References or Codes or software required, incorporating performance correction
Turves, computations ortabtes; etesthattbectearty dentifred—Thedocomentatiom 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 under

taken nor

practical, then the conditions affecting performance shall be reviewed and the parties shall agree

to any corrections in HRSG expected performance.

-4

ime to respond and to prepare personnel, equipment, or documentation. Updated information
provided as it becomes known$\Participating organizations and other third parties to the test shj
potified.

B-4.1 Schedule of Fest’Activities

fest, test plan preparation, and preparation of the results report.

B-4.2 Test-Apparatus

he pretest uncertainty analysis and as described in Section 4. This instrumentation can either be |
plant’instrumentation or temporary test instrumentation.

(w)prn(‘PdanQ to account for dPgrndminn if ﬂppli(‘nhlp

(x) operating equipment: a list of plant equipment that is required to be operational duging
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-IF97 ASME Industria
Formulation.

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

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

TEST PREPARATIONS

Suitable notification of the tést-preparations shall be made to all involved to provide the

A test schedule shall be prepared denoting anticipated time of test, notification of the par

Instrumentation used for data collection shall be at least as accurate as instrumentation id

he test or

to

2]

a] of

necessary
should be
11 also be

ties to the

entified in
bermanent

Calibration of the instruments shall be carried out prior {0 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 t

o 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 ASME International
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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.

Alll parties shall have reasonable opportunity to examine the HRSG. The HRSG shall. be*checked t
ensure th3t equipment and subsystems are installed and operating within their design patameters and arg
suitable tq undergo testing.

Thorough preparations shall be completed before conducting the test. Detailed\récords shall be madg
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

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

Rpasons for a preliminary run include the following:

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

(4) to make adjustments, the needs of which were not evident during the preparation of the test
(d) to check the operation of all instruments, ¢ontrols, and data acquisition systems

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

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

(f) to familiarize test persomnel’with their assignments
3-4.6 Dpcumentation of Carrection Methodology

Dpcumentation shallbe 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 th¢
intent of this section that proprietary design algorithms be disclosed.

3-5 CONDUETING THE TEST

The punpose of this section is to provide guidelines on conducting the test.

3-5.1 Startimgand Stopping Testsanmd Test RUTTs

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 repeatabilit
(b) Stabilization. Prior to starting the test, the HRSG must operate for a sufficient period of]
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 ang
collect samples or record data.
3-5.1.2 Stopping Criteria. Tests are normally stopped when the-Test Coordinator is sat

fequirements for a complete test run have been satisfied. The Test {€oo0rdinator may extend t
terminate the test if the requirements are not met.

Data logging shall be checked to ensure completeness.
B-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 o(
nffecting the test, the time of the occurrence, and the-observed resultant effect. This log will beco
he permanent record of the test.

All equipment necessary for normal operation at the test conditions must be operating duri
r accounted for in the corrections. Nothing.within the plant shall be run or shut down abnormall
he capacity. Any environmental control system must be operating and within normal parametric r
low, inlet and outlet emission concentfations, pH, and solid and liquid concentrations.

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

Process energy (preeess steam and condensate) must be controlled in the most stabl
possible. This may requir€ gperation in manual mode or venting to the atmosphere if the host is
atisfy stability or quantity-criteria.

3-5.2.1 Equipment Operation. The HRSG shall be functioning as specified within th
haracteristics and*operational ratings as defined by the HRSG suppliers’ instructions, unless
hgreed.

Evaporative coolers and chillers, if installed, should be out of service. If a test is required
n servicé,the test uncertainty will increase.

y
time at

| ready to

sfied that
he test or

currences
me part of

ng the test
y to affect
hnges, gas

intee.

e manner
unable to

eir design
mutually

with them

3 5.2.2 PrOX|m|ty to DeS|gn Conditions. It 1s des1rable to operate the HRSG durmg

he test as

3-5.2.3 BIOWdown All blowdown should be isolated durmg the test. If a test is requlred 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
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

Feedwdter flow +2%

Drum pressure +2% or 10 psi, whichever is greater

Desupdrheating water flow +1/2% of steam flow

Fuel flow to gas turbine +2%

Supplenental fuel flow +2%

Gas turbine power output +2%

Average gas turbine exhaust temperature +10°F

Feedwdter temperature to economizer +5°F

Steam femperature leaving superheater +5°F
3-5.4 Application of Corrections

Almajor objective of this Code is to produce the corrected capacity of the HRSG. Section 5 provide:

detailed ipstructions for the determination and application of the necessary corrections. Due to the comple;
nature of modern, multi-pressure level HRSGs, this.Code recommends the use of computer programs for th¢

determination of as tested performance and for'correction to reference conditions.
3-5.5 Duyration of Runs

The duration of a test run shall'be of sufficient length that the data reflects the average performancg¢
of the HRISG. This includes considerdtion for deviations in the measurable parameters due to controls, fuel
and typicql plant operating charagtéristics. The test duration shall not be less than 1 hr.

The Test Coordinater)may determine that a longer test period is required. The minimum time i
generally based upon continuous data acquisition. Depending upon the personnel available and the method
of data acfuisition, it fay 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 taken during the test should be reviewed and, upon eptance, shall be averaged over the
est period.

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

B-6.1 Causes for Rejection of Readings

Upon completion of the test or during the test itself, the test data shall be reviewed to deternjine if data
rom certain time periods should be rejected prior to the calculation of testuresults. Refer to ASME|PTC 19.1
ind ASME MFC-2M (Appendix C) for data rejection criteria. A test logZ8hould 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
alculation of the results, the run shall be invalidated completely, or it may be invalidated only in [part if the
nffected part is at the beginning or at the end of the run.¢A-run that has been invalidated shall be repeated, if
hecessary, to attain the test objectives. The decisiofisto reject a run shall be the responsibiljty of the
lesignated 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 repults. The
period rejected shall start immediately prior to the change and end no less than 10 min follpwing the
ecovery of the criteria found in Table 3-5.3-1.

An outlier analysis of spurieus data should also be performed in accordance with ASME|PTC 19.1
n all critical measurements after the test has ended. This analysis will highlight any points that |should be
eviewed and possibly rejected prior to calculating the test results. The Modified Thompson Tau mpethod, as
vith other statistical methods, identifies potential outliers; points so identified should be reviewed and
ejected only if, in the\jddgment of the engineer, they are invalid. It should be noted that datd rejection
riteria should notde-applied to grid data or data varying in space. The criteria should only be applied to a
ingle point over.tinie. Any points rejected should be identified in the test report.

B-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
prelithinary test run), the data should be consolidated and preliminary results calculated and expmined to
pnsure 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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3-6.3 Cpmparison of Capacity From GT and HRSG Heat Balances

must be
meet this

attempt toj identify the excessive vafiation. Should no reason become obvious the uncertainty band(s) may bg¢
increased,

3-6.4 Test Uncertainty,

P

Test Uncgrtainty. 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.

T

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

The capacity determined by GT energy balance shall be compared to the capacity determined by
HRSG hept balance. The difference between the results“of the two independent tests must be within th¢
square roqt of the sum of the squares of the uncertainty, of each test.

Difference < = sqrt(Ul2 +U2%

(d) Section 3 identifies typical uncertainties for different types of units. The parties to the test shal|

ASME PTC 4.4-2008

Fig. 3-6.2-1 Repeatability of Runs
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Legend: <€— Test Result (Corrected)

<«€— Test Result Minus Uncertainty

nety-five percent of all test values_will theoretically be within this difference. This requirement
et to assure that the two test results are within the 95% confidence level. Should the values fail t
criterion, the uncertainty estithates are probably too low and the data should be reviewed in an

ocedures relating to test uncertainty are based on concepts and methods described in PTC 19.1

his Code addresses test uncertainty in four of its sections:

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
fest 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:\Fhg post-test

uncertainty analysis will reveal the actual quality of the test to determine whether the required ulncertainty
argets have been met.

B-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. Thetteport shall include afll specific
ubjects affecting the conducting of the test.

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

The results of the test should be presented as a formalydecument that is certified by all paifties to the
test. The contents of the test report are described in Section6.0f 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

random umcertainties, and methods of calibration. Instruments should be selectéd to ensure that
(d) the requisite degree of accuracy of measurement is attainable

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

Transducers shall be located to minimize the impact*0f ‘environmental conditions such as vibration
temperatufe, 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 bg¢
read with|precision and convenience by the observer:All instruments shall be clearly and properly marked
for identification. Calibration tables or charts, if @pplicable, shall be readily available. Observers shall bg
instructed|as to desired degree of precision of réadings.

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

(d) instrument errors

() errors of observation

(q) errors resulting frem failure to obtain representative samples

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

(f) erroridue to signal

Errers-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
Lnstrument to be calibrated. A reterence standard with a higher uncertainty may be emploied if the
ncertainty of the standard combined with the random uncertainty of the instrument being calibrated is less
han the accuracy requirement of the instrument. If the instrument being calibrated for use'in th¢ test is at
east as accurate as the calibration device being used, the instrument being calibrated shoulg only be
‘calibration checked” (i.e., calibration of the instrument should not be changed, but simply confirqmed to be
vithin the specified uncertainty band).

4-2.4.3 Ambient Conditions. Calibration of instruments should be pérformed in a manner that
feplicates the condition under which the instrument will be used to‘.make the test meaurements.
Consideration must be given to all process and ambient conditions ¢hat may affect the megqsurement,
ncluding temperature, pressure, humidity, electromagnetic interferenceyxtadiation, etc.

4-2.4.4 Instrument Ranges and Calibration Points, Instrumentation used to measufe primary
bariables with a product of relative sensitivity coefficient and insttament uncertainty of 0.25 or gredter should
be calibrated at least two points more than the order of the calibration curve fit, whether it is necessary to apply
he calibration data to the measured data, or if the instrument is of the quality that the deviation bgtween the
aboratory 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
ncreasing and decreasing manner. This exerciseiminimizes the possibility of any hysteretic effacts. Some
nstruments are built with a mechanism to alter“the range once the instrument is installed. In thi4 case, the
nstrument must be calibrated at each rangeto be used during the test period.

Other instruments may be calibrated at the number of points equal to the calibration curvg fit. If the
nstrument can be shown to typically~have a hysteresis of less than the required accuracy, the ¢alibration
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
pnave a product of relativé 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 ¢alibration
equirement is not mandated for instruments used for variables in test calculations that have a product of
elative sensitivity eoefficient 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, apd the re-
alibration, but all instruments should be within their normal calibration cycle (typically up tq 1 yr). If
premium grade thermocouple (TC) wire from a given batch is used for temporary TC installations| a section
aken«rom each end of the batch can be used for calibration.

Flow measuring devices and current and potential transformers, by nature, are not corducive to
post=test cahbrationr—Tnrthecaseof flowmeasur iug devicestheelement may be illleCthL‘l foHowt 12 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 feg
point temperature instrument check.

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

4-2.417 Loop Checks. All instruments should be loop checked. Loop checking)is"the process of
checking fthe instrumentation loop to confirm that the calibrated instrument signal 4s 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 (IDAS). Components of the loop may be calibrated (in the case of the sensor) and checked (in th¢
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 tha
conduct cplibration activities for the test. This program is a methodrof documentation where the following
informatign can be found:

(d) calibration procedures

(f) calibration technician training
(d) standard calibration records
(d) standard calibration schedule
(d) instrument calibration histories

The quality assurance program,should be designed to ensure that the laboratory standards arg
calibrated|as required. The program alsOwensures that properly trained technicians calibrate the equipment i
the correcf manner.

Alcess to the calibration facility should be provided as the instruments are calibrated. The quality
assurance|program should alse'be made available during such a visit.

4-2.5 PJant 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
measurenjent, all\instrument measurements (process pressure, temperature, differential pressure, or pulse:
from metgring-device) must be made available, as plant conversions to flow are often not rigorous enoug}r

for the required-aeeuraey-

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 (T'Cs), resistance temperature devices
RTDs), or mercury in glass thermometers (thermometers). These devices produce either a direct,feading or
L signal, which can be read with a meter, transmitter, or data logger. Details on use and installation can be
ound in ASME PTC 19.3 and ASTM Manual 12, Manual on the use of thermocouples and temperature
neasurement.

Data measurement devices must be allowed to reach thermal equilibrium,in the environment where
he measurements will be taken. An RTD or a thermocouple with continuous leads should bg used for
measurements having a product of relative sensitivity coefficient and instrumenit uncertainty of 0.25 jor greater.
For other measurements, thermocouple extension wires should be of the same-quality and composifion as the
['Cs. ASTM E 230 provides guidance on the selection of thermocouplesZThermocouple lead wirgs shall be
placed in a nonparallel position relative to electrical sources to avoid possible electrical interferencg.

1-3.2 Measurement Systematic Uncertainty for Tempetrature

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

Table 4-3.2-1 identifies the calibrated systematic uncertainty of thermocouples and RTI)s. 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

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

L12) deerft

{777 OrIre

(n) hysteresis

(o) thermometer nonlinearity
(p) parallax

(q) temperature transmitter
(r) data acquisition system
(s) velocity

Copyright ASME International
Provided by IHS under license with ASME Licensee=Black & Veatch (Overland Park, KS)/5910842100
No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

ASME PTC 4.4-2008

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 Typg K Precision Grade | £2°F or £0.4%, whichever is greater See Note (1) 32 -2,300
TC Typg K Standard Grade | +4°F or +0.8%, whichever is greater 32 -2,300
Resistange Temperature 10.5°F or £0.3%, whichever is greater 0.2°F <200°F | Up.to32°F
Device (RTD). NIS.T 10.5°F or £0.8%, whichever is greater I°F < 1,OO0°F |32 — 200
Tracealle Calibration 2°F > 1.000°E
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
Thermgmeter

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

NOTE:
(1) Referto 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 devige that protrudes from the pip€ or vessel wall into the fluid. The thermowell has a bore extending t
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 shoyld be exercised when inserting the temperature measurement device to prevent it from bending
which wopld cause difficudty in the insertion of the device.

The bottom-of the bore of the thermowell should be the same shape as the tip of the temperaturg
measurenjent 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 fluildto be measured. The thermowell should be located in an area where the fluid is well mixed an

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.
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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 dep
he conditions of the individual case. Steam and water temperatures are usually measured by.ins
ensing device (RTD or thermocouple) into a thermowell located in the piping. Refer t6) ASM]
beries for installation of the temperature devices.

Saturated steam temperature may be determined by the pressure in the steam drum. The te
f superheated steam shall be measured as close as possible to the superheater and/er reheater outlg
fespective terminal points to minimize error from heat loss. Feedwater temperatures shall be mg
lose to the economizer inlet and boiler inlet as possible.

lowing through a duct usually have nonuniform velocity, temperature,;and composition. This is espg

points can reduce temperature uncertainty. To compensate for stratification and to obtain a repi
verage, multiple points must be sampled in a plane perpendictlar to the flow. The measurement plj
be located away from bends, constrictions, or expansions of the duct. Thermocouples shall be read ir
ind not be ganged together to produce a single output.

The total temperature of the gas flowing is required and if the average velocity in th
temperature measurement exceeds 100 ft/sec then'it is suggested that the temperature reading be ad
belocity effect.'

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

ends upon
erting the
K PTC 19

mperature
ts or their
asured as

4-3.3.2 Temperature Measurement of Products of Combustion in a Duct. Air and gas

cially true

it the gas turbine discharge or near a flow disturbance, such as a bend or transition. Generally, sampling more

esentative
ine should
dividually

e area of
ljusted for

vhere
T, = the total temperature, °F
T = the meastred temperature, °F
= the gas-velocity (ft/sec)
J =«he mechanical equivalent of heat, 778.1692623 ft-1bf/Btu
ge—="the gravity constant as defined in Section 2,
32.1741 Ibm-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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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_kl/kg °C
T} = the dynamic temperature, °C
This Codg requires independent measurements of
(d) exhaust gas temperature at the gas turbine outlet following requirements of ASME PTC 22
(4) 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

thermocou

T
experienc
the requir
average tg
in the ave
test shoul
stack meaj
recommel

F
measuren
each diam

F
equal area

ple or an unsheathed thermocouple attached to the HRSG structure or a test fixture will suffice.

he number of measurement points necessary to be used is determined experimentally or by
e from the magnitude of the temperature variations at the desired nmieasurement cross section and
ed maximum uncertainty of the value of the average temperature:’ The total uncertainty of thq
mperature is affected by the uncertainty of the individual meastrements, the number of points useq
Faging process, the temperature gradients, and the time variation of the readings. The parties to thq
I locate HRSG inlet temperature measurement as close to the CT/HRSG interface as possible. Thq

D——fmr—CD-

surement plane should be located at least two diametess from any obstructions or transitions. Th¢
ded number of points is as follows:
HRSG Injet
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.

r round ducts,«the test points may be installed in two locations (diameters) 90 deg apart. Thq
ent point spacifig is based on locating the measurement points at the centroids of equal areas along
eter.

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

4-3.3
gas turbin

Stmtet AT TemperatureThe dry-buitbtemperature Tsthe static temperature at the Tiet totie
e (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

Copyright ASME International

off to reduce the uncertainty, or the uncertainty of the gas turbine heat balance will increase.
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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

(b) Cooled Mirror Dew Point Hygrometer. The dew point temperature is the temperatur

operates 1s not adiabatic saturation, but one of simultaneous heat and mass transferd from the

wet-bulb sensing element. The resulting temperature achieved by a psychrometer(is*s
close to the thermodynamic wet-bulb temperature over most condition ranges: H

hifficiently
bwever, a

psychrometer should not be used for temperatures below 40°F or when the telative hpmidity 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 madp in direct
sunlight, the sensor must be enclosed by a double-wall shi€ld that permits the air tq 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
walls.

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

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

the shield

ed from a

800 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
within 5 ft of vegetation.or surface water.

be located

e of moist

air when it is saturated at the same ambient pressure and with the same specific hymidity. A

cooled mirror déw)point hygrometer uses a cooled mirror to detect the dew point. Ai
across a mirror.that is cooled to the temperature at which vapor begins to form on the
temperatyrg.sensor mounted in the mirror measures the surface temperature. Manual d
available.~There are also commercially available instruments that automatically c
mirrer\teémperature, detect the inception of condensation, and provide temperature read

'Fhe advantages of using dew point hygrometers include the following:

/) Calibration can be verified by using sample gases prepared with known concent
moisture.

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

r 1s drawn
mirror. A
evices are
bntrol the
ut.

rations of

ng below
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(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:
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(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.

RESSURE MEASUREMENT
eneral

hic cootion nracante mothade of magcyiramaont and nracantiong roagarding thoa moacnramant o
T —TC T oyTTHey Sy — O oottt co tTo—Troourer TS corror

pressure.

Measurement.

4-42 M
W

consider the following list of potential sources. The accuracy class and total uncertainty~of the pressurg¢

measuren]
(Table 4-4

(n
(d
4-43 A

T
in the uni
transmitte

drop acro
two separ

(m) tap location/geometry/flow-impact

O pPTrovoTTt TIrotIro Tomore—ohio—p TOTRY F=) TS TTT ToIricit—o

Hor additional guidance and requirements, refer to the current version of ASME PTC 19.2, Pressurg

easurement Systematic Uncertainty for Pressure

hen estimating the systematic uncertainty of a pressure measurement, test personnel should

ent system must satisfy the overall test uncertainty calculated in the pretest ufcertainty analysi
2-1):
) water leg
) specify gravity of manometer fluid
ambient conditions at sensor
) ambient conditions at meter
hysteresis
electrical noise
) data acquisition
) drift
transducer nonlinearity
parallax
gauge, manometer, transducer or transmitter type
calibration

) probe design
) number and locationof measurements

r and Gas—Static and Differential Pressure

he static pressur€ in the gas duct at the HRSG inlet is required to determine gas side pressure droy
. Should.the-pressure drop not be between the inlet and atmosphere, then a differential pressur¢
I or mafometer shall be used. The HRSG inlet pressure is a static pressure measurement. Pressur¢
bs components should be performed using a differential pressure measuring apparatus rather thang
ptesinstruments. The measurement should be based on the average of four separate measurement

points in
4-4.3

€ same plane.

.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.

Copyright ASME International
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Table 4-4.2-1 Potential Pressure Systematic Uncertainty Limits

Instrument Systematic Uncertainty Limits [Note (1)]
Pressure Note (2)
Gauge
Test (0.25% Class) 10.25% of span
Standard-(+0%Class) +9of spam
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 notedfotherwise.
2) Refer to ASME PTC 19.2, Pressure Measurement, for applicability.

1-4.4 Steam and Water—Static and Differential Pressure

The static pressure in steam and water piping issrequired to determine fluid properties
measurement and enthalpy determination, as well as for obtaining corrected results. Reheater pre:
leterminations shall be performed using a differential measuring apparatus rather than twq
nstruments.

4-4.4.1 Method of Measurement. The*ASME PTC 19.2 guidelines should be adhered
nstallation of pressure measuring devices.

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

Differential pressure transmitters used in steam, water, or other liquid service should b
vith the sensing lines slopingtdewnward to the instrument. The sensing lines for differential tran
team service should extend-2 ft horizontally before the downward slope begins. This will ensuj
pertical length of sensing line is full of liquid.

The flow element should be installed in horizontal piping. When a differential pressur
nstalled on a flowvelement that is located in a vertical steam or water line, the measuremen|
orrected for ¢he"difference in sensing line height and fluid head change. If vertical, the corr
ensing lines.is as follows:

(@) for upward flow

for flow
ssure drop
separate

to in the

ppward to
es.

e installed
mitters in
e that the

e meter 1S
[ must be
ection for

Ht ( 1 1
hW’C = hWWl + —

02328\ Visen V fuuid )

(b) for downward flow

A
" . 62.32 Sg\V sen % Sfluid

37

Provided by IHS under license with ASME Licensee=Black & Veatch (Overland Park, KS)/5910842100
No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

ASME PTC 4.4-2008

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

Vo= QPP(‘i'ﬁ(‘ volume of Qaning line_ft3/lbm

Vhua = specific volume of process, ft*/lbm

S = specific gravity at the “sensing line” temperature
4-45 Bprometric Pressure

4-4.5

a barometpr 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 nozzlg
metering fruns to measure the inlet water or steam flow to eachipressure level of the HRSG and th¢
supplementary fired fuel flow. Water inventory in all of the Steam drums must be determined at thg

determined based on water flow.

beginning
4-52 F
In

is commopn, as is the class of meters recommended and discussed by this Code. However, other types of

flowmetey
by this Ca

Bprometric pressure is required to determine local ambient conditions.

1 Method of Measurement. The preferred method for determining barometric pressure is from

and end of each test run to correct steam flow.for volume changes because steam flow i
owmeters
most power plant applications, use of differential pressure meters (orifices, nozzles, and venturis

s may be used if they can be demonstrated to be of the same or better levels of uncertainty required
de, which are shown in the Table*4-5.2-1:

Table 4-5.2-1 Maximum Allowable Flow Measurement Uncertainty

Instrunqent Systematic Uncertainty Limits [Note (1)]
HP Steafn Flow 0.5%

IP Steam Flow 1.0%

LP Stearp Flow 1.0%

Supplemental Fuel Flow 0.75%

GENERAILL 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.

Copyright ASME International
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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 uncertamty requ1rements of th1s Code Itis Very 1mportant as early as the spec1f1cat10n stages of the plant

imits of this Code will not be exceeded.

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

Water or steam flowmetering may be in the HRSG manufacturer’s scopeUtilization of
lowmetering avoids damage problems from pre-operational steam blows. Operational procedureq

lowmetering system.
The design uncertainty study should be used to develop the HRSG-mass balance metering f{

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

4-5.2.5 Accuracy and Other Characteristics of\Flowmeters. This Code mandates cal
he meter or meters used for determination of flow for.€ach pressure level of the HRSG, or use of
meters that meet the requirements of Table 4-5.2-1, Tavestigation is needed if the results differ fror
et calculation by more than the measurement un¢ertainty.

The procedures for fitting a curve through laboratory calibration data is given in detail for|
f differential pressure meter run in ASME-“PTC 19.5. The procedures for extrapolation of a cali
nigher Reynolds numbers than available'in the laboratory are also given for each type of device
PTC 19.5.

4-5.2.6 Selection of Flowmeters. The complexities associated with the selection of flow
uch that they cannot be covered in this Code. The Code user is referred to ASME PTC 19
nformation.

4-5.2.7 Energyand Mass Balance Calculation. Certain flows, such as superheat and rel
may be calculated¢by-energy balance. Energy balance would be the preferred method when the

mpingement-0fi the downstream thermocouple.

1-5.3 Aitand Exhaust Gas

The total mass flow of turbine exhaust gas crossing the HRSG boundary shall be cald

elatively low. Birect flow measurement may be preferable when the flows are high or therg

ncertainty
\t primary

waterside
requiring

\ttemperation spray, desuperheating flow and fuel heating need to be considered in the design of the

lows.

m the HP

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

bration of
hIternative
n each tap

each type
bration to
in ASME

meters are
5 for this

eat spray,
flows are
1S water

ulated by
for these

PIIeEZY balance Th1s Code requlres a gas turb1ne and an HRSG energy balance to be used

mby HRSG

heat balance and gas turbine heat balance respectively. Requ1red gas turb1ne 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. bg
determined.

4-5.5{1 Method of Measurement. Measurement of the gaseous fuel flow requires thebuse of 4
venturi, ofifice, flow nozzle, ultrasonic, or turbine meter. For orifices, venturis, or nozzles, refer to ASMH
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 b¢
read manyally via meters or with a data acquisition system. The method and procedugéetailed in American
Gas Assogiation Gas Measurement Committee Report No. 8 shall be followed for-the determination of ga
density. Llinear flowmeters should be calibrated at the expected working pressute-to reduce the flow error
Uncalibrafed flowmeters are acceptable if the measurement uncertainty is demonstrated to be less than

0.75%.
4-6 L|QUID AND GASEOUS FUEL SAMPLING
4-6.1 General

Al representative sample of the fuel fired during the.performance test should be obtained using th¢
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 applicablg
to all meapurements:

(d) sampling location/geometry.

(4) number and location of sample points
(q) ambient conditions at-sample location
(d) fuel/variability

(q) sample handling/storage

(f) duration of-test

(g) quantity-ef sample obtained

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

4-6.3 ethods 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
aboratory.

4-6.4.2 Measurement Systematic Uncertainty for Fuel. ASTM provides guidelines for typical
ab-to-lab systematic uncertainties for use in estimating the systematic uncertainty of a sample apalysis. In
wddition, 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 gas€ous fuel analysis.

1-6.5 Methods of Fuel Analysis

Gaseous fuel should be analyzed using gas chromatography in aecordance with ASTM D 1945.
Higher heating value is calculated in accordance with para. 5-2.4 of this,;Code. Liquid fuel heating value
hould be determined by bomb calorimeter in accordance with ASTM D4809.

-7 POWER MEASUREMENT

Power measurement is required for determination «f “éxhaust flow by gas turbine heaf balance.
Methods of measuring gas turbine output are described inn"ASME PTC 22, Performance Test Cogle on Gas
['urbines.

-8 DATA COLLECTION AND HANDLING

1-8.1 Data Collection and Calculation Systems

The analog-to-digital converter shallybe at least 14 bits or greater to reduce uncertainty tg less than
.01% of the span.

4-8.1.1 Data Collection Systems. A data collection system should be designed to accept multiple
nstrument inputs and should be able to sample data from all of the instruments within 1 min tq 2 min to
btain all necessary data with‘the plant at the same condition. The system should be able to colleqgt data and
tore 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.
1-8.2 Data Management

4-8.2.1 Storage of Data. Signal inputs from the instruments should be stored to permit pogt-test data
orrection for)application of new calibration corrections. The engineering units for each instrument along
vith the-Calculated results should be stored if developed onsite. Prior to leaving the test site, ;F test data
hould ‘be” stored in a removable medium to secure against equipment damage and loss of data during
ransport.

OEFans Squire-some-data akendmanually.
est site location, date, time, data collector, collection

The data sheets should each identify the data point, t
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 g
measurenjent, the accuracy of the entire measurement loop must be considered. This includes the,instrumen
and the signal conditioning loop or process. Ideally, when an instrument is calibrated, it should be connected
to the pos]tion on the data collection system that will be employed during the test. Should, this be impracticall
each piecp of equipment in the measurement loop should be individually calibrated. Separate pieces of
equipmen 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 ifiaccuracy of the measuremen
loop is within the expected value.

4-8.3|3 Use of Existing Plant Measurement and Control System. The Code does not prohibi
the use of| the plant measurement and control system for Code testing. However, this system must meet th¢
requirements of this section. Some areas of caution are as follows:

(d) Typically, plant measurement and control systems de-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.

(4) 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.

(d) 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 systemis typically only report changes or store values of a variable that exceec
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

iround both the GT and the HRSG. These results are then used to predict the performance

predicted value.

he change in composition and heat input is also taken into account.

or fuel combustion, steam or water injection, augmenting air, and atomizing steam. The
omposition of this stream are defined. The balance of airstream is just moist air. The total heat

With the calculated gas flow and composition along with other measured test data, the
apacity can be determined for the test conditions. The predicted capacity can then be compa
onditions.

b-1.2 Data Reduction

be critically examined to determine whether or not the limits of permissible variations have been
nconsistencies in the test record or test results may require tests to be repeated in whole or in part
\ttain the test objectives.

Test data should be reviewed for outliers in accordance with guidance provided in ASME
['he remaining data.should be averaged to determine values for use in the calculations. It is thig
lata that is to be_used in the calculations to determine unit performance.

h-2 INTERMEDIATE CALCULATIONS
b-2.1. VAir Composition Calculations

5-2.1.1 General. The inlet dry air composition is assumed. The assumed molar compositio

he difference in gas enthalpy entering and exiting the HRSG multiplied by the flow for both streams.

measured capacity. These results can then -be' used to correct the measured capacity to the g

Following the test, when all-test logs and records have been completed and assembled, th

nust be determined. 1nhe approach oI this Lode 18 10 calculate the G1E TIow Dy calcCulating heay balances

r the test

onditions. These values are then combined using an uncertainty weighting procedure to establish a single

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 burper'is in operation dufing a test,

The airflow through the GT is the only unknown with GT fuel’flow and injection stregms being
measured. The total heat given up by the gas is equal to the heat absorbed by the working fluid plus heat
osses. In order to define the gas compositions entering and leaying-the HRSG, the GT airflow i split into
wo streams: air for combustion and the balance of air. The airfor combustion stream includes anly changes

flow and
s equal to

predicted
red to the
uaranteed

ey should
exceeded.
n order to

PTC 19.1.
averaged

n is taken

rom the NASA Keterence Fublication 1511 (Gordon 19s82).

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

(d) dry bulb temperature, °F
(d) wet bulb temperature, °F

Step I:

or relative humidity, %
5-2.1|3 Calculations

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

In (P,) = Ci/Tg + Cy + C3Tr + CiTx” + CsTx’ + CoT* + Cln (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 constant
are:

C, =-1.0440397.B+ 4
C, =-11.294650
C;=-27022355E -2
C,E51.2890360 E - 5
Cs=-2.4780681 E -9
C¢=0

Step 2:

Copyright ASME International
Provided by IHS under license with ASME

C,=0.5459673
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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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.
WFpa = (Paru — Pw)/ Paru

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/WFp, — 1) * 18.01528/28.96518
Go to Step 7.

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 4:

Calculate the saturated humidity ratio from the atmospheric pressure and yvapor pressure

by the following equation:

p | 0:62198%(1.0039% Py)
(P, —1.0039% Py)

Calculate the actual humidity ratio from the saturated humidityratio, 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 actualhumidity ratio by the following equation:

18.01528
WE,, =
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 molefraction = 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:

Copyright ASME International
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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,
ATgon weight fraction = WFa; =MF A, + 39948TMW g
Sulfur Dioxide weight fraction = WFso, = MFso, * 64.0648/MW

5-2.2 Mplar Flow Change Due to Fuel Gas Combustion

5-2.2
constituen
5-2.2

(d

(b

5-2.2
change pd
such as n
basis. Thyg
compound

C

1 General. Paragraph 5-2.2 determines the molar flow change of the air jor Ygas streamp
ts due to the complete stoichiometric combustion of the each compound of a fuel gas-Stream.

2 Data Required

) either fuel gas flow, Ib/hr
or fuel gas flow, Standard ft*/min
gas compressibility

) fuel gas constituent mole fraction

3 Table of Combustion Ratios. Table 5-2.2.3-1 shows thewatios of air constituent molar flow
r mole of fuel gas compound combusted. The molar flow of* any inert compound in the fuel ga
trogen or carbon dioxide would pass directly into the ‘¢ombustion products on a mole-per-mol¢
t table values are determined from an oxidation chemical equation for a unit mole of fuel ga
in accordance with the following generic oxidation‘equation:

H,S. + (x + y/4 + 2)0, = (x)CO, + (/2)H,0 + (980,

The coefficients for oxygen must be negative'because oxygen is consumed in the reaction.
Table 5-2.2.3-F Combustion Ratios
Fuel Gas|Compound N, 0, CO, H,0 Ar SO,
CH,4 0 -2 1 2 0 0
C,He 0 =35 2 3 0 0
C,H, 0 -3 2 2 0 0
CsHg 0 -5 3 4 0 0
CsHg 0 -4.5 3 3 0 0
C4Hio 0 -6.5 4 5 0 0
C4Hg 0 -6 4 4 0 0
CsHi, 0 -8 5 6 0 0
CsHyo 0 1.5 5 5 0 0
CeHi4 0 -9.5 6 7 0 0
N, 1 0 0 0 0 0
CO 0 -0.5 1 0 0 0
CO, 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 1:  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

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

W

FG

Fuel Gas Molar Flow = WM . =
M WF G

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

Ve x60
f6 37967% 7

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

Step 3:  Calculate the change in molar flow of nitrogen. Multiply the fuel gas molar flpw by the
mole fraction of nitrogen in the fuel gas.

Step 4:  Calculate the change in molar flow of e¥ygen. Sum for all fuel gas comp@unds, the
product of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound oxygen combustion ratio.

Step 5:  Calculate the change in molar flow(of carbon dioxide. Sum for all fuel gas comppunds, the
product of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compound carbon dioxide corfabustion ratio.

Step 6:  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 thg fuel gas
compound water cothbustion ratio.

Step 7 Calculate the change in molar flow of argon. Multiply the fuel gas molar flow by the mole
fraction of argen in the fuel gas.

Step 8:  Calculate the change in molar flow of sulfur dioxide. Sum for all fuel gas comppunds, the
product ‘of the fuel gas molar flow, the fuel gas compound mole fraction, and the fuel gas
compotnd sulfur dioxide combustion ratio.

Step 9:  «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. Thel 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, 1b/hr
(b) fuel elemental weight fractions

47
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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.

S1

S1

S1
S1

S1

5-24 F
5-2.4

to be conflused with the higher heating value which includes the heat of vaporization for water. The heating

value for
5-2.4
(d
(b
5-2.4
has been U
The most

AWM. — (WE_ /31 0088  WE_/12 011 — WE.J4 03176 — WEJ/32 066)* W
G A\ y T T A VS 7 TO

ep 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.

ep 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.

ep 5. There is no change in the molar flow of argon due to combustion.
ep 6:  Calculate the change in molar flow of sulfur dioxide. Multiply th€,oil fuel flow by th¢
sulfur weight fraction in the fuel oil and divide by 32.066.

ep 7:  The dry air for combustion is the change in molar flow of oxygen{rom Step 2 divided by th¢
fraction of oxygen in dry air multiplied by dry air moleculariweight. 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

el Gas Heating Value

1 General. The heat of combustion used in alkealculations is the lower heating value. This is no

uel gas is a calculated number based upon‘the fuel gas composition.
2 Data Required

) fuel gas compound mole fractions

) fuel gas temperature

3 Fuel Compound Heating Value Table. Table 5-2.4.3-1 is taken from ASTM D 3588-98. It
pdated based upon GPA Standard 2145-03 in accordance with ASTM D 3588 Table 1, Footnote Al
current version of these standards should be used. The heating values for butanes, pentanes, and

hexanes ate average valuesfor'the various isomers. The heats of combustion are based upon 60°F and 14.696
psia.
5-2.4]4  Caleulations
Step 1: <Calculate the total fuel gas molecular weight by summing the products of fuel ga
compound mole fraction and compound molecular weight for all fuel gas compounds.
Step2:”  Calculate the heating value contribution of each fuel gas compound by computing th¢
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.
48
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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,Hq 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 CHy 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 280104 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 (02 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
adeqlate for natural gas. For nonstandard fuels, especially fuels with hydrogen, & different
method may be required. See Nonmandatory Appendix C.
Ors = T14720 + 0.491%T — 30.2
Step(5y* The fuel net heating value is the sum of the fuel gas ideal heating value anfd the fuel
sensible heat.
b-2,55Fuel 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 = TF/4132 + 0.417 * Tr — 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 constituen|
enthalpieg. The constituent enthalpy equations are derived from NASA correlations (Ref. NASA Reférencg
Publicatign 2002-211556, September 2002).
5-2.6|2 Data Required
(d) gas temperature, °F
(Y) gas constituent mass fractions
5-2.6{3 Enthalpy Equation Constants. The enthalpy is calculated for each‘constituent in a gas streany
as a functjon of the gas temperature. The enthalpy correlations for each constituent are dual range correlation:
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= ATk + AIn(TR) + A3*Tx + A T2 + As* T’ + Ag* T £A5% TR’ — Ag
Table 5-2.6.3-1 Constituent Enthalpy~Equation Constants
Tr <=1,800°R
A, A, A, AF10°~ [ As*10° | Ag*10™ | A.*10" Ay
N, | 507.903444 | -48.72474552 | 0431208942 | -16.79893331 | 100.9860003 | —2925.146767 | 34031.29176 -123.5670205
0, | -68$8.073538 | 54.14599817 | 0.069447256 | 7302341031 | -4.364913417 | —538.2934954 | 12285.5047 406.9617332
CO, | 7227711078 | —50.87920389 | 0.239235281 | 37138394549 | -0.987579956 | —148.749738 | 2449.873977 -199.50475
H0 | -14[00.39482 | 1142053432 | 0.102713623\ 22.11623913 | —83.27114025 | 2341.441933 | -28077.80325 8443000544
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, 4 A, AF10° | As¥10° | Ag*10™ | A;*10" Ay
N, | 134089.0343 | =2857350587 | 043008964 | -1.209016552 | 1.088015054 | —5.844054022 | 14.34281709 -1809.588277
0, | —20$707.2821\{261.9417179 | 0.112934906 | 2.185673559 | —1.397060777 | 5.463669086 | -9.687873053 2037.040157
CO, | 1720741433 | -145.2915082 | 0374147054 | —0.115607258 | 0.022579091 | -0.365792061 | 5.44194572 ~758.4598037
H,0 | 3696469091 | -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, | 1132549719 | —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.

Step I:
Step 2:

Step 3:
Step 4:
Step 5:

Step 6:
Step 7

Step 8:

Step 9}

5.27 Gas Turbine Gas (‘nmpncifinn

b-2,8%Desuperheater Spray Water Flow by Heat Balance

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

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

5-2.7.2 Data Required
(a) airflow, 1b/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

due to the

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 th&.combustion of the fuel.

The oxygen molar flow is thestim of the oxygen molar flow from the air and the
molar flow of oxygen from-the combustion of the fuel.

The carbon dioxide molar’flow is the sum of the carbon dioxide molar flow fr
and the change in melar 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 chang
flow of watenfrom the combustion of the fuel, and the steam/water injection mol

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 f{
the-ehange 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 stg
injection flow.

Calculate the gas constituent mass fractions. A gas constituent mass fraction is the

molar flow times the constituent molecular weight divided by the total gas mass flow.

change in
bm the air

e in molar
ar flow.

he air and
am/water

constituent

5-2.8.1 General. The spray water flow should be directly measured by means of a fllowmeter.

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
S1

S1

S1
S1

5-29 E

5-2.9
measuren]
stream co|
approach,
unknown

5-2.9
(d
(b
(d
(d
(€
(f
(8
(H
5-2.9

S1

S1

3 Calculations

ep 1:  The enthalpy for the steam before the desuperheater is determined based on the steam
temperature before the desuperheater and the steam pressure.

ep 2:  The enthalpy for the steam after the desuperheater is determined based onxthe steam
temperature after the desuperheater and the steam pressure.

ep 3:  The water enthalpy is determined based on the water temperature and ptessure.

ep 4:  The spray water flow is equal to the feedwater flow times the differenee of steam enthalpy
before desuperheater and the steam enthalpy after desuperheater’divided by the differenc¢
of the steam enthalpy after desuperheater and the water enthalpy:

ktraction Flow by Heat Balance

1 General. Any stream flow crossing the test boundary\should be determined by direc
ent. A less desirable alternative is to establish a flow by heat balance. For example, an extraction
uld be a water flow extraction used to preheat a fuel gas in an external heat exchanger. For thi
all terminal temperatures, pressures, and the fuel gaséstream flow must be known with the only
being the extraction water flow.

2 Data Required
) water inlet temperature, °F

) water outlet temperature, °F

water inlet pressure, psig
) water outlet pressure, psig

nonwater stream flow, 1b/hr

nonwater stream inlet témperature, °F
) nonwater stream outlettemperature, °F
) nonwater stream‘specific heat, Btu/lb °F
3 Calculations

ep I:  The.water inlet/outlet enthalpies are calculated for the inlet/outlet temperature and pressur¢
conditions.

ep 2:5:2 The heat transferred to the nonwater stream is equal to the stream flow times the specifig
heat times the difference between the outlet temperature and the inlet temperature.

Step 3: The extraction water flow is equal to the heat transferred divided by the difference

5-3 G
5-31 H
5-3.1

between the water inlet enthalpy and the outlet enthalpy.
AS FLOW BY HRSG ENERGY BALANCE

RSG Gas Flow Calculations

.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:
O v+ Ops + Oas + Oas + Owrin = O our + Qwr 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

ombustion. For the combustion stream, the gas flow and composition in to the HRSG is based

his stream in and out of the HRSG can then be determined.

low and the combustion stream in to the HRSG. The reference temperature for.the calculations is 60

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, SEFM, and
gas compressibility
(2) fuel composition
(3) steam/water injection flow, 1b/hr
(c) working fluid duty, Btu/hr
(d) HRSG
(1) gas inlet temperature, °F
(2) gas outlet'temperature, °F
(3) heat Jossy Btu/hr
(e) duct burner
(I)tuel flow,Ib/hr
(2) fuel temperature, °F
(3) fuel composition
(4) fuel heating value (oil), Btu/lb

ther added stream, and the other stream is the balance of air that is the air in excess of that reuired for

upon the

toichiometric combustion of the GT fuel and any steam or water injection. Any duct burner-stream can be
dded to the combustion stream so that the gas outlet flow and composition is also definedx The heat flow for

The balance of air stream has the composition of moist air so the enthalpies’i 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

F.

(5) atomizing steam flow, 1b/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:
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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.

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

The inlet gas composition is calculated using the total wet airflow for combustion?a
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 fractiens can then
be calculated. These calculations are described in para. 5-2.7. The combustion gas inle
mass flow is the sum of the combustion wet airflow, the GT fuel flow,/and any steam of
water injection flow.

The gas enthalpy to the HRSG is calculated in para. 5-2.6 with the'\gds constituents’ mas
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 i
calculated as described in para. 5-2.6 with the same gas constituents mass fractions a
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 dué:to the combustion of the duct burner fue|
from Step 3. The HRSG outlet gas molar flow,must also include the molar flow of air of
steam associated with the burner operation.“Fhe gas constituent mass fractions can then bg
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 stieam injected into the gas stream such as augmenting air of
atomizing steam must be{ calculated by multiplying the stream flow times the strean
enthalpy. The air enthalpy is calculated by using the air composition from Step 1 in para
5-2.6 for the givenjair temperature. For steam atomization, the steam enthalpy i
determined by subtracting 1087.734 Btu/Ib from the steam table enthalpy to adjust to th¢
reference temperature of steam at 60°F. The fuel and injected stream mass flows must bg
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 bg¢
negative. The duty with a stream leaving the HRSG would be positive. The streams wil|
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 5-283and 5-29)

Step 12:
Step 13:

Copyright ASME International
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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:
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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

or

Step I:
Step 2:

Step 3:

Step4:

b-3.2 Duct Burner Gas Composition

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

duct burner fuel flow, SCFM
gas compressibility

(f) gas molar low, moles/hr (para. 5-2.7,35:Steps 2 and 7)
(g) air mole fraction (para. 5-2.1.3, Step*7)

constituents.

5-3.2.1 General. The gas composition after the duct burner has to be determined inyerder to |[determine
he gas enthalpy out of the HRSG. The composition is a function of the gas and duct burner streams plus the
hanges 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

(h) change in molar flow, moles/hf\(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

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 aygmenting
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 frgm 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 ll)y the air
molecular weight.

Step 5:

Step 6:
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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 HRSGHeattoss
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 E:

The heat loss is approximated by the following equation:

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

Ou = Qs 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 168s in Btu/hr and this equation should
be used bgsed upon the heat input from the GT only. The range of heat input that this equation is valid for i
from 100|million Btu/hr to 1,500 million Btu/hr. For heat inputsoutside this range the user is referred t
Nonmandptory Appendix F.

5-4 GAS FLOW BY GAS TURBINE ENERGY BAEFANCE
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 th¢
system is|from the fuel, air and injection streams to the GT. The energy from the system is from the ga
leaving the GT, electrical energy generated, bleed air, and heat losses.

Energy In = Energy Out
Oin +Or+ Q1 =0p+ Omit Ocour + Os

Ehch term associated @with these energy flows is quantified except for the gas flow. The unknown
portion of|the gas flow is thé.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 th¢
combustiqn stream, the airflow into the GT is based upon the stoichiometric combustion of the GT fuel. Thg
injection §tream, bleed stream, and fuel flow and composition effects can be added to the inlet air stream s
that the gps outlet\flow and composition is also defined. The heat flow for this stream in and out of th¢
HRSG canp thén,be determined.

“ ara o134 caiTas—+tne P oS visevimmssivsnamme SOtnc-ehtnapieSsHanaouto A - arc
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.

-5.2 Data Required

Step I:

Step 2:

Step 3:

Step 4:

Step*5:

Step 6:

(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

b-5.3 Calculations

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

squared and uncertainty 2 squared.
2
U2°+Ul1

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

squared and uncertainty 2-squared.
2

w2= %

U2 +U1

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

Bw =(WH*B1 + W2*B2)*
The weighted random uncertainty is the square root of the sum of the pi
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 e|
Cw = WI1*C1 + W2*C2

ertainty 1

ertainty 1

oducts of

oducts of

nch value.

e random

The weighted uncertainty is two times the square root of the sum of th

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 ¢hg
difference| in the measured and predicted steam outlet enthalpy. The steam flow adjustment, which iscadded
to the megsured 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 corrécting t
reference ponditions.

5-6.2 Cpapacity

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 theeHRSG. The performanc¢
factors wquld include

(d) gas flow

(Y) gas temperature

(dq) gas composition

(d) duct burner heat input

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

Predicted steam temperatures and flows fora test will serve as comparative values to what wa
actually measured. Two different methods can be-used to predict the steam capacity. One method utilize
correction curves. This method consists of a-‘series of curves that reflect the impact of each performancg
parameter|on the steam flow or temperature of‘each pressure level. The impact on steam flow or temperaturg
can be pr¢sented as a multiplier or abselute difference. The steam flow or temperature corrections for each
performarjce 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 temperaturg
would be |added to each of the-cortections. The resultant steam flow and temperatures would represent th¢
predicted values for the test eonditions. This approach is not recommended for multiple pressure HRSGs.

The other method\Consists of a computer model of the HRSG heat transfer sections. This mode|
would be|able to predict the steam capacity that should be produced for the test conditions. A computef
model hag the adydntage of taking into account all performance factors simultaneously. It would also tak¢
into accoynt any\secondary interaction effects between performance factors. A computer model would bg¢
able to befter predict results with factors quite different than originally specified conditions.

rce-the \,apa\,ity 1s—establshed—for-thetestconditrons—it—canbe bUlllPalCd to—the bUllePUlldills
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 pe;

he reference flow or temperature and all the other corrections in the case of percéntages. In the
hbsolute difference, the reference fuel flow would be added to each of the corrections. The resultan

pressure HRSGs.

The other method consists of a computer model of the HRSG heat transfer sections. A

aking into account all performance factors simultaneously. It #oduld also take into account any
nteraction effects between performance factors. A computerymodel would be able to better pred
vith factors quite different than originally specified conditions.

Once the fuel flow is established for the test conditions, it can be compared to the cor
measured value. The measured value would be the uncertainty-weighted value as calculated in subs
['he ratio between the measured and predicted capageities is assumed to be equal to the ratio of the try
to the reference condition capacity.

b-6.4 Gas Side Pressure Drop

5-6.4.1 General. The pressure.dfop is a function of the GTE flow and gas density and thu
orrections for these parameters. The density is a function of the gas temperature through the HR
omposition, and pressure. The. most accurate method to predict the pressure drop for the test
vould be through the use ef\a' computer model or detailed manual calculation. In the absenc
\pproaches the following( method can be used. The assumption for this method is that the g3
temperature through the HRSG is the same as the reference conditions. If the temperatures vary
eference conditions'such as the difference between a duct-fired and unfired case, the followir
hould not be used.

5-6.4.2 Data Required. The following data is required for Test and Reference Conditions:
(a)~GTE flow, Ib/hr
(6) GTE molecular weight
(c) atmospheric pressure, psia

rformance

parameter on duct burner fuel flow. The impact on fuel flow can be presented as a multiplier of absolute
lifference. The duct burner fuel flow corrections for each performance parameter wowd be the product of

rase of an
fuel flow

vould represent the predicted values for the test conditions. This approach is_not recommended fgr multiple

computer

model would be able to predict the fuel flow for any set of performance parameters. It has the adyantage of

secondary
ict results

esponding
ection 5-5.
e capacity

S requires
1SG, GTE
tonditions
e of these
S average
from the
g method

L (d) oas pressure dropinches-of water

5-6.4.3 Calculations. The gas pressure drop of the test is corrected by multiplying the
pressure drop times the ratio of Reference GTE Flow divided by the Test GTE flow squared. This

measured
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
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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 tl
for superh
of flow c4
used. The
same as th

A
calculatio
exiting ec

5-6.5

5-6.5
S1

S1

S1

C UudcC Uf a bUlllPutCl uludcl Ul dCtdi}Cd llldllud} \,aluulatiuu. Tllib iD CDPCbially tl uc fUl LUi} DCbtiUll
eating steam that can be impacted by desuperheater spray flow conditions. Extractions or addition:
n also have a significant impact. In the absence of these methods the following approach-ean bg
assumption for this method is that the average steam/water temperatures through the HRSG ‘dre thq
e reference conditions.

reheater would be synonymous with a superheater in the following calculations\The following
h is not applicable to all situations, for example a forced circulation evaporator_or two-phase flow
bnomizers are special cases that have to use methods beyond the scope of this_test code.
2 Data Required. The following data is required for both the test and reference conditions:
) pressure drop in coil sections and piping for superheating steam, psig
) outlet pressure of sections for superheating steam, psig

inlet pressure of sections for superheating steam, psig
) outlet temperature of superheater, °F

inlet temperature of superheater, °F

pressure drop in sections and piping for heating water, psig
) steam/water flow, 1b/hr

3 Calculations

ep I:  The average steam density is determined from the steam tables using the average of th¢
superheater inlet and outlet.pressure and average of the superheater inlet and outlef
temperature. The density would be determined for both the test and reference conditions.

ep 2: The pressure drop in coils'for superheated steam is proportional to the steam flow squared
and inversely propostional to the average steam density. The corrected steam coil
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 th¢
reference average density.

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

ep 3:  The pressure drop in coils for heating water is proportional to the water flow squared. Th¢
cortected water coils pressure drop is equal to the measured pressure drop times the rati
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

Copyright ASME International
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Section 6
Report of Results

6-1 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 utle, tocagoh, Owner,
Purchaser, HRSG manufacturer, and HRSG identification (tag number and service).

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

5-2 SECTION 1: EXECUTIVE SUMMARY

The Summary shall consist of a single page noting the objectives, actual‘test results, cortected test
fesults, guarantee requirements, conclusions, and uncertainty of the test. It shall*also include a statgment that
he corrected test results are believed correct and that the post-test uncertainty is within the agfeed upon
hllowance for uncertainty.

5-3 SECTION 2: INTRODUCTION

The Introduction shall consist of the following:

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

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

(c) a description of the age and conditioft,0f 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 mdy affect the test results

-4 ~ SECTION 3: TEST DATA

Test data shall consist-'of a summary of actual measurements and observations and a| complete
lescription of date and timejand any methods of testing or measurement, including any differencep from the
pretest agreement or not prescribed by this Code.

b-5 SECTION.4: DATA REDUCTION, CORRECTIONS, AND RESULTS
Data réduction, corrections, and results shall include the following:

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

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

{c) the corrected test results, inn]11ding calculations, factors, or methods used for r‘r\rrpr‘ting 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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6-6 SECTION 5: APPENDICES
The Appendices should include the following:

(a)
(b)
(c)
(d)

the pretest agreement and modifications to the pretest agreement

the pretest and post-test uncertainty analyses

the design and performance data that the test is to verify

any sketches or data required to describe and show locations of any temporary testing equipment

(4

(f]
(g

(n

OI INSITUITNENS USed 11 the test

the instrument calibration methods used and calibration data for instrumentation used in the fest
with appropriate approval initials

the raw test data
a list of personnel directing, conducting, witnessing, and determining results of the'test with their
affiliations and titles

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

limits, uncertainties

(2) facilitates communication regarding measurement results

(4) reduces the risk of making erroneous decisions
(5) demonstrates compliance with agreements

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

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

/-1.1 Pretest Uncertainty Analysis and Test/Rlanning

A pretest uncertainty analysis is an excellent aid in test planning. The parties to a test
pretest uncertainty analysis to assist in reaching’ many of the agreements required in Section 3.

A careful pretest uncertainty analysis can help control the costs of testing by keeping the
eadings or samples at the minimum necessary to achieve the target uncertainty and by revealing
ot necessary or cost-effectivesto'make certain measurements.

/-2 UNCERTAINTY'CALCULATION
/-2.1 Pretest and Bost-Test Uncertainty

uncertainty caletlation. When performing a pretest uncertainty calculation, the design values can

n preliminary observation of equipment operating conditions and prior experience.

/-2¢2-~'Uncertainty Calculation Procedure

) s d ot oo Ao ot c g of tlhaie Lot Py P 1+ nd aqtiaotac oF ¢ 1
1 TACIITarCsS aoTToant SOuTC TS OT CIT O I CITeets O teST TUSUTE, arttr CSTIiatcs Ot 1c1r

(3) facilitates the choice of appropriate and cost-effective measurement devices and prpcedures

03

can use a
Decisions

egarding number and types of instruments;ynumber of readings, number of sampling points in g grid, and
umber of fuel samples can be made based On their predicted influence on the uncertainty of the tegt results.

humber of
when it is

The uncertainty calculation described in para. 7-2.2 is applicable for both a pretest and post-test

be used in

blace of the'measured test results, which are not available. The random uncertainties can be estimgted based

(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

63

Provided by IHS under license with ASME Licensee=Black & Veatch (Overland Park, KS)/5910842100
No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

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 QF‘nQiﬁVify worksheet “Measured Parameter”

column is filled in by listing all the measured values that are used to predict or measur€
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 theselected
method. This exhaust flow is then used in a predictive model to determiine 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%0£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:tecording 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 thisvalue 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 perfoymance prediction model such as exhaust temperature, the exhaust flow
and the new valliejshould 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
medstred 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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(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

(c)
(d)

(e)

(f)

(g)

data nointe tha sauare nF the A1 FFt:\rt:\nrn:\ ]‘\c\f‘(n:u:\n the maomwarl ‘701111:\ and thao V- rage Of
POH tHe-aHt

Tt poTTTeS; thio g \Zeamseaasseigey T tIIce

all data points. This sum is divided by one less than the number of data points_gnd then
the square root is taken, using the following formula:

N( ?
S = 2 -
=1

X

datum value

data average

X
N number of sample points
S

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 dgviation of
the average using the following formula:
S 2
N

S}:

where

S = standard deviation of the sample

N = number of sample points

S - = standard deviation of the sample average

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

Calculate the “Absolute Sensitivity X Sample Deviation of Ave,” also called th¢
Precision Index of the Result by recording the product of absolute sensitivity cgefficient
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 coeffidient and
the sample deviation of the average, raised to the 4™ power, and divided by the jjumber
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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

Perturbing

When calculating the new test result at new exhaust flow on the sensitivity worksheet [paral
7-2.2(b)(I)(g)], the exhaust gas-—composition should be determined from the average value test datal
individual meast@red 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 remain:
after all rgasenable attempts to eliminate it (such as calibrating instruments) have been made. An essentia|
characteripti¢c™of the systematic error is that it cannot be determined directly from the test data. It is alway

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.

(I) Determine the “Random Uncertainty of Result” by taking the square reotwof 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 dividedby the sum of the values in
the column “(Ab Sens X SDA)4/Deg of Fdm”.

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

(o) Determine the “Systematic Uncertainty of Restult'— 95% Confidence Level” by taking thg
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” byanultiplying 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-Rércent” 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 ga$ turbine energy balances as described in subsection 5-5.

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 nonsymmetric

al

systematic errors.

ystematic error is a random variable. This Code specifies that systematic errors shall be combine
he root-sum-square method.

Generally, the same systematic error will be used for both pretest and post-test uncertainty
Dbservations of conditions during the test may indicate that it is allowabl€) to decrease ong
ystematic errors or that it is advisable to increase one or more systematic efrors. This shall be pq
poth parties to the test agree.

/-3.2 Systematic Error in Measured Parameters From Instrumentation

There are a number of sources of instrumentation systematic-€rror in any measurement; an
ire: primary element, primary sensor, transducer, amplifier, analog/digital converter, recording de
ind environmental effects. The following documents may be consulted for general infory
nstrumentation systematic error: ASME Performance Test'Codes, ASME MFC, ISA Standard |
551.1. This Section provides general guidelines and rules for combining these elemental systematid

If separate components of an instrumentation loop or the entire loop has been calibratg
alibration data are incorporated into the test data, the systematic error shall be reduced to accoy
uncertainty of the calibration.

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

The GT exhaust temperaturerand stack temperature uncertainty is made up of two co
andom uncertainty and systematic uncertainty.

The random component'is determined from the variation of the average exhaust temperatus
ime period. It is calculated like the random component of flow, temperature, or pressure.

The systematic~component needs to include the systematic uncertainty of the thermocot
ind the spatial variation from one temperature measurement point to another. The systematic unc
he thermocouple.isa function of the type of thermocouple being used, the transmitter, wiring, etc.
K thermocouplé measuring 1,100°F, this would be approximately 11°F or 1% of the measured Y
patial variation is estimated from the variation of the temperatures between measurement locationg
ollowirg’ equation:

Although the actual systematic error in any measurement or result is a fixed value, an estirliate of the

by using

analyses.
or more
prmitted if

jong those
vice, drift,
nation on
ANSI/ISA

€ITors.

d and the
nt for the

berature

mponents:

es at each

ples used
prtainty of
For a type
ralue. The
using the

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.

67

Provided by IHS under license with ASME Licensee=Black & Veatch (Overland Park, KS)/5910842100
No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

ASME PTC 4.4-2008

The systematic uncertainty of the gas turbine exhaust or stack temperature is then calculated using
the following equation:

B = (BT/C**2 + Bs**Z)**OS
where
B = systematic uncertainty of temperature grid
Brc = systematic uncertainty of temperature measurement
B—=—spatiheontribtittonto-syste st thecrtity
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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

he means of a GT heat balance. GT data is required in order to calculate the GT gas composition|
urn allows for the determination of the gas enthalpies.

The airflow through the GT is the only unknown with GT fuel flow, bleed air, and injecti

balance of air stream is just moist air.

The exhaust flow is determined by an energy balance around the GT. The energy into the
rom 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 Product
Moist Air Injected Water
v :
Bleed Fuel Injected
Air Water/
Steam

The calculations in this Section are for the determination of the GT exhaust flow and(composition by

which in

n streams

being measured. In order to define the gas composition leaving the GT, the airflow'is split into twp streams:
hir for combustion and the balance of air. The air for combustion streamdincludes any changgs for fuel
ombustion and steam or water injection. The flow and composition oftthis stream can be defined. The

system is

s and

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 the air temperature and humidity conditions must be characteristic of the air as it enters the
compressor inlet section of the GT.

(a) Ambient

(b

(O

I-4 CALCULATIONS

The calculations will consist of a series*of steps, many of which involve calculations performed i

other sectjons.

Step I:

Step 2:

Step 3:

(d) Gas Turbine
(d) Either

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

5 5 5

(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

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

The change in\mbolar 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 i
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 th¢
same air composition and the given bleed air temperature. The balance of air outlef
enthalpy is also calculated with the same air composition and the GT gas outlet
temperature.

Step 4:

Step 5:

Copyright ASME International
Provided by IHS under license with ASME

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.

70

Licensee=Black & Veatch (Overland Park, KS)/5910842100

No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

Step 6:

Step 7:

Step 8:

ASME PTC 4.4-2008

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.

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
reference temperature to a vapor at 60°F.

adjust the

The electrical energy generated is determined by multiplying the megawatts produced by

3,412,140 Btu/hr/megawatt.

Step 9:
Step 10:

Step 11:

Step 12:

The GT heat loss is determined. See subsection 1-4.

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

Energy In = Energy Out
(Waa + Waip + Wace) * haw + Wing * hing + Worr % HVgr
=Qnr+ Waip * hprp + (Wac + Wing + Werp) * he oufd Waa * ha our

The total gas flow from the GT is the sum of the balafiee of airflow from Step
combustion air inlet flow plus the injection flow plus ‘the GT fuel flow.

The balance of air inlet constituent molar flow is-determined by dividing the |
airflow by the air molecular weight determined ‘in para. 5-2.1.3, Step 7 and mult
the constituent mole fraction for each ‘constituent from para. 5-2.1.3, Ste
combustion gas constituent molar flow-is' added to the balance of air constity
flow to determine the total inlet constititent molar flow. The inlet constituent mo
for each constituent is the constitugnt molar flow divided by the sum of molar fl
constituents.

-5 GAS TURBINE MISCELLANEOUS HEAT LOSS

The GT heat loss is a combined, yalue of variable and fixed losses. The variable losses wou
penerator efficiency and would be estimated by the generator efficiency curve. The fixed losses
Jube oil losses and other losses that'would not vary. These losses must be given by the GT manufad
possible to quantify some of theylosses and this should be done where practical.

e equation

0 and the

pbalance of
Iplying by
p 8. The
ent molar
le fraction
ws for all

1d include
would be
turer. It is

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

71

Licensee=Black & Veatch (Overland Park, KS)/5910842100
Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

ASME PTC 4.4-2008

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.

I— olmn oforoanca
E7 EE < 1 ColumnReferenee ' '
A0l EGIIET == Each sheet except the MAIN sheet is characterized by
reinht IEEH a letter designation from A to J. Columns on the sheets
o are numbered so a reference to a column on a specific

sheet would be a letter followed by a number. These
01348 9559187 \ are not worksheet cell references.

89880 0
00980(] 202140

01828(] 2708E6
84800 16315

DrR4E0 0 The sum of a column of numbers is designated

Sum=ﬂ 1447518 T— by .the word Sum folllowed by the column réference.
This for example points to Sum [ES8].

7

Column references are shown in brackets.
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[DESCRIPTION: Safhple Case

MAIN SHEET

DUTY SUMMARY TABLE

Comb Air In+GT Fuel{Injection
Burner Fuel
Augmenting Air
Atomizing Steam
Gas Out of Stack

Change in Bal of Air Enthalpy
Balance of Airflow

Flow X
(Ib/hr)
1447518 Sum[ES8]
0 Input
0 Input
0) Input

1447518.Sum above

206.818 Btu/lb
1975978 Ib/hr

Enthalpy X
(Btu/lb)

315.56 Sum|l4]
0.00 [K-HV Net]

0.00 Sum[J8]

0.00 Input

72.66 Sum[l7]
Working Fluid Duty
Heat Loss
Total Balance of Moist Air Heat=

Sum[J4]-Sum[J6]

=TotalBalance of Moist Air Heat/Change in Bal Air h

Duty
Btu/hr

-456781807 Flow*Enthglpy
0 Flow*Enthglpy
0 Flow*Enthalpy
0 Flow*Enthglpy

105177465 Flow*Enthdlpy

757997656 Sum[B7]
2273993 Input

408667306 Sum Abové

Negative Value
Negative Value
Negative Value
Negative Value

—~ e~~~
~— — ~— ~—

(*)Steam Enthapy - Steam Enthalpy at Trer= h -

1087.73 Btu/lb

GENERAL NOTE: Se¢ Sheet E for GT total exhaust flow and composition[E12]
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[DES

CRIPTION: SHEET A

AIR

COMPOSITION- SAMPLE CASE

Atmospheric Pressure

Wet Bulb Temperature

Dry Bulb Temperature
Relative Humidity

for t below 32°F (over ice)

Cy= -1.0214165E+04
Co= -4.8932428E+00
Cs= -5.3765794E-03
Cy= 1.9202377E-07
Cs= 3.5575832E-10
Ce = -9.0344688E-14
Cr= 4.1635019E+00

Relative Humidity Input
|_|H._”Q_.< bulb +459.67=

Pheo=% _ﬂ_l_*_U<muo_‘H
_HU>HA_Um§|_UImOv\_Um§H

Humidity Ratio = (

FDA
Toet hun INput
T = twetbun + 459.67 = 524 17°R

14.3

64.50

70.00

psia
°F
°F
%

LN(Pyapor) = ‘C{AT + Cp +C3*T + C4*T? + C5*T° + C¢*T* + C;*Ln(T)

for t above 32°F (over water)

Ci=
ONH

°R

psia

1-1) * 18.01528
28.96518

-1.0440397E+04
-1.1294650E+01
-2.7022355E-02
1.2890360E-05
-2.4780681E-09
0
6.5459673E+00

_U<m32H

_U<m_vo_‘ =

psia

0:3004 psia

Saturated Humidity Ratio = HRg4 = 0.62198 * [(1.0039*Pyapor / (P - 1.0039%Pyap0r)]
HRsat = 0.013402 #H,0 / #DA

Continued
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SL

Humidity Ratio

Humidity Ratio

A._O©nw -0.556 * t wet U:__uv * I_nwmm: -0.240* ﬁ dry bulb ~ t wet U:_Uv

(1093 + 0.444 * t dry bulo = t wet bulb)
0.012125 #H,0 / #DA

Fraction./Dry Air (FDA) = 18.01528
(28.9651785) * (Humidity Ratio) + 18.01528
Fraction Dry “Air_ (FDA) = 0.9809
Al A2 A3 A4 A5 A6
Compound Calculation Air Mole Fraction MW [A3]x[A4] Air wt. fraction
[A5] / Sunp [A5]
P 0.780840 * FDA 0.7659 28.01348 21.4558 0.7461
0O, 0.209476 * FDA 0.2055 31.9988 6.5748 0.2286
CO, 0.000319 * FDA ©.0003 44.0098 0.0138 0.0005
H.O 1-FDA 00191 18.01528 0.3445 0.0120
Ar 0.009365 * FDA 0.0092 39.948 0.3670 0.0128
Maojst Air Molecular Weight|| 28.7558

800¢-V'¥ O1d NSV
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jww]

7

ESCRIPTION:

SHEET B

WORKING FLUID DUTY - SAMPLE CASE
B1 B2 B3 B4 B5 B6 B7
Stream Name State | Temperature | Pressure | Enthalpy Flow Duty
0 = water °F psig Btu/lb Ib/hr 10° Btu/hr
1= steam (+out / -in) B5 *B6
HP FW In 313.0 1535.0 285.78 -418460 -119.587
HP Spray 313.0 1535.0 285.78 -14510 -4.147
HP Steam 1 1002.0 1362.0 1495.10 432970 647.334
Cold RH 1 626.0 290.0 1329.11 -428000 -568.858
RH Spray 377.0 305.0 350.55 -1260 -0.442
Hot RH 1 1005.0 260.0 1529.55 429260 656.576
IP FW In 306.0 325.0 276.39 -151920 -41.989
IP FW Extract 3770 305.0 350.55 78160 27.399
IP Steam Out 1 604.0 301.0 1316.27 73760 97.088
LP Steam Out 1 605.0 38.0 1335.19 56850 75.906
LP FW In 230.0 61.0 198.45 -56850 -11.282
Sums | ||__757.994
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[DESCRIPTION: SHEET C
FUEL GAS COMBUSTIQN"MOLE CHANGE-SAMPLE CASE
Fuel Flow = [C1—7e83}io/nr
C1 Cc2 C3 C4 C5 C6 Cc7 C8 C9 C10 Ci1 Ci12 C13 C14 C15 C16
Compound | Fuel Mole Mol. wt. C2 x,C3 N, 0O, CO, H,O Ar SO,
Fraction [(*)xC5] [(*)xC7] [(*)xC9] [(*)xC11] [(*)xC3] [(*)xC15]
CH, 0.9500 | 16.04276 | 15.241 0] 0 -2 -8657 1 4328 2 8657 0 0 0 0
CzHe 0.0300 | 30.06964 | 0.902 0 0 -3.5 -478 2 273 3 410 0 0 0 0
CoH, 0.0000 | 48.05376 0 -3 2 2 0 0
CsHg 0.0000 | 44.09652 0 -5 3 4 0 0
CsHg 0.0000 | 42.08064 0 -4.5 3 3 0 0
Iso-C4sHio| 0.0000 | §8.12340 0 -6.5 4 5 0 0
N-C4H1o 0.0000 | §8.12340 0 ~6:5 4 5 0 0
CsHs 0.0000 | §6.10752 0 -6 4 4 0 0
Iso-CsHi2| 0.0000 | 72.15028 0 -8 5 6 0 0
N-CsHy>, | 0.0000 | 72.15028 0 -8 5 6 0 0
CsHio | 0.0000 | 70.13440 0 -7.5 5 5 0 0
CeH14 0.0000 | 86.17716 0 -9.5 6 7 0 0
N> 0.0100 | 48.01348 | 0.280 1 46 0 0 0 0 0 0 0 0 0 0
CO 0.0000 | 28.01040 0 -0.5 1 0 0 0
CO; 0.0100 | 44.00980| 0.440 0 0 0 0 1 46 0 0 0 0 0 0
H.O 0.0000 | 18.01528 0 0 0 1 0 0
H,S 0.0000 | 34.08188 0 -1.5 0 1 0 1
H, 0.0000 P.01588 0 -0.5 0 1 0 0
He 0.0000 t.00260 0 0 0 0 0 0
0O, 0.0000 B1.9988 0 1 0 0 0 0
Ar 0.0000 | 39.94800 0 0 0 0 1 0
Average Molecular|Weight=|| 16.863 || 46 -9135 4647 9067 0 0
= mole change = mole change = mole change = mole‘change = mole chfinge = mole change
(*)=[C2] x (FUEL FLOW|) / Sum [C4] of N, of O, of CO, of H.O of A of SO,
1263163 = Lbs Dry Air = Moles Change 0,*28.9651785 / 0.209476
X 1012195 = 1+ {hs \Waterperth-DryArtHurmdity-Ratio)

1278479 = lbs Moist Air for "INLET GAS COMPOSITION- Comb Air for GT Fuel"
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[DESCRIPTION: SHEET E
INLET GAS COMPOSITION-SAMPLE CASE
Comb Air for DB ﬁﬁo_u "¢ O|lb/hr GT Fuel Flow= 76831|Ib/hr
Comb Air for GT flel= L_m.mwmﬁ@ Ib/hr Water or Steam Injection Flow= 92208|Ib/hr
Air Molecular Weight= 28.7558| Balance of Airflow= 1975978|Ib/hr (from Summary[Table)
E1 E2 E3 E4 E5 E6 E7 E8 E9 I
Compound Air Mole/hr | Combustion | Water/ Steam | Resultant Mole [E6] *[B7] | Gas Mass
Composition (™) Mole Change Injection Moles / hr Weight Fraction
[A3] SHT Cor D (**) = [E3]+[E4]+[E5] =[E8]/ Sum [E8]
N, 0.7659 34052 [¥O 46 0 34098 28.01348 95519y 0.6599
0. 0.2055 9135 /Vw.vw 0 0 31.99880 0 0.0000
CO, 0.0003 14 46 > 0 4661 44.00980 205140 0.1417
H,0 0.0191 850 9067 ", 5118 15035 18.01528 | 27086p 0.1871
Ar 0.0092 408 0 0 408 39.94800 16315 0.0113
SO, 0.0000 0 0 0 0 64.06480 0 0.0000
Sum= 54203 mc3u__ 144751 ﬁ
*= [E2] x ( Comb Air fdr DB Fuel + Comb Air for GT Fuel ) / Air Molecular Weight
** = (Water or Steam Flow ) / 18.01528 HRSG Inlet
E10 E11 E12
*** = Balance of Air Flow * [E2] / Air Molecular Weight Bal of M Air Total Gas Mole
Mole/Hr Mole/Hr Fraction
(***) =[E6]+[E10] |=[E11)/Sum[E11]|
52630 86724 0.70557
GT Total Exhaust Flow=|| 3423496||Ib/nr 14119 14119 0.11487
=Sum[E8]+Balance of Airflow 22 4683 0.03810
1344 16349 0.13301
631 1040 0.00846
0 0 0.00000
Sum=||"#12291p
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[DESCRIPTION SHEET | |
GAS ENTHALRY-SAMPLE CASE
Gas Inlet T=| 1123 |°F Gas Outlet T=| 319
1 12 13 14 15 16 17
Compound| Gas Mass Fraction/| Compound Enthalpy | [I2]x[I3] Gas Mass Fraction | Compound Enthalpy | [12]x[I3]
[E9] (egns below) [H9] (egns below)
Nz 0.660 273.690 180.604 0.660 64.470 42.543
O, 0.000 252.728 0.000 0.000 57.637 0.000
CO, 0.142 266.545 37.774 0.142 55.861 7.917
H,O 0.187 511.395 95.694 0.187 116.706 21.839
Ar 0.011 132.109 1.489 0.011 32.188 0.363
SO, 0.000 189.435 0.000 0.000 40.608 0.000
315.562 72.661
Btu/lb btu/lb
Coinpound Enthalpies Reference Temperature
T,5 T(°F) +459.67°R = Trer= 60
h £ -AdT, + ALn(T) + Ag(T) + Ax(T)® + As(T)° + As(T)* + A(T)® - Ag
N, 0.
T, < 1800°R T, > 1800°R T; </1800°R T, > 1800°R
Ay 5076.9034 134989.03 Ay -6888.0735 -208707.28
A, -48.724746 -285.73506 A, 54.145998 261.94172
As 0.43120894 0.43008964 As 0.069447256 0.11293491
A,  41.6798933E-04 -1.2090166E-05 A, 7.40234103E-05 2.1856736E-0p
As 1.0098600E-07 1.0880151E-09 As  -4.3649134E-09 :1.3970608E-09
As  42.9251468E-11 -5.8440540E-14 As  -5.3829350E-12 5.4686691E-14
A; 3.4031292E-15 1.4342817E-18 A;  1.2285505E-15 -9.6878731E-19
Ag -123.56702 -1809.5883 Ag 406.96173 2037.0402
Continued

800¢-V'¥ O1d NSV

Black & Veatch (Overland Park, KS)/5910842100

Not for Resale, 03/30/2009 20:34:45 MDTtor.clp

Licensee:

No reproduction or networking permitted without license from IHS

Provided by IHS under license with ASME

Copyright ASME International


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

08

Aq

As
Ay
As
As
A;
Ag

T-< 1800°R
7227.7111
-50.879204
0.23923528

3.1383945E-05

-9.8757996E-10

-1.4874974E-12

2.4498740E-16
-199.50475

T, < 1800°R

0

0
0.12427948

0

0

0

0
64.584315

Co,
T, > 1800°R
17207.414
-145.29151
0.37414705
-1.1560726E-06
2.2579091E-11
/8:6579206E-15
5.4419457E-19
-758:45980

Ar
T, > 1800°R
3.2382979
-0.0053623
0.12428293
-5.51268011E-10
6.16422179E-14
-3.87630833E-18
1.02152826E-22
64.54707

Aq

As
Ay
As
As
A;
Ag

H,0
T, < 1800°R
-14100.395

114.20534
0.10271362
2.2116239E-04

-8.3271140E-08

2.3414419E-11

-2.8077803E-15
844.30005

SO,
T, < 1800°R
-5333.9649

50.721609673
-0.073060273
1.8981891E-04

-8.0072686E-08

1,9218645E-11

-1.9897196E-15
33081966

T, > 1800°R
369646.91
-478.72819
0.51215685

7.0181916E-05

-7.7535747E-09

4.4543564E-13

-1.0127794E-11
-3313.2672

T, > 1800°R
-11325.497
-46.045503810
0.2360907
-1.7215642E-06
1.8036679E-10
-7.2477731E-15
1.7234980E-19
-151.48263
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[DESCRIPTION: SHEET H
OUTLET GAS COMPOSITION-SAMPLE CASE

Black & Veatch (Overland Park, KS)/5910842100

Vater or Steam Injection = 0}lb/hr
Duct Bufner Fuel Flow = 0fIb/hr
Augmenting Airflow = 0]lb/hr
H__J| He H3 H4 H5 H6 H7 8| ho
Compound|| Gas Inlet | Comb Water / Steam | Augmenting Air| Resultant | Mole wt. [HBIx[H7] Outlet Gas
Moles/Hr | Mole Cha Injection = AIR FLOW *[A3]] Moles/hr Mass Fraction
[E6] SHT For G 4> moles/hr Sum [A5] = [H2]+[H3]+ = [H8] / Sum [H8]
) [H4]+[H5]
N2 34098 0 0 0.000 34098 28.01348 955197 0.6599
0, 0 0 0] 0.000 0 31.9988 0 0.0000
CO; 4661 0 0 0.000 4661 44.0098 205140 0.1417
H.O 15035 0 0 0.000 15035 18.01528 270866 0.1871
Ar 408 0 0 0.000 408 39.948 16315 0.0113
SO 0 0 0 0:000 0 64.0648 0 0.0000

sum = 1447518
(™) = (water o) steam flow) / 18.01528
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[DESCRIPTION:

SHEET J

AIR ENTHALPY-SAMRLE.CASE Air at Air at Augmentin
Inlet T=| 1123.00 |°F Outlet T=| 319.00 |°F Air T=|_60.00 |°F
J1 J2 J3 J4 J5 J6 J7 J8
Compound |Gas Mas$ Fraction Compound Enthalpy | [J2]x[J3] Compound Enthalpy | [J2]x[J5] Compounfd Enthalpy | [J2]x[J7]
AB] (Gas Enthalpy Sheet) (Gas Enthalpy Sheet) (Gas Enthglpy Sheet)

N, 0.y461 273.690 204.210 64.470 48.103 0.000 0.000
0O, 0.p286 252728 57.784 57.637 13.178 0.000 0.000
CO, 0.p005 266.545 0.128 55.861 0.027 0.000 0.000
H.O 0.0120 511.395 6.126 116.706 1.398 0.000 0.000
Ar 0.0128 132.109 1.686 32.188 0.411 0.000 0.000
SO 0.0000 189.435 0.000 40.608 0.000 0.000 0.000
Air Enthalpy=|| 269.935 Air Enthalpy=|| 63.117 Air Enthalpy=|| 0.000

GENERAL NOTE: Se¢

"Gas Enthalpy" sheet for species specific enthalpy-formulations.
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ASME PTC 4.4-2008

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
Each sheet except the MAIN sheet is characterized by
a letter designation from A to K. 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
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].

| ]
T N =
vole | [EGET]
ieight

y

Column references are shown in brackets.
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[DESCRIPTION: PTCTEST CASE

Change in Bal of Ai
Balance of Airflow

Total Balance of Moist Air Heat=

I Enthalpy 267.511 Btu/lb Sum[J8]-Sum[J4]

527743722 Sum Above

1972791 Ib/hr =Total Balance of Moist Air Heat/Change in Bal Air h

DUTY.SUMMARY TABLE
Elow X Enthalpy = Duty
(Ib/kr) (Btu/lb) Btu/hr
Bleed+Comb. Wet JAir 1278479 Sum[E8] 2.42 Sum[J4] 3098501 Flow*Enthalpy
Fuel 76881 'Input 20626.54 [K-HV Net] 1584757945 Flow*Enthalpy
Steam/Water Injectjion* 92208“Mnput 198.07 (%) 18263233 Flow*Enthalpy(may je Negative)
Compressor Bleed 0 Input 0.00 Sum[J6] 0.00 Flow*Enthalpy (Neg4tive Value)
Comb Prod + Inj 1447518 Sum‘above 315.56 Sum([l7] -456781807 Flow*Enthalpy (Negdtive Value)
Power -588594150 Input MW*3.41214e6 (Negative Value)
Heat Loss -33000000 Input (Negative Valug)

(*)Steam or Water
GENERAL NOTE:

Enthapy - Steam Enthalpy at Trer=h - 1087.73 Btu/lb
See Sheet E for GT total exhaust flow and composition[E12]

800¢-V'¥ O1d NSV

Copyright ASME International

Black & Veatch (Overland Park, KS)/5910842100

Not for Resale, 03/30/2009 20:34:45 MDTtor.clp

Licensee:

No reproduction or networking permitted without license from IHS

Provided by IHS under license with ASME


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

¢8

[DESCRI]

PTION:

SHEET A

AIR COM

POSHION-PTC TEST CASE

Atmospheric Pressure 14.3
Wet Bulb Temperature 64.5
Dry Bulb Temperature 70

Relative Humidity

for t below 32°F (overiice)

Ci
Cz
Cs
Cs

-1.0214165E+04
-4.8932428E+00
-5.3765794E-03
1.9202377E-07
3.5575832E-10
-9.0344688E-14
4.1635019E+00

Relative Humidity Input

|_|H._”Q_.< bulb +459.67=

Pheo=% II*_U<muo_‘H

_HU>HA_Um§|_UImOv\_Um§H

Humidity Ratio

Humidity Ratio= (_1 -1) * 18.01528
FDA 28.965179

Toernn INput
T= ._“<<mﬁ bulb + 459.67 =

Saturated Humidity Ratio = HRqy( = 0.62198 * [1.0039*Pyapor / (P - 1.0039*Pyap0)]
0.013402 #H,0 / #DA

H _ﬂm& =

psia
°F
°F

Y%

LN(Pyapor) C1/ T5Cs +C3*T + C4*T? + C5*T° + C¢*T* + C,*Ln(T)

for t above 32°F (over water)

Ci=
Co=
Cs
Ca
Cs
Cé
C;=

°R

psia

524.17°R

-1.0440397E+04
-1.1294650E+01
-2.7022355E-02
1.2890360E-05
-2.4780681E-09
0
6.5459673E+00

_U<mv9H

_U<mnoq =

psia

0/3004 psia

(1093 - 0.556 * t yet buib) * HRsat - 0.240 * (t gry buib = t wet buib)

Humidity Ratio

(1093 + 0.444 * t dry bule = T wetbu)

0.012125 #H,0 / #DA

Continued
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Fraction

Dry Air (FDA)

18.01528

(28.9651785) * (Humidity Ratio) + 18.01528

Fraction £Dry Air (FDA) = 0.9808781
A1l A2 A3 A4 A5 Ab
Compoynd Calculation Air Mole Fraction MW [AS]x[A4] Air wt. fraction
[A5] / Sym [A5]

N2 0.780840 * FDA 0.765909 28.01348 21.4558 0.7461

O, 0.209476 * FDA 0.205470 31.9988 6.5748 0.2286
CO, 0.000319 * FDA 0.000313 44.0098 0.0138 0.0Q05
H.O 1 - FDA 0.019122 18.01528 0.3445 0.0120

Ar 0.009365 * FDA 07009186 39.948 0.3670 0.0128

Moist Air Molecular Weight|[ 28.7558
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[DESCRIPTION: SHEET C
FUEL GAS COMBUSTION/MOLE CHANGE-PTC TEST CASE
Fuel Flow =
C1 Cc2 C3 C4 C5 C6 Cc7 Cc8 C9 C10 Ci1 C12 C13 Ci14 C15 C16
Compound | Fuel Mole Mol. wt. C2X¢€3 N, 0, CO, H,O Ar SO,
Fraction (*)x[C5] (*)x[C7] (*)x[C9] (*)x[C11] (*)x[C18] (*)x[C15]
CH, 0.9500 || 16.04276| 15.241 0 0 -2 -8657 1 4328 2 8657 0 0 0 0
CzHg 0.0300 || 30.06964| 0.902 0 0 -3.5 -478 2 273 3 410 0 0 0 0
CoH, 0.0000 | | 28.05376 0 -3 2 2 0 0
CsHg 0.0000 | | 44.09652 0 -5 3 4 0 0
CsHg 0.0000 | | 42.08064 0 -4.5 3 3 0 0
Iso-C4H1o| 0.0000 || 58.12340 0 -6.5 4 5 0 0
N-C4H1o 0.0000 || 58.12340 0 -6.5 4 5 0 0
C4Hg 0.0000 || 56.10752 0 -6 4 4 0 0
Iso-CsHq2| 0.0000 || 72.15028 0 -8 5 6 0 0
N-CsH1, 0.0000 || 72.15028 0 -8 5 6 0 0
CsHip 0.0000 || 70.13440 0 -7.5 5 5 0 0
CeHqis | 0.0000 |]86.17716 0 -9.5 6 7 0 0
Nz 0.0100 | | 28.01348| 0.280 1 46 0 0 0 0 0 0 0 0 0 0
CO 0.0000 []28.01040 0 -0.5 1 0 0 0
CO, 0.0100 | | 44.00980| 0.440 0 0 0 0 1 46 0 0 0 0 0 0
H,O 0.0000 || 18.01528 0 0 0 1 0 0
H,S 0.0000 || 34.08188 0 -1.5 0 1 0 1
Ha 0.0000 || 2.01588 0 -0.5 0 1 0 0
He 0.0000 || 4.00260 0 0 0 0 0 0
0O, 0.0000 || 31.9988 0 1 0 0 0 0
Ar 0.0000 | | 39.94800 0 0 0 0 1 0
Average Molecular Weight=|| 16.863 46 -9135 4647 9067 0 0
= mole change = mole change = mole change = mole.chahge = mole chanpe = mole change
(*)=[C2] x (FUEL FLIOW ) / Sum [C4] of N, of O, of CO, of H.Q of Ar of SO,
Combustion Mole Change for [E4]
1263163 = Lbs Dry Air = Moles Change 0,*28.9651785 / 0.209476
1.012125 = 1+ Ibs.Water per Ib Dry Air

T278479 =1bs MoISt Alr Tor "GAS COMPOSITION
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[DESCRIPTION:

SHEET E

GAS COMPOSITION-PTC TEST CASE
Combustion Moist Airflow= 1278479|Ib/hr
Balance Moist Airflow= 1972791|Ib/hr
Mdjist Air Molecular Weight= 28.7558
Water pr Steam Injection Flow= 92208| Ib/hr
E1 E2 E3 E4 E5 E6 E7 E8 E9
Compound Air Comb M Air{) Combustion | Water/Steam| Resultant Mole [EBIX[E7] Gas Mass
Cpmposition | Moles/Hr | [Mole Change Injection Moles / Hr | Weight Fraction
[A3] (*) SHT CorD (**) =[E3]+[E4]+[E5] =[E8)/Sum[E8]
Nz D.765909 34052 46 0 34098 28.01348 955197 0.65989
O, D.205470 9135 -m?\mv\ ) 0 0 31.99880 0 0.00000
CO, D.000313 14 4647 \\0 0 4661 44.00980 205140 0.14172
H.O D.019122 850 9067 i 5118 15035 18.01528 270866 0.18712
Ar D.009186 408 0 0 408 39.94800 16315 0.01127
SO, D.000000 0 0 0 0 64.06480 0 0.00000
Sum= 54203 m:Bu__ 1447518 |
* = [E2] x ( Combus{ion Moist Air Flow ) / Moist Air Molecular Weight
** (Water or Steam| Flow ) / 18.01528
E1 E10 E11 E12 E13
*** = [E2} x (Balance Moist Air Flow] / Moist Air Molecular Weight Compound Bal M Air Gas Gas Gas
Moles/Hr~ “[yMoles/Hr | Composition | Composition
=[E11]/
(***) =[EB¥+[E10]|=[E11)/SUM[E11]] Dry %c_s“m:_
GT Total ExHaust Flow=|| 3420309 [lib/hr N, 52545 86643 | 0.70552 0.81385
=Sum[E8]+Balance of Airflow O, 14096 14096 0.11478 0.13241
CO, 21 4683 0:03813 0.04399
H.O 1312 16347 018311
Ar 630 1039 0.00846 0.00976
SO, 0 0 0.00000 0.00000

Dry m:Bu__ 106461 __
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T, < 1800°R
-6888.0735
54.145998

0.069447256
7.40234108E-05

-4.3649134EL09

-5.3829350E-12

1.2285505E-15

[DESCRIPTION: SHEET |
GAS ENTHALPY;:-PTC TEST CASE
Gas T=| 1123 |
I 15 16 17
Compound | Gas Mass Fraction | Compound Enthalpy| [I5]x[I6]
[H9] (egns below)
N> 0.660 /VN 273.690 180.604
O, 0.000 | 252.728 0.000
CO, 0.142 266.545 37.774
H,O 0.187 511,395 95.694
Ar 0.011 132.109 1.489
SO, 0.000 189.435 0.000
Gas Enthalpy=| 315.562 |[btu/lb
Compound Enthalpies Reference Temperature
T,=T(°F) +459.67°R Ther= 60°F
h = -A/T, + ALn(T) + As(T) + AyT)® + As(T)¥+ As(T)* + As(T)° - Ag
N>
T, <1800°R T, > 1800°R
A 5076.9034 134989.03 Aq
A\, -48.724746 -285.73506 A,
A3 0.43120894 0.43008964 As
\, -1.6798933E-04 -1.2090166E-05 Ay
\s  1.0098600E-07 1.0880151E-09 As
\s -2.9251468E-11 -5.8440540E-14 As
\;  3.4031292E-15 1.4342817E-18 A7
g -123.56702 -1809.5883 Ag

406.96173

> 1800°R
D8707.28
1.94172
1293491
66736E-05
70608E-09
B6691E-14
78731E-19
37.0402

Continued
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T<72800°R
72277141
-50.879204
0.23923528

B.1383945E-05

9.8757996E-10

1.4874974E-12

P.4498740E-16

-199.50475

T, < 1800°R

0

0
0.12427948

0

0

0

0
64.584315

Co,
T, > 1800°R
17207.414
-145.29151
0.37414705
-1.1560726E-06
2/2579091E-11
-3.6579206E-15
5.4419457E-19
-758.45980

Ar
T, > 1800°R
3.2382979
-0.0053623
0.12428293
-5.51268011E-10
6.16422179E-14
-3.87630833E-18
1.02152826E-22
64.54707

T, < 1800°R
-14100.395
114.20534
0.10271362

2.2116239E-04

-8.3271140E-08

2.3414419E-11

-2.8077803E-15
844.30005

T, < 1800°R
-5333.9649
50.721609673
-0.073060273
1.8981891E-04
-8.0072686E-08
1,9218645E-11
-1/9897196E-15
330.81966

T, > 180p°R
369646/91
-478.72819
0.51215685

7.0181916E-05

-7.753574TE-09

4.4543564E-13

-1.0127794E-17
-3313.2672

T, > 180p°R
-11325.497
-46.045503810
0.2360907
-1.7215642E-06
1.8036679E-10

-7.2477731E-15

1.723498QE-19
-151.48263
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[DESCRIPTION:

SHEET J

MOIST AIR ENTHALH

Y-RTC-TEST CASE Compressor

GENERAL NOTE: §

16

bee "Gas Enthalpy" sheet for species specific enthialpy formulations.

Inlet Air T=[__70.00_|°F Bleed Air T=[__60.00 |°F GT Toutf[_1123.00 |°F
J1 J2 J3 J4 J5 J6 7 J8
Compound Streamn Mass Fraction Compound Enthalpy [J2]x[J3] Compound Enthalpy | [J2]x[J5] Compourld Enthalpy [J2]x[J7]
[A6] (Gas Enthalpy Sheet) (Gas Enthalpy Sheet) (Gas Enthglpy Sheet)
N, 0.7461 2.483 1.853 0.000 0.000 273.690 204.210
0, 0.2286 2.191 0.501 0.000 0.000 254.728 57.784
CO, 0.0005 1.999 0.001 0.000 0.000 264.545 0.128
H.O 0.0120 4.449 0.053 0.000 0.000 511.395 6.126
Ar 0.0128 1.243 0.016 0.000 0.000 134.109 1.686
SO, 0.0000 1.476 0.000 0.000 0.000 189.435 0.000
Air Enthalpy= 2.424 Air Enthalpy= 0.000 Air Enthalpy=|| 269.935

800¢-V'¥ O1d NSV

Copyright ASME International

Black & Veatch (Overland Park, KS)/5910842100

Not for Resale, 03/30/2009 20:34:45 MDTtor.clp

Licensee:

No reproduction or networking permitted without license from IHS

Provided by IHS under license with ASME


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

6

[DESCRIPTION:

SHEET K

FUEL HEATING VALUE-PTC TEST CASE

Fuel Temperature=|  239|°F

ﬂme\_c

FUEL GAS
K1 K2 K3 K4 K5 K6 K7 K8 K9
Compound | Fuel Molef Mol. Wt. | [K2]x[K3] Fuel Wt. Heat of [K5]x[K6] Heat of [K5]x[K&
Fraction Fraction Combustion Combustion
= [K4] / Sum [K4] Btu/lb Btu/lb
CH, 0.950 | 16.04276| 15.241 0.904 21503 19434 23892 21593
CoHe 0.030 | 30.06964 | , 0.902 0.053 20432 1093 22334 1195
CoHy 0.000 | 28.05376 | “~0.000 0.000 20278 0 21640 0
CsHs 0.000 | 44.09652| 0,000 0.000 19923 0 21654 0
CsHe 0.000 | 42.08064| 0.000 0.000 19678 0 21039 0
Iso-C4H1o 0.000 58.1234 0.000 0.000 19587 0 21232 0
N-C4H1o 0.000 58.1234 0.000 0.000 19659 0 21300 0
C4Hsg.avg 0.000 | 56.10752| 0.000 0.000 19450 0 20811 0
Iso-CsH12 0.000 | 72.15028 | 0.000 0.000 19456 0 21044 0
N-CsH1o 0.000 | 73.15028 | 0.000 0.000 19498 0 21085 0
CsHio-avg 0.000 70.1344 0.000 0.000 19328 0 20691 0
CoH14-avg 0.000 | 86.17716| 0.000 0.000 19353 0 20904 0
[\ 0.010 | 28.01348| 0.280 0.017 0 0 0 0
(o]e] 0.000 28.0104 0.000 0.000 4342 0 4342 0
CO, 0.010 44.0098 0.440 0.026 0 0 0 0
H.O 0.000 | 18.01528| 0.000 0.000 0 0 1059.8 0
H.S 0.000 | 34.08188| 0.000 0.000 6534 0 7093.8 0
H, 0.000 2.01588 0.000 0.000 51566 0 61022 0
He 0.000 4.0026 0.000 0.000 0 0 0 0
0O, 0.000 31.9988 0.000 0.000 0 0 0 0
Ar 0.000 39.948 0.000 0.000 0 0 0 0
Sum = __ 16.863 __ Sum = 20527 HHv=| 22788
LHV Input S 0 HHV, not used
Fuel Gas 20542.496 in any_calculations!
HV Net = LHV + T "/ 4720 + 0.491 * Ty - 30.2 = 20627|[Btu/lb
FUEL OIL
LH\ _3_3_ it H__HT: I7ila)
Fuel Oil Sensible Heat Adjustment
HV Net = LHV+T o / 4132 + 0.417 * T -25.9 =
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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.
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NONMANDATORY APPENDIX C

C-1IP STEAM FLOW UNCERTAINTY: COMBINING THE STEAM FLOW AND UNCERTAINTY FROM

GT AND HRSG HEAT BALANCES

Using Calculated Uncertainties

Steam Flow

Uncertainty on HP Steam(Flow
W eight

Systematic Uncertainty
Random Uncertainty

Total Uncertainty

HP Steam Flow

Total Uncertainty %

GT Heat Balance

HRSG Heat Balance Weighted

432970
1.72%
0.180

6988
1307

432970
0.81%
0.820
3329
525

30

31

—_

432970

0.730

o
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NONMANDATORY-APPENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
HP Steam Flow py-Gas Turbine Heat Balance Test:3 Pressure HRSG Engineer:
Random Component Systematic Chbmponent
Sample Absolute Absolute Sen (Ab Sens x | Systematic | Abs Sensiyty Systematic
Average Sample Number Deviation Degrees Sensitivity tivity x Sample SDA)*/ Uncertainty | x Systemdtic Uncertainty
Measured Paraneter Value Deviation |of Samples| of Average of Freedom Coefficient | Deviation of Ave | Deg of Fdm for Paramete{ Uncert-Pgra %
1]Amb Dry Bulb Temp 70.00 1.10 12 0.32 11.00 11.43 3.63 1.58E+01 1.000 11.43 0%
2|Wet Bulb Temg 64.50 110 12 0.32 11.00 -246.15 -78.16 3.39E+06 1.000 -246.15 0%
3|Amb Press 14.30 0.0429 12 0.01 11.00 300.00 3.72 1.73E+01 0.036 10.73 0%
4|GT Comp Inlet [Temp 70.00 1.10 12 0.32 11.00 387.14 122.93 2.08E+07 1 387.14 0%
5|GT Fuel Flow 76831.00 460.99 30 84.16 29.00 9.35 786.52 1.32E+10 384.155 3589.95 26%
6|GT Fuel Temp 259.00 2.90 30 0.53 29.00 19.23 10.18 3.71E+02 4 76.92 0%
7|GT Fuel LHV 20534.00 30.00 3 17.32 2.00 35.70 618.30 7.31E+10 82.136 2932.05 18%
8|GT Steam Inj. flow 92208.00 553.25 30 101.01 29.00 -0.02 -1.86 4.15E-01 922.08 -17.00 0%
9|GT Steam Inj. Temp 547.00 2.90 30 0.53 29.00 23.82 12.61 8.72E+02 5 119.09 0%
10|GT Steam Inj. Bress 282.00 2.90 30 053 29.00 -5.71 -3.03 2.89E+00 2.82 -16.11 0%
11|GT Megawatt Qutput 172.50 1.04 30 0{19 29.00 -1594.12 -301.23 2.84E+08 0.69 -1099.9 2%
12|GT Heat Loss 33000000 0.00 30 0.00. 29.00 -0.0005 0.0000 2.12E-50 8250000 -4000.0 33%
13|GT Exhaust Tepnp 1123.00 2.90 30 0.53 29.00 -5.18 -2.74 1.95E+00 11 -57.00 0%
14
15|HP Steam Flo 432970.00 | 3896.73 30 711.44 29:00 1.00 711.44 8.83E+09 2164.85 2164.85 10%
16|HP Feedwater Temp 313.00 2.90 30 0.53 29.00 -1.61 -0.85 1.83E-02 2 -3.23 0%
17|HP Stm Temp 1002.00 2.90 30 0.53 29.00 -266.60 -141.16 1.37E+07 4.008 -1068.5 2%
18[HP Steam Pregs 1362.00 2.90 30 0.53 29.00 -20.29 -10.74 4.59E+02 5.448 -110.55 0%
19|Cold Reheat Flpw 428000.00 | 3852.00 30 703.28 29.00 0.01 8.22 1.57E+02 2568.000 30.00 0%
20[Cold Reheat Tgmp 626.00 2.90 30 0.53 29.00 101.27 53.62 2.85E+05 4.695 475.46 0%
21|Hot Reheat Prefss 260.00 2.90 30 0.53 29.00 -2431 -1.22 7.69E-02 1.040 -2.40 0%
22|Hot Reheat Terthp 1005.00 2.90 30 0.53 29.00 487.00 257.85 1.52E+08 4.020 1957.74 8%
23 [
24|IP Feedwater Temp 306.00 2.90 30 0.53 29.00 -4.52 -2.39 1.13E+00 4.000 -18.06 0%
25|IP FW Extract Flow 78160.00 703.44 30 128.43 29.00 0.01 0.82 1.57E-02 781.600 5.00 0%
26|IP FW Extract Temp 377.00 2.90 30 0.53 29.00 1.32 0:70 8.12E-03 4.000 5.26 0%
27|IP Steam Flow 73760.00 663.84 30 121.20 29.00 -0.09 -11AZ 5.36E+02 737.600 -67.96 0%
28|IP Steam Temq 604.00 2.90 30 0.53 29.00 -5.17 -2.74 1.93E+00 2.416 -12.48 0%
29|IP Steam Presq 301.00 2.90 30 0.53 29.00 -4.00 -2.12 6.94E-01 1.204 -4.82 0%
30|LP Steam Flow| 56850.00 511.65 30 93.41 29.00 -0.06 -5.60 3.39E+01 568.500 -34.09 0%
31|LP Steam Tem 605.00 2.90 30 0.53 29.00 -2.00 -1.06 N34E-02 2.420 -4.84 0%
32|LP Steam Pres| 38.00 2.90 30 0.53 29.00 -15.00 -7.94 1.37E+02 0.152 -2.28 0%
33|LP FW Temperature 230.00 2.90 30 0.53 29.00 -2.17 -1.15 6.05E-02 4.000 -8.70 0%
34
35
36
37
38
39
40
_mmwm Value of Result _ 432970 _ Systematic Uncertainty of Result -
95% Confidence Level 6988
Random Uncertainty of Result 1307
Degrees of Freedom for Random Uncertainty of Result 30.56
Student t Value 2.000 Total Uncertainty + 7461
Uncertainty Percent +| 1.72%
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The values of "New Value of Result due to Increment" are inputs from computer simulation.

Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".

NONMANDATORY APHENDIX C: SENSITIVITY WORKSHEET Project: PTC 4.4 Date:
HP Steam Flow Hy Gas-Turbine Heat Balance Test: 3 Pressure HRSG Engineer:
Percent Change fdr Sensitivity: 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow New Steam Flow at | Absolute Sensitivity | Relative Sensitivity
Measured Paramgter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1]Amb Dry Bulb Tenmp 70.0 0.70 70.7 3433084.0 432978 11.4286 0.0018
2|Wet Bulb Temp 64.5 0.65 65.2 3431382.0 432810 -246.1538 -0.0367
3|Amb Press 14.3 0.14 14.44 3432998.0 433012 300.0000 0.0099
4|GT Comp Inlet Tepnp 70.0 0.70 70.7 3434812.0 433241 387.1429 0.0626
5|GT Fuel Flow 76831.0 768.00 77599.0 3490259.0 440147 9.3451 1.6583
6|GT Fuel Temp 259.0 2.60 261.6 3433065.0 433020 19.2308 0.0115
7|GT Fuel LHV 20534.0 205.00 20739.0 3491391.0 440288 35.6976 1.6930
8|GT Steam Inj. Flow 92208.0 922.00 93130.0 3432513.0 432953 -0.0184 -0.0039
9|GT Steam Inj. Tenip 547.0 5.50 552.5 3433701.0 433101 23.8182 0.0301
10|GT Steam Inj. Pregs 282.0 2.80 284.8 3432524.0 432954 -5.7143 -0.0037
11|GT Megawatt Output 172.5 1.70 174.2 3410932.0 430260 -1594.1176 -0.6351
12|GT Heat Loss 33000000.0 | 330000.00 33330000.0 3431382.0 432810 -0.0005 -0.0370
13|GT Exhaust Temp| 1123.0 11.00 1134.0 3391952.0 432913 -5.1818 -0.0134
14]0 0.0 0.00 00
15|HP Steam Flow 432970.0 -4330.00 428640:0 3432616.0 428640 1.0000 1.0000
16|HP Feedwater Terhp 313.0 3.10 316.1 3432616.0 432965 -1.6129 -0.0012
17|HP Stm Temp 1002.0 -10.00 992.0 3432616.0 435636 -266.6000 -0.6170
18|HP Steam Press 1362.0 13.70 1375.7 3432616.0 432692 -20.2920 -0.0638
19|Cold Reheat Flow 428000.0 -4280.00 423720.0 3432616.0 432920 0.0117 0.0115
20]|Cold Reheat Temyg 626.0 6.30 632.3 3482616.0 433608 101.2698 0.1464
21]Hot Reheat Press 260.0 2.60 262.6 3432616.0 432964 -2.3077 -0.0014
22|Hot Reheat Temp 1005.0 -10.00 995.0 343261670 428100 487.0000 1.1304
23J0 0.0 0.00 0.0
24]IP Feedwater Tem 306.0 3.10 309.1 3432616.0 432956 -4.5161 -0.0032
25]IP FW Extract Flo 78160.0 782.00 78942.0 3432616.0 432975 0.0064 0.0012
26|IP FW Extract Temp 377.0 3.80 380.8 3432616.0 432975 1.3158 0.0011
27|IP Steam Flow 73760.0 738.00 74498.0 3432616.0 432902 -0.0921 -0.0157
28|IP Steam Temp 604.0 6.00 610.0 3432616.0 432939 -5.1667 -0.0072
29]|IP Steam Press 301.0 3.00 304.0 3432616.0 432958 -4.0000 -0.0028
30|LP Steam Flow 56850.0 567.00 57417.0 3432616.0 432936 -0.0600 -0.0079
31|LP Steam Temp 605.0 6.00 611.0 3432616.0 432958 -2.0000 -0.0028
32|LP Steam Press 38.0 0.40 38.4 3432616.0 432964 -15.0000 -0.0013
33|LP FW Temperatyre 230.0 2.30 232.3 3432616.0 432965 -2.1739 -0.0012
34
35
36
37
38
39
40
[Base Value of Result _ 432970
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NONMANDATORY ARPENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
HP Steam Flow Uncerfainty’ffom HRSG Heat Balance Test3 Pressure HRSG Engineer:
Random Component Systemdtic Component
Sample Absolute Absolute Sensi- (Ab Sens x Systematic Aps Sensivty | Systematic
Average Sample Number Deviation Degrees tivity x Sample SDA)*/ Uncertainty x|Systematic | Uncertainty
Measured Parameter| Value Deviation of Samples | of Average | of Freedom Deviation of Ave | Deg of Fdm | for Parameter | Uncert-Para %
1]Amb Dry Bulb Temp 70 1.10 12 0.32 11 77.1429 24.50 3.27E+04 1.000 7714 0%
2|Wet Bulb Temp 64.5 110 12 0.32 11 -270.7692 -85.98 4.97E+06 1.000 -270.77 1%
3|Amb Press 14.3 0.043 12 0.01 11 957.1429 11.85 1.79E+03 0.036 34.22 0%
4|GT Fuel Flow 76831 461 30 84.16 29 -0.2786 -23.45 1.04E+04 384.155 -107.04 0%
5|GT Steam Injection Flow 92208 553 30 101.01 29 -0.1204 -12.16 7.54E+02 922.08 -111.01 0%
6|GT Exhaust Temp 1123.0 2.90 30 0.53 29 -137.3636 -72.73 9.65E+05 9 -1236.27 14%
7|HRSG Stack Temp 319.0 2.90 30.00 0.53 29 543.1250 287.57 2.36E+08 2.5 1357.81 17%
8|HRSG Heat Loss 2274000 0.00 1 0.00 1 0.0004 0.00 2.47E-46 1137000 450.79 2%
9|HP Steam Flow 432970 3896.73 30 711.44 29 0.2099 149.33 1.71E+07 2164.85 454.40 2%
10|HP Feedwater Temp 313 2.90 30 0.53 29 -261.9355 -138.69 1.28E+07 2 -523.87 2%
11]|HP Steam Temp 1002 2.90 30 0.53 29 -94.1000 -49.82 2.12E+05 4.008 -377.15 1%
12|HP Steam Press 1362 2.9 30 053 29 -26.7153 -14.1448 1.38E+03 5.448 -145.55 0%
13|Cold Reheat Flow 428000 3852.00 30 703.28 29 0.1336 93.99 2.69E+06 2568 343.20 1%
14]|Cold Reheat Temp 626 2.90 30 0.53 29 -39.3651 -20.8424 6.51E+03 2.504 -98.57 0%
15|Hot Reheat Press. 260.0 2.90 30 0.53 29 -9.6154 -5.09 2.32E+01 1.04 -10.00 0%
16]Hot Reheat Temp 1005.0 2.90 30 0.53 29 624.1000 330.44 4.11E+08 4.02 2508.88 57%
17
18|IP Feedwater Temp 306.0 2.90 30 0.53 29 -115.4839 -61.14 4.82E+05 2 -230.97 0%
19]IP FW Extract Flow 78160 703 30 128.43 29 -0.0192 -2.46 1.27E+00 781.600 -14.99 0%
20|IP FW Extract Temp 377 2.90 30 0.53 29 52,1053 27.59 2.00E+04 2.000 104.21 0%
21]|IP Steam Flow 73760 664 30 121.20 29 0:5839 64.71 6.04E+05 737.600 393.79 1%
22|IP Steam Temp 604 2.90 30 0.53 29 20.0000 10.59 4.34E+02 2.416 48.32 0%
23|IP Steam Press 301 2.90 30 0.53 29 -6.6667 -3.53 5.35E+00 1.204 -8.03 0%
24|LP Steam Flow 56850 512 30 93.41 29 0.5697 53.21 2.77E+05 568.500 323.85 1%
25|LP Steam Temp 605 2.90 30 0.53 29 22.6667 12.00 7.15E+02 2.420 54.85 0%
26]LP Steam Press 38 2.90 30 0.53 29 -120.0000 -63.54 5.62E+05 0.152 -18.24 0%
27|LP FW Temperature 230 2.90 30 0.53 29 -35.6522 -1888. 4.38E+03 2.000 -71.30 0%
28
29
30
31
32
33
34
35
36
37
38
39
40
Base Value of Result “ 432970 Systerratic-treertaimty of-Resutt
95% Confidence Level 3329
Random Uncertainty of Result 525
Degrees of Freedom for Random Uncertainty of Result 110.53
Student t Value 2.000 Total Uncertainty + 3491
Uncertainty Percent + 0.81%

800¢-V'¥ O1d NSV

Copyright ASME International

Licensee=Black & Veatch (Overland Park, KS)/5910842100

Not for Resale, 03/30/2009 20:34:45 MDTtor.clp

Provided by IHS under license with ASME

No reproduction or networking permitted without license from IHS


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

86

NONMANDATORY APHEND#X C: SENSITIVITY WORKSHEET
HP Steam Flow hy HRSG Heat Balance

Project: PTC 4.4

Date:

Test: 3 Pressure HRSG

Engineer:

Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".
The values of "New Value of Result due to Increment" are inputs from computer simulation.

Percent Change fdr Sensitivity: 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow New Steam Flow at | Absolute Sensitivity | Relative Sensitivity
Measured Paramgter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1|Amb Dry Bulb Temp 70 0.7 70.7 3433091 433024 77.1429 0.0125
2|Wet Bulb Temp 64.5 0.65 65.15 3431259 432794 -270.7692 -0.0403
3|Amb Press 14.3 0.14 14.44 3433004 433104 957.1429 0.0316
4|GT Fuel Flow 76831 768 77599 3430925 432756 -0.2786 -0.0494
5|GT Steam Injectiop Flow 92208 922 93130 3431776 432859 -0.1204 -0.0256
6|GT Exhaust Temp] 1123 14 1134 3380179 431459 -137.3636 -0.3563
7|HRSG Stack Tem 319 3.2 322.2 3446600 434708 543.1250 0.4002
8|HRSG Heat Loss 2274000 22700 2296700 3432727 432979 0.0004 0.0021
9|HP Steam Flow 432970 -4330 428640 3407153 429549 0.7901 0.7901
10|HP Feedwater Terhp 313 3.1 316.1 3426143 432158 -261.9355 -0.1894
11|HP Steam Temp 1002 -10 992 3420208 433911 -94.1000 -0.2178
12|HP Steam Press 1362 13.7 1375.7 3431726 432604 -26.7153 -0.0840
13|Cold Reheat Flow 428000 -4280 423720 3428444 432398 0.1336 0.1321
14|Cold Reheat Tem{ 626 6.3 632.3 3425512 432722 -39.3651 -0.0569
15|Hot Reheat Press| 260 2.6 262.6 3432460 432945 -9.6154 -0.0058
16|Hot Reheat Temp 1005 -10 995 3421600 426729 624.1000 1.4486
17]0 0 0 0
18]|IP Feedwater Tem| 306 3.1 309.1 3430258 432612 -115.4839 -0.0816
19|IP FW Extract Flo 78160 782 78942 3432898 432955 -0.0192 -0.0035
20]IP FW Extract Temp 377 3.8 380.8 3434153 433168 52.1053 0.0454
21]IP Steam Flow 73760 738 74498 3436348 433364 0.5339 0.0910
22|IP Steam Temp 604 6 610 3433804 433090 20.0000 0.0279
23|IP Steam Press 301 3 304 3432535 432950 -6.6667 -0.0046
24|LP Steam Flow 56850 567 57417 3435750 433293 0.5697 0.0748
25|LP Steam Temp 605 6 611 3433428 433106 22.6667 0.0317
26|LP Steam Press 38 0.4 38.4 3432609 432922 -120.0000 -0.0105
27|LP FW Temperature 230 2.3 232.3 3432001 432888 -35.6522 -0.0189
28
29
30
31
32
33
34
35
36
37
38
39
40
[Base Value of Resuit 432970
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NONMANDATORY APPENDIX C

C-2 IP$STEAM UNCERTAINTY: COMBINING THE STEAM FLOW AND UNCERTAINTY FROM GT

AND HBSG HEAT BALANCES

Using Calculated Uncertainties

Steam Flow

Uncertainty on IP StmY Elow
Weight

Systematic Uncertainty
Random Uncertainty

Total Uncertainty

HP Steam Flow

Total Uncertainty %

GT Heat Balance HRSG Heat Balance Weighted

73760
3.42%
0.205
2284
537

73760
1.74%
0.795
1242 1093
162 169
1144
73760
1.551%
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NONMANDATORY APRENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
IP Steam Flow by Gias'Furbine Heat Balance Test: 3 Pressure HRSG Engineer:
Random Component Systematic Component
Sample Absolute Absolute Sensi- | (Ab Sens x Systematic Abs Yensivty | Systematic
Average Sample Number Deviation Degrees Sensitivity tivity x Sample SDA)*/ Uncertainty x Systematic | Uncertainty
Measured Paramgter Value Deviation | of Samples | of Average | of Freedom | Coefficient | Deviation of Ave | Deg of Fdm | for Parameter | Uncért-Para %
1|Amb Dry Bulb Tejnp 70.00 1.10 12 0.32 11.00 14.29 4.54 3.85E+01 1.000 14.29 0%
2|Wet Bulb Temp 64.50 140 12 0.32 11.00 -46.15 -14.66 4.19E+03 1.000 -4p.15 0%
3|Amb Press 14.30 0.0429 12 0.01 11.00 42.86 0.53 7.21E-03 0.036 1153 0%
4|GT Comp Inlet Témp 70.00 1.10 12 0.32 11.00 65.71 20.87 1.72E+04 1 6%.71 0%
5|GT Fuel Flow 76831.00 460.99 30 84.16 29.00 1.65 138.96 1.29E+07 384.155 634.26 8%
6|GT Fuel Temp 259.00 2.90 30 0.53 29.00 2.69 1.43 1.42E-01 4 10.77 0%
7|GT Fuel LHV 20534.00 30.00 3 17.32 2.00 6.31 109.25 7.12E+07 82.136 51B.06 5%
8|GT Steam Inj. Flgw 92208.00 553.25 30 101.01 29.00 -0.01 -0.55 3.10E-03 922.08 -4.00 0%
9|GT Steam Inj. Tgmp 547.00 2.90 30 0.53 29.00 3.82 2.02 5.76E-01 5 19.09 0%
10|GT Steam Inj. Prpss 282.00 2.90 30 0.53 29.00 -1.79 -0.95 2.76E-02 2.82 -4.04 0%
11|GT Megawatt Oufput 172.50 1.04 30 0.19 29.00 -281.76 -53.24 2.77E+05 0.69 -194.42 1%
12|GT Heat Loss 33000000 0.00 30 0.00 29.00 0.00 0.0000 2.62E-53 8250000 -740.00 11%
13|GT Exhaust Temp 1123.00 2.90 30 0.53 29.00 -87.27 -46.21 1.57E+05 11 -960.00 18%
14
15|HP Steam Flow 432970.00 3896.73 30 711.44 29:00 -0.66 -473.04 1.73E+09 2164.85 -14B9.40 40%
16|HP Feedwater Tgmp 313.00 2.90 30 0.53 29.00 34.84 18.45 3.99E+03 2 69.68 0%
17|HP Stm Temp 1002.00 2.90 30 0.53 29.00 -61.70 -32.67 3.93E+04 4.008 -247.29 1%
18|HP Steam Press 1362.00 2.90 30 0.53 29.00 25.99 13.76 1.24E+03 5.448 141.57 0%
19|Cold Reheat Flo 428000.00 3852.00 30 703.28 29.00 0.01 3.94 8.34E+00 2568.000 14.40 0%
20|Cold Reheat Ten|p 626.00 2.90 30 0.53 29.00 “15.56 -8.24 1.59E+02 4.695 -7B.03 0%
21|Hot Reheat Pres: 260.00 2.90 30 0.53 29.00 -0.77 -0.41 9.49E-04 1.040 -(.80 0%
22|Hot Reheat Temy 1005.00 2.90 30 0.53 29.00 -26.50 -14.03 1.34E+03 4.020 -106.53 0%
23 [
24|IP Feedwater Tenp 306.00 2.90 30 0.53 29.00 32.58 17.25 3.05E+03 4.000 130.32 0%
25|IP FW Extract Flpw 78160.00 703.44 30 128.43 29.00 0.43 5535 3.24E+05 781.600 336.83 2%
26|IP FW Extract Tgmp 377.00 2.90 30 0.53 29.00 88.68 46.96 1.68E+05 4.000 34.74 2%
27|IP Steam Flow 73760.00 663.84 30 121.20 29.00 1.00 121.20 7.44E+06 737.600 737.60 10%
28|IP Steam Temp 604.00 2.90 30 0.53 29.00 -35.50 -18.80 4.30E+03 2.416 -8p.77 0%
29|IP Steam Press 301.00 2.90 30 0.53 29.00 -134.67 -71.30 8.91E+05 1.204 -142.14 1%
30|LP Steam Flow 56850.00 511.65 30 93.41 29.00 -0.11 -10.38 4,00E+02 568.500 -6B.17 0%
31|LP Steam Temp 605.00 2.90 30 0.53 29.00 -30.17 -15.97 2:24E+03 2.420 -7B.00 0%
32|LP Steam Press 38.00 2.90 30 0.53 29.00 -12.50 -6.62 6.62E+01 0.152 -1.90 0%
33|LP FW Temperafure 230.00 2.90 30 0.53 29.00 -1.30 -0.69 7.84E-03 4.000 -4.22 0%
34
35
36
37
38
39
40
_mmmm Value of Result _ 73760 _ Systematic Uncertainty of Result -
95% Confidence Level 2284
Random Uncertainty of Result 537
Degrees of Freedom for Random Uncertainty of Result 45.77
Student t Value 2.000 Total Uncertainty + 2524
Uncertainty Percent + 3.42%
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NONMANDATORY

IP Steam Flow

IARPENDIX C: SENSITIVITY WORKSHEET

by Gas:Turbine Heat Balance

Project: PTC 4.4

Date:

Test: 3 Pressure HRSG

Engineer:

The values of "New Value of Result due to Increment" are inputs from computer simulation.

Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".

Percent Change for Sensitivity: 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow | New Steam Flow at | Absolute Sensitivity ||Relative Sensitivity
Measured Parameter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1|Amb Dry Bulb|Temp 70.0 0.70 70.7 3433084.0 73770 14.2857 0.0136
2|Wet Bulb Temp 64.5 0.65 65.2 3431382.0 73730 -46.1538 -0.0404
3|Amb Press 143 0.14 14.44 3432998.0 73766 42.8571 0.0083
4|GT Comp Inlet Temp 70.0 0.70 70.7 3434812.0 73806 65.7143 0.0624
5|GT Fuel Flow 76831.0 768.00 77599.0 3490259.0 75028 1.6510 1.7198
6|GT Fuel Tem{ 259.0 2.60 261.6 3433065.0 73767 2.6923 0.0095
7|GT Fuel LHV 20534.0 205.00 20739.0 3491391.0 75053 6.3073 1.7559
8|GT Steam Inj.|Flow 92208.0 922:00 93130.0 3432513.0 73755 -0.0054 -0.0068
9|GT Steam Inj.|Temp 547.0 5.50 552.5 3433701.0 73781 3.8182 0.0283
10|GT Steam Inj.|Press 282.0 2.80 284.8 3432524.0 73755 -1.7857 -0.0068
11|GT Megawatt Output 172.5 1.70 174.2 3410932.0 73281 -281.7647 -0.6590
12|GT Heat Loss 33000000.0 | 330000.00 33330000.0 3431382.0 73730 -0.0001 -0.0407
13|GT Exhaust Temp 1123.0 11.00 1134.0 3391952.0 72800 -87.2727 -1.3287
14
15|HP Steam Flojwv 432970.0 -4330.00 428640.0 3432616.0 76639 -0.6649 -3.9029
16|HP Feedwatef Temp 313.0 3.10 316.1 3432616.0 73868 34.8387 0.1478
17|HP Stm Temp 1002.0 -10.00 992.0 3432616.0 74377 -61.7000 -0.8382
18|HP Steam Prdss 1362.0 13.70 1375.7 8432616.0 74116 25.9854 0.4798
19|Cold Reheat Hlow 428000.0 -4280.00 423720.0 3432616.0 73736 0.0056 0.0325
20[Cold Reheat Temp 626.0 6.30 632.3 3432616.0 73662 -15.5556 -0.1320
21|Hot Reheat Piess 260.0 2.60 262.6 3432616.0 73758 -0.7692 -0.0027
22[Hot Reheat Temp 1005.0 -10.00 995.0 3432616.0 74025 -26.5000 -0.3611
23
24|IP Feedwater [Temp 306.0 3.10 309.1 3432616.0 73861 32.5806 0.1352
25[IP FW Extract| Flow 78160.0 782.00 78942.0 3432616.0 74097 0.4309 0.4567
26|IP FW Extract| Temp 377.0 3.80 380.8 3432616.0 74097 88.6842 0.4533
27|IP Steam Flo 73760.0 738.00 74498.0 3432616.0 74498 1.0000 1.0000
28|IP Steam Ten|p 604.0 6.00 610.0 3432616.0 73547 -35.5000 -0.2907
29|IP Steam Pregs 301.0 3.00 304.0 3432616.0 73356 -134.6667 -0.5495
30[LP Steam Flo! 56850.0 567.00 57417.0 3432616.0 7369Z -0.1111 -0.0856
31[LP Steam Temp 605.0 6.00 611.0 3432616.0 73579 -30.1667 -0.2474
32|LP Steam Preps 38.0 0.40 38.4 3432616.0 73755 -12.5000 -0.0064
33[LP FW Tempgrature 230.0 2.30 232.3 3432616.0 73757 -1.3043 -0.0041
34
35
36
37
38
39
40
[Base Value of Result [ 73760
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NONMANDATORY APRENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
IP Steam Flow Unceirtainty from HRSG Heat Balance Test: 3 Pressure HRSG Engineer:
Random Component Systematjc Component
Sample Absolute Absolute Sensi- (Ab Sens x Systematic Alps Sensivty | Systematic
Average Sample Number Deviation Degrees Sensitivity tivity x Sample SDA)*/ Uncertainty x Bystematic | Uncertainty
Measured Parametér Value Deviation | of Samples | of Average | of Freedom Coefficient Deviation of Ave | Deg of Fdm | for Parameter Upcert-Para %
1|Amb Dry Bulb Temp 70 1.10 12 0.32 11 11.4286 3.63 1.58E+01 1.000 11.43 0%
2|Wet Bulb Temp 64.5 1.10 12 0.32 11 -50.7692 -16.12 6.14E+03 1.000 -50.77 0%
3|Amb Press 14.3 0.043 12 0.01 11 42.8571 0.53 7.21E-03 0.036 1.53 0%
4|GT Fuel Flow 76831 461 30 84.16 29 -0.0521 -4.38 1.27E+01 384.155 -20.01 0%
5|GT Steam Injection| Flow 92208 553 30 101.01 29 -0.0228 -2.30 9.66E-01 922.08 -21.00 0%
6|/GT Exhaust Temp 1123.0 2.90 30 0.53 29 -110.0909 -58.29 3.98E+05 9 -990.82 64%
7|HRSG Stack Temp 319.0 2.90 3000 0.53 29 95.3125 50.46 2.24E+05 2.5 238.28 4%
8|HRSG Heat Loss 2274000 0.00 1 0 0.0000 1137000 -50.09 0%
9|HP Steam Flow 432970 3896.73 30 711.44 29 -0.0319 -22.67 9.11E+03 2164.85 -69.00 0%
10|HP Feedwater Tem| 313 2.90 30 0.53 29 -10.9677 -5.81 3.92E+01 2 -21.94 0%
11|HP Steam Temp 1002 2.90 30 0.53 29 -35.4000 -18.74 4.26E+03 4.008 -141.88 1%
12|HP Steam Press 1362 2.9 30 0153 29 24.3796 12.9081 9.57E+02 5.448 132.82 1%
13|Cold Reheat Flow 428000 3852.00 30 703.28 29 0.0271 19.06 4.55E+03 2568 69.60 0%
14|Cold Reheat Temp 626 2.90 30 0.53 29 -40.4762 -21.4307 7.27E+03 2.504 -101.35 1%
15]|Hot Reheat Press. 260.0 2.90 30 0.53 29 -1.9231 -1.02 3.71E-02 1.04 -2.00 0%
16]|Hot Reheat Temp 1005.0 2.90 30 0.53 29 -2.3000 -1.22 7.58E-02 4.02 -9.25 0%
17
18]|IP Feedwater Temq 306.0 2.90 30 0.53 29 16.4516 8.71 1.99E+02 2 32.90 0%
19]IP FW Extract Flo 78160 703 30 128.43 29 -0.0192 -2.46 1.27E+00 781.600 -14.99 0%
20|IP FW Extract Temp 377 2.90 30 0.53 29 94.4737 50.02 2.16E+05 2.000 188.95 2%
21|IP Steam Flow 73760 664 30 121.20 29 0.8198 99.36 3.36E+06 737.600 604.68 24%
22|IP Steam Temp 604 2.90 30 0.53 29 -2726667 -14.65 1.59E+03 2.416 -66.84 0%
23|IP Steam Press 301 2.90 30 0.53 29 -135.3333 -71.65 9.09E+05 1.204 -162.94 2%
24|LP Steam Flow 56850 512 30 93.41 29 0.0511 4.78 1.80E+01 568.500 29.08 0%
25|LP Steam Temp 605 2.90 30 0.53 29 -28.5000 -15.09 1.79E+03 2.420 -68.97 0%
26|LP Steam Press 38 2.90 30 0.53 29 -5.0000 -2.65 1.69E+00 0.152 -0.76 0%
27|LP FW Temperaturp 230 2.90 30 0.53 29 -6.9565 £368 6.35E+00 2.000 -13.91 0%
28
29
30
31
32
33
34
35
36
37
38
39
40
Base Value of Resyit 73760 Systematic Uncertainty of Result -
Q5% Canfidence Loval 1242
Random Uncertainty of Result 162
Degrees of Freedom for Random Uncertainty of Result 133.56
Student t Value 2.000 Total Uncertainty + 1283
Uncertainty Percent + 1.74%
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Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".
The values of "New Value of Result due to Increment" are inputs from computer simulation.

NONMANDATORY APHEND#X C: SENSITIVITY WORKSHEET Project: PTC 4.4 Date:
IP Steam Flow by HRSG>Heat Balance Test: 3 Pressure HRSG Engineer:
Percent Change fqr Sensitivity: 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow New Steam Flow at | Absolute Sensitivity | Relative Sensitivity
Measured Paramgter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1|Amb Dry Bulb Tenjp 70 0.7 70.7 3433091 73768 11.4286 0.0108
2|Wet Bulb Temp 64.5 0.65 65.15 3431259 73727 -50.7692 -0.0444
3|Amb Press 14.3 0.14 14.44 3433004 73766 42.8571 0.0083
4|GT Fuel Flow 76831 768 77599 3430925 73720 -0.0521 -0.0543
5|GT Steam Injectiop Flow 92208 922 93130 3431776 73739 -0.0228 -0.0285
6|GT Exhaust Temp] 1123 14 1134 3380179 72549 -110.0909 -1.6761
7|HRSG Stack Temp 319 3.2 322.2 3446600 74065 95.3125 0.4122
8|HRSG Heat Loss 2274000 22700 2296700 3432727 73759 0.0000 -0.0014
9|HP Steam Flow 432970 -4330 428640 3407153 73898 -0.0319 -0.1871
10|HP Feedwater Terhp 313 3.1 316.1 3426143 73726 -10.9677 -0.0465
11|HP Steam Temp 1002 -10 992 3420208 74114 -35.4000 -0.4809
12|HP Steam Press 1362 13.7 1375.7 3431726 74094 24.3796 0.4502
13|Cold Reheat Flow 428000 -4280 423720 3428444 73644 0.0271 0.1573
14|Cold Reheat Tem{ 626 6.3 632.3 3425512 73505 -40.4762 -0.3435
15|Hot Reheat Press| 260 2.6 262.6 3432460 73755 -1.9231 -0.0068
16|Hot Reheat Temp 1005 -10 995 3421600 73783 -2.3000 -0.0313
17]0 0 0 0
18]IP Feedwater Tem 306 3.1 309.1 3430258 73811 16.4516 0.0683
19]IP FW Extract Flo 78160 782 78942 3432898 73745 -0.0192 -0.0203
20]IP FW Extract Temp 377 3.8 380.8 3434153 74119 94.4737 0.4829
21]IP Steam Flow 73760 738 74498 3436348 73893 0.1802 0.1802
22|IP Steam Temp 604 6 610 3433804 73594 -27.6667 -0.2266
23]|IP Steam Press 301 3 304 3432535 73354 -135.3333 -0.5523
24|LP Steam Flow 56850 567 57417 3435750 73789 0.0511 0.0394
25|LP Steam Temp 605 6 611 3433428 73589 -28.5000 -0.2338
26|LP Steam Press 38 0.4 38.4 3432609 73758 -5.0000 -0.0026
27|LP FW Temperatyre 230 2.3 232.3 3432001 73744 -6.9565 -0.0217
28
29
30
31
32
33
34
35
36
37
38
39
40
_mmwm Value of R | 73760
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NMANDATORY APPENDIX C

3 LP STEAM FLOW UNCERTAINTY: COMBINING THE STEAM FLOW AND UNCERTAINTY
ROM GT AND:HRSG HEAT BALANCES

5ing Calculated Uneertainties

GT Heat Balance HRSG Heat Balance Weighted
Steam Flow 56850 56850
Uncertainty on IP Stm Flow 3.59% 2.27%
Weight 0.285 0.715
Systematic Uncertainty 1886 1220 1025
Random Uncertainty 388 207 185
Total Uncertainty 1089
HP Steam Flow 56850
Total Uncertainty % 1.916%
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NONMANDATORY,APPENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
LP Steam Flow by @Gas Turbine Heat Balance Test: 3 Pressure HRSG Engineer:
Random Component Systematic Comgonent
Sample Absolute Absolute Sensi- (Ab Sens x Systematic Abs Sensijty | Systematic
Average Sample Number Deviation Degrees Sensitivity tivity x Sample SDA)"/ Uncertainty | x Systemalic | Uncertainty
Measured Harameter Value Deviation | of Samples | of Average | of Freedom | Coefficient | Deviation of Ave | Deg of Fdm | for Parameter | Uncert-Paja %
1JAmb Dry Bylb Temp 70.00. 1.10 12 0.32 11.00 18.57 5.90 1.10E+02 1.000 18.57 0%
2|Wet Bulb Témp 64.50 1.10 12 0.32 11.00 -29.23 -9.28 6.75E+02 1.000 -29.23 0%
3|Amb Press 14.30 0.0429 12 0.01 11.00 64.29 0.80 3.65E-02 0.036 2.30 0%
4|GT Comp Iplet Temp 70.00 1,10 12 0.32 11.00 58.57 18.60 1.09E+04 1 58.57 0%
5|GT Fuel Fig 76831.00 460.99 30 84.16 29.00 1.31 110.47 5.13E+06 384.155 504.20 7%
6|GT Fuel Tefnp 259.00 2.90 30 0.53 29.00 3.85 2.04 5.93E-01 4 15.38 0%
7|GT Fuel LHVY 20534.00 30.00 3 17.32 2.00 5.01 86.86 2.85E+07 82.136 411.88 5%
8|GT Steam Ij. Flow 92208.00 553.25 30 101.01 29.00 0.00 0.11 4.97E-06 922.08 1.00 0%
9|GT Steam Ipj. Temp 547.00 2.90 30 0.53 29.00 3.82 2.02 5.76E-01 5 19.09 0%
10|GT Steam Ipj. Press 282.00 2.90 30 0.53 29.00 0.36 0.19 4.41E-05 2.82 1.01 0%
11]GT Megawgtt Output 172.50 1.04 30 0.19 29.00 -220.00 -41.57 1.03E+05 0.69 -151.80 1%
12|GT Heat Lops 33000000 0.00 30 0.00 29.00 0.00 0.0000 4.21E-54 8250000 -475.00 6%
13|GT Exhaus{ Temp 1123.00 2.90 30 0.53 29.00 -68.64 -36.34 6.01E+04 11 -755.00 16%
14
15|HP Steam Hlow 432970.00 3896.73 30 711.44 29.00 -0.37 -260.59 1.59E+08 2164.85 -792.95 18%
16|HP Feedwajer Temp 313.00 2.90 30 0.53 29.00, 302.90 160.38 2.28E+07 2 605.81 10%
17]HP Stm Terhp 1002.00 2.90 30 0.53 29.00 -38.90 -20.60 6.21E+03 4.008 -155.91 1%
18|HP Steam Hress 1362.00 2.90 30 0.53 29.00 3.94 2.09 6.54E-01 5.448 21.47 0%
19]Cold Rehea} Flow 428000.00 3852.00 30 703.28 29.00 0.00 1.64 2.51E-01 2568.000 6.00 0%
20|Cold mm:mw Temp 626.00 2.90 30 0.53 29.00 9.37 -4.96 2.08E+01 4.695 -43.97 0%
21|Hot Reheat |Press 260.00 2.90 30 0.53 29.00 1.15 0.61 4.80E-03 1.040 1.20 0%
22|Hot Reheat [Temp 1005.00 2.90 30 0.53 29.00 -19.90 -10.54 4.25E+02 4.020 -80.00 0%
23 |
24]IP Feedwatgr Temp 306.00 2.90 30 0.53 29.00 69.35 36.72 6.27E+04 4.000 277.42 2%
25|IP FW Extract Flow 78160.00 703.44 30 128.43 29.00 -0.65 ~83.27 1.66E+06 781.600 -506.74 7%
26|IP FW Extract Temp 377.00 2.90 30 0.53 29.00 -133.42 -70.64. 8.59E+05 4.000 -533.68 8%
27|IP Steam Flow 73760.00 663.84 30 121.20 29.00 -0.78 -94.40 2.70E+06 737.600 -572.69 9%
28|IP Steam Témp 604.00 2.90 30 0.53 29.00 1.00 0.53 2.71E-03 2.416 2.42 0%
29]IP Steam Pfess 301.00 2.90 30 0.53 29.00 89.00 47.12 1.70E+05 1.204 107.16 0%
30]LP Steam How 56850.00 511.65 30 93.41 29.00 1.00 93.41 2.63E+06 568.500 568.50 9%
31|LP Steam Temp 605.00 2.90 30 0.53 29.00 -3.50 -1.85 4.07E-01 2.420 -8.47 0%
32|LP Steam Hress 38.00 2.90 30 0.53 29.00 5.00 2.65 1.69E+00 0.152 0.76 0%
33|LP FW Temperature 230.00 2.90 30 0.53 29.00 0.87 0.46 1.56E-03 4.000 3.48 0%
34|
35
36,
37
38|
39|
40,
Base Value|of Result 56850 Systematic Uncertainty of Result -
95% Confidence Level 1886
Random Uncertainty of Result 388
Degrees of Freedom for Random Uncertainty of Result 101.33
Student t Value 2.000 Total Uncertainty + 2040
Uncertainty Percent +| 3.59%
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NONMANDATORY APPENDIX C: SENSITIVITY WORKSHEET Project: PTC 4.4 Date:
LP Steam Fldw by-Gas Turbine Heat Balance Test: 3 Pressure HRSG Engineer:
Percent Change for Sensitivitys 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow | New Steam Flow at | Absolute Sensitivity | Relative Sensitivity
Measured Pgrameter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1[Amb Dry Bullp Temp 70.0 0.70 70.7 3433084.0 56863 18.5714 0.0229
2|Wet Bulb Tefnp 64.5 0.65 65.2 3431382.0 56831 -29.2308 -0.0332
3]Amb Press 14.3 0.14 14.44 3432998.0 56859 64.2857 0.0162
4|GT Comp Inlgt Temp 70.0 0.70 70.7 3434812.0 56891 58.5714 0.0721
5|GT Fuel Flo 76831.0 768.00 77599.0 3490259.0 57858 1.3125 1.7738
6|GT Fuel Ten|p 259.0 2.60 261.6 3433065.0 56860 3.8462 0.0175
7|GT Fuel LH 20534.0 205.00 20739.0 3491391.0 57878 5.0146 1.8113
8|GT Steam In]. Flow 92208.0 922.00 93130.0 3432513.0 56851 0.0011 0.0018
9|GT Steam In|. Temp 547.0 5.50, 552.5 3433701.0 56871 3.8182 0.0367
10]GT Steam In|. Press 282.0 2.80 284.8 3432524.0 56851 0.3571 0.0018
11|GT Megawatf Output 172.5 1.70 174.2 3410932.0 56476 -220.0000 -0.6675
12|GT Heat Los$ 33000000 330000 38330000 3431382.0 56831 -0.0001 -0.0334
13|GT Exhaust Temp 1123.0 11.00 1134.0 3391952.0 56095 -68.6364 -1.3558
14
15|HP Steam Flpw 432970.0 -4330.00 428640:0 3432616.0 58436 -0.3663 -2.7896
16|HP Feedwatgr Temp 313.0 3.10 316.1 3432616.0 57789 302.9032 1.6677
17|HP Stm Temp 1002.0 -10.00 992.0 3432616.0 57239 -38.9000 -0.6856
18]|HP Steam Press 1362.0 13.70 1375.7 3432616.0 56904 3.9416 0.0944
19|Cold Reheat Flow 428000.0 -4280.00 423720.0 3432616.0 56840 0.0023 0.0176
20|Cold Reheat [Temp 626.0 6.30 632.3 3432616.0 56791 -9.3651 -0.1031
21|Hot Reheat Hress 260.0 2.60 262.6 3432616,0 56853 1.1538 0.0053
22|Hot Reheat Tlemp 1005.0 -10.00 995.0 34326186.0 57049 -19.9000 -0.3518
23
24|IP Feedwatef Temp 306.0 3.10 309.1 3432616.0 57065 69.3548 0.3733
25|IP FW Extraqt Flow 78160.0 782.00 78942.0 3432616.0 56343 -0.6483 -0.8914
26|IP FW Extraqt Temp 377.0 3.80 380.8 3432616.0 56343 -133.4211 -0.8848
27|IP Steam Flow 73760.0 738.00 74498.0 3432616.0 56277 -0.7764 -1.0074
28|IP Steam Tefnp 604.0 6.00 610.0 3432616.0 56838 1.0000 0.0106
29|IP Steam Prgss 301.0 3.00 304.0 3432616.0 57117 89.0000 0.4712
30|LP Steam Flgw 56850.0 567.00 57417.0 3432616.0 57417 1.0000 1.0000
31|LP Steam Tgmp 605.0 6.00 611.0 3432616.0 56829 -3.5000 -0.0372
32|LP Steam Prgss 38.0 0.40 38.4 3432616.0 56852 5.0000 0.0033
33|LP FW Temperature 230.0 2.30 232.3 3432616.0 56852 0.8696 0.0035
34
35
36
37
38
39
40
_mmmm Valud-of-Resuit LGRLO

AL AA~1L]

Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".
The values of "New Value of Result due to Increment" are inputs from computer simulation.
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NONMANDATORY APPENDIX C: UNCERTAINTY WORKSHEET Project: PTC 4.4 Date:
LP Steam Flow Uncerjainty from HRSG Heat Balance Test: 3 Pressure HRSG Engineer:
Random Component Systemat|c Component
Sample Absolute Absolute Sensi- (Ab Sens x Systematic Al}s Sensivty | Systematic
Average Sample Number Deviation Degrees Sensitivity tivity x Sample mUZ»\ Uncertainty x Pystematic | Uncertainty
Measured Paramete Value Deviation | of Samples | of Average | of Freedom Coefficient Deviation of Ave | Deg of Fdm | for Parameter Unhcert-Para %
1]Amb Dry Bulb Temp 70 2.10 12 0.32 11 15.7143 4.99 5.64E+01 1.000 15.71 0%
2|Wet Bulb Temp 64.5 1+10, 12 0.32 11 -32.3077 -10.26 1.01E+03 1.000 -32.31 0%
3|Amb Press 14.3 0.043 12 0.01 11 64.2857 0.80 3.65E-02 0.036 2.30 0%
4|GT Fuel Flow 76831 461 30 84.16 29 -0.0352 -2.96 2.64E+00 384.155 -13.51 0%
5|GT Steam Injection Flow 92208 553 30 101.01 29 -0.0130 -1.31 1.03E-01 922.08 -12.00 0%
6|GT Exhaust Temp 1123.0 2.90 30 0.53 29 -86.8182 -45.97 1.54E+05 9 -781.36 41%
7|HRSG Stack Temp 319.0 2.90 3000 0.53 29 76.8750 40.70 9.46E+04 2.5 192.19 2%
8|HRSG Heat Loss 2274000 0.00 1 0 0.0002 1137000 200.35 3%
9|HP Steam Flow 432970 3896.73 30 711.44 29 0.0115 8.22 1.57E+02 2164.85 25.00 0%
10|HP Feedwater Temp 313 2.90 30 0.53 29 266.1290 140.91 1.36E+07 2 532.26 19%
11|HP Steam Temp 1002 2.90 30 0:53 29 -18.0000 -9.53 2.84E+02 4.008 -72.14 0%
12|HP Steam Press 1362 2.9 30 053 29 2.7737 1.4686 1.60E-01 5.448 15.11 0%
13|Cold Reheat Flow 428000 3852.00 30 703.28 29 0.0192 13.47 1.14E+03 2568 49.20 0%
14|Cold Reheat Temp 626 2.90 30 0.53 29 -29.0476 -15.3797 1.93E+03 2.504 -72.74 0%
15|Hot Reheat Press. 260.0 2.90 30 0.53 29 0.0000 0.00 0.00E+00 1.04 0.00 0%
16|Hot Reheat Temp 1005.0 2.90 30 0.53 29 -0.7000 -0.37 6.51E-04 4.02 -2.81 0%
17
18|IP Feedwater Temp 306.0 2.90 30 0.53 29 56.7742 30.06 2.82E+04 2 113.55 1%
19]IP FW Extract Flow 78160 703 30 128.43 29 -0.0038 -0.49 2.03E-03 781.600 -3.00 0%
20[IP FW Extract Temp 377 2.90 30 0.53 29 -121.6789 -64.37 5.92E+05 2.000 -243.16 4%
21]IP_Steam Flow 73760 664 30 121.20 29 -0.4946 -59.94 4.45E+05 737.600 -364.80 9%
22|IP Steam Temp 604 2.90 30 0.53 29 1.666Z 0.88 2.09E-02 2.416 4.03 0%
23|IP_Steam Press 301 2.90 30 0.53 29 88.6667 46.95 1.67E+05 1.204 106.75 1%
24|LP Steam Flow 56850 512 30 93.41 29 0.9400 87.81 2.05E+06 568.500 534.39 19%
25|LP Steam Temp 605 2.90 30 0.53 29 -1.5000 -0.79 1.37E-02 2.420 -3.63 0%
26]LP Steam Press 38 2.90 30 0.53 29 10.0000 529 2.71E+01 0.152 1.52 0%
27|LP FW Temperature 230 2.90 30 0.53 29 -3.0435 -1.64 2.33E-01 2.000 -6.09 0%
28
29
30
31
32
33
34
35
36
37
38
39
40
Base Value of Resul | =esso | Systematic Uncertainty of Besult - |
95% Confidence Level 1220
Random Uncertainty of Result 207
Degrees of Freedom for Random Uncertainty of Result 107.47
Student t Value 2.000 Total Uncertainty + 1288
Uncertainty Percent + 2.27%
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NONMANDATORY APH
LP Steam Flow b

ENDIX C: SENSITIVITY WORKSHEET
HRSG Heat Balance

Project: PTC 4.4

Date:

Test: 3 Pressure HRSG

Engineer:

The values of "New Value of Result due to Increment" are inputs from computer simulation.

Notes: The percent change is the amount the parameter is altered from the average value in order to obtain "New Value of Result due to Increment".

Percent Change fdr Sensitivity: 1.00 and New Parameter
Average Incremental New Value New Exhaust Flow New Steam Flow at | Absolute Sensitivity | Relative Sensitivity
Measured Paramgter Value Change of Parameter | With New Parameter| New Exhaust Flow Coefficient Coefficient
1|Amb Dry Bulb Temp 70 0.7 70.7 3433091 56861 15.7143 0.0193
2|Wet Bulb Temp 64.5 0.65 65.15 3431259 56829 -32.3077 -0.0367
3]Amb Press 14.3 0.14 14.44 3433004 56859 64.2857 0.0162
4|GT Fuel Flow 76831 768 77599 3430925 56823 -0.0352 -0.0475
5|GT Steam Injectiop Flow 92208 922 93130 3431776 56838 -0.0130 -0.0211
6]GT Exhaust Temp| 1123 14 1134 3380179 55895 -86.8182 -1.7150
7|HRSG Stack Tem 319 3.2 322.2 3446600 57096 76.8750 0.4314
8|HRSG Heat Loss 2274000 22700 2296700 3432727 56854 0.0002 0.0070
9|HP Steam Flow 432970 -4330 428640 3407153 56800 0.0115 0.0879
10|HP Feedwater Temp 313 3.1 316.1 3426143 57675 266.1290 1.4652
11|HP Steam Temp 1002 -10 992 3420208 57030 -18.0000 -0.3173
12|HP Steam Press 1362 13.7 1375.7 3431726 56888 2.7737 0.0665
13|Cold Reheat Flow 428000 -4280 423720 3428444 56768 0.0192 0.1442
14|Cold Reheat Temyg 626 6.3 632.3 3425512 56667 -29.0476 -0.3199
15|Hot Reheat Press| 260 2.6 262.6 3432460 56850 0.0000 0.0000
16|Hot Reheat Temp 1005 -10 995 3421600 56857 -0.7000 -0.0124
17
18|IP Feedwater Tem 306 341 309.1 3430258 57026 56.7742 0.3056
19|IP FW Extract Floyw 78160 782 78942 3432898 56847 -0.0038 -0.0053
20|IP FW Extract Temp 377 3.8 380.8 3434153 56388 -121.5789 -0.8062
21]IP Steam Flow 73760 738 74498 3436348 56485 -0.4946 -0.6417
22|IP Steam Temp 604 6 610 3433804 56860 1.6667 0.0177
23|IP Steam Press 301 3 304 3432535 57116 88.6667 0.4695
24|LP Steam Flow 56850 567 57417 3435750 56884 0.0600 0.0600
25|LP Steam Temp 605 6 611 3433428 56841 -1.5000 -0.0160
26|LP Steam Press 38 0.4 38.4 3432609 56854 10.0000 0.0067
27|LP FW Temperature 230 2.3 232.3 3432001 56843 -3.0435 -0.0123
28
29
30
31
32
33
34
35
36
37
38
39
40
_mmwm Value of LEQED.
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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 appr
has been derived to guantify and adjust the net fuiel heat input for the given fuel temperatur

oximation
from the

reference temperature of 60°F. These derived equations should be adequate for most fuel oil and-y
treams in which the components are almost entirely hydrocarbons. A gas stream with even a’fe
nydrogen can have different results.

D-2  FUEL OIL

temperature in degree Fahrenheit (°F) and divided by the fuel specific gravity. The specific
issumed to be 0.8654, typical for No. 2 fuel oil. Specific gravities for NoiVand No. 6 fuel oil
.8251 and 0.9861, respectively. This would result in sensible heat errors‘ef +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 dif]
he fuel temperature in degree Fahrenheit (°F) and the reference temperature of 60°F.

h=Cp *(T-60)=1[0.417 + 0000484 * (T + 60) / 2] * (T — 60)
This reduces to the equation:
h=T?/4132%0417T-259 (Btu/lb)

An alternate method is described i the reference STEAM [2]. This equation requires th
API gravity be known which is the reasen the method was not recommended.

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

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

Y6 (Buuflb °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 sf

atural gas
w percent

The specific heat for fuel oil is taken from Perry’s [1]. The specific heat(is, evaluated at the average

gravity is
would be

ference of

(D
it the fuel

2

mplifying

)ssumptions 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 Referenc

e [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.
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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

S
the follow

T

M
in Table [

pecific heat is calculated on a weight basis so the composition is converted from a volume basis by
ing:

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
he 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
ethane specific heat as a function of temperature was determined from Reference [3] and is shown

-3-2.

Table D-3-2 Specific Heat at 100 psia

Average|temperature 32°F 124°F 216°F 308°F 400°F
Methang 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 thi

temperatu

T
hydrocarb

T
the fuel te

re 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%

his correlation was multiplied by the fdetor calculated from above to correct it for nonmethang
ons. The equation then becomes

Cp=0.491 + Ty / 2360

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

h=_Cp ¥ (T-60)=[0.491 + (T +60)/2/2360] * (T —60)

This reduces to the-gquation
h=T?/4720 +0.491T - 30.2 (Btu/Ib)

Al example of this calculation for a fuel gas at 300°F results in a sensible heat of 136.9 Btu/Ib. If th¢
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.

111

Copyright ASME International
Provided by IHS under license with ASME Licensee=Black & Veatch (Overland Park, KS)/5910842100
No reproduction or networking permitted without license from IHS Not for Resale, 03/30/2009 20:34:45 MDTtor.clp


https://asmenormdoc.com/api2/?name=ASME PTC 4.4 2008.pdf

48!

NONMANDATORY AH
NASA/TP-2002-211556 NASA G
NASA Coeficients to calculate|
EQN: (H-HO)/RT = -Ay/T? + ALn(T)IT

(H-HY)IRT:

T Range Component Ay Az

Low 0O, -3.42556342(E+04 4.84700097E+02
High 0O, -1.037939024E+06 2.34483028E+03
Low N, 2.210371494E+04 -3.818461820E+02
High N, 5.87712406(E+05 -2.239249073E+03
Low Ar 0.00000000QE+00 0.000000000E+00
High Ar 2.010538474E+01 -5.992661070E-02
Low SO, -5.31084214(E+04 9.090311670E+02
High SO, -1.127640114E+05 -8.252261380E+02
Low H.0 -3.94796083(E+04 5.755731020E+02
High H.0 1.03497209¢E+06 -2.412698562E+03
Low CO, 4.94365054(E+04 -6.264116010E+02
High CO, 1.176962419E+05 -1.788791477E+03

NASA Coeficients multiplie|

dividied by conversion con
EQN: (H-HO)/T = -AL/T? + A2*Ln(T)/T

T Range Component A,
Low Oy

High O, -1.15948490
Low N, 2.820501914
High Na

Low Ar 0.00000000
High Ar 1.799054404
Low SO, -2.96331382
High SO, -6.29194288
Low H,O -7.83355267
High H,O 2.05359394
Low CO, 4.01539504:

High CO, 9.55967462

Equation multiplied by tem
Denomenators are incorpo
EQN: (H-H®) = -AL/T + A2Ln(T) + A3*T|

Az

-3.82670794E+03 5.414599817E+01

E+05 2.619417179E+02
E+03 -4.872474552E+01

7.4993907994E+04 -2.857350587E+02

E+00 0.000000000E+00
E+00 -5.362306380E-03
E+03 5.072160967E+01
E+03 -4.604550381E+01
E+03 1.142053432E+02
E+05 -4.787281864E+02
E+03 -5.087920389E+01
E+03 -1.452915082E+02

Az
1.119010961E+00
1.819732036E+00
6.082738360E+00
6.066949220E+00
2.500000000E+00
2:600069401E+00

-2.356891244E+00
7.616178630E+00
9.317826530E-01
4.646110780E+00
5.301725240E+00
8.291523190E+00

As
1.250050615E-01
2.032828301E-01
7.761760956E-01
7.741613529E-01
2.237030560E-01
2.237092661E-01

-1.315084917E-01
4.249632506E-01
1.848845217E-01
9.218823365E-01
4.306235054E-01
6.734646968E-01

Az
6.9447256E-02
1.1293491E-01
4.3120894E-01
4.3008964E-01
1.2427948E-01
1.2428293E-01

-7.3060273E-02
2.3609069E-01

As + AFTI2+ APTY3 + Ag*T 4 + A*TY/5 Units H - J/mole; T - K.

Ay
4.293889240E-03
1.267847582E-03

-8.530914410E-03
-6.139685500E-04
0.000000000E+00
-3.992141160E-08
2.204449885E-02
-1.999327610E-04
7.222712860E-03
2.291998307E-03
2.503813816E-03
-9.,223156780E-05

Ay
4.796716988E-04
1.416316466E-04

-1.088570878E-03
-7.834427256E-05
0.000000000E+00
-3.572216710E-09
1.230026546E-03
-1.115573572E-05
1.433132295E-03
4.547788149E-04
2.033679668E-04
-7.491350313E-06

Ay
7.4023410E-05
2.1856736E-05
-1.6798933E-04
-1.2090166E-05
0.0000000E+00
-5.5126801E-10

1.8981891E-04
-1.7215642E-06

As
-6.836300520E-07
-2.188067988E-07

1.384646189E-05
1.491806679E-07
0.000000000E+00
1.205272140E-11
-2.510781471E-05
5.655631430E-08
-7.342557370E-06
-6.836830480E-07
-2.127308728E-07
4.863676880E-09

As
-7.636852514E-08
-2.444297536E-08

1.766851061 E-06
1.903591138E-08
0.000000000E+00
1.078492244E-12
-1.400951721E-06
3.155697409E-09
-1.456911870E-06
-1.356565428E-07
-1.727869892E-08
3.950437815E-10

berature. Temperature converted to °R by substituting T/1.8 for T.
ated into constants to give in equation of the form
+ A4*T? + AS*T° + A*6T + A7*T° [Units H - btu/lb; T - °R]

As
-4.3649134E-09
-1.3970608E-09

1.0098600E-07
1.0880151E-09
0.0000000E+00
6.1642218E-14
-8.0072686E-08
1.8036679E-10

As
-2.023372700E-09
2.053719572E-11
-9.625793620E-09
-1.923105485E-11
0.000000000E+00
-1.819015576E-15
1.446300484E-08
-5.454316610E-12
4.955043490E-09
9.426468930E-11
-7.689988780E-10
-1.891053312E-12

H by gas constant (R=8314.51 j/lkgmole K), dividéd\by the Molecular Weight,

stant 2326 (j/kg)/(btu/lb)
b A3+ A4'*T/2 + A5™*T%3 + A6'*T%/4 + A7*T*/5 [Units H - btu/lb; T - K]

As
-2.260315919E-10
2.294216504E-12
-1.228280828E-09
-2.453941660E-12
0.000000000E+00
+1.627677373E-16
8.069986078E-10
<3,043368898E-13
9.881808336E-10
1.870402066E-11
-6.246060999E-11
-1.535975497E413

As
-5.3829350E-12
5.4636691E-14
-2.9251468E-11
-5.8440540E-14
0.0000000E+00
-3.8763083E-18
1.9218645E-11
-7.2477731E-15

Az
1.039040018E-12
-8.193467050E-16
2.519705809E-12
1.061954386E-15
0.000000000E+00
1.078576636E-19
-3.369070940E-12
2.918294102E-16
-1.336933246E-12
-4.822380530E-15
2.849677801E-13
6.330036590E-16

A7
1.160714827E-13
-9.152947454E-17
3.215221996E-13
1.355086411E-16
0.000000000E+00
9.651235585E-21
-1.879855250E-13
1.628333326E-17
-2.652745926E-13
-9.568578195E-16
2.314601735E-14
5.141463245E-17

Az
1.2285505E-15,
-9.6878731E-19
3.4031292E-15
1.4342817E-18
0.0000000E+00
1.0215283E-22
-1.9897196E-15
1.7234980E-19

PENDIX E - Derivation of Gas Enthalpy Constants from NASA Correlations of the JANAF Datg

len Coefficients for Calculating Thermodynamic Properties of Individual Species September 2002.

Rev 1/29/03

—U_
-3.39145487E+03
-1.689010929E+04
7.108460860E+02
1.283210415E+04
-7.453750000E+02
-7.449939610E+02
-4.113752080E+04
-3.351308690E+04
-3.303974310E+04
-1.384286509E+04
-4.528198460E-04
-3.908350590E+04

by
-3.788604754E+02
-1.886799347E+03
9.070614367E+01
1.637415899E+03
-6.669706615E+01
-6.666297032E+01
-2.295368243E+03
-1.869944370E+03
-6.555753190E+03
-2.746704376E+03
-3.677951244E-05
-3.174490482E+03

by
-3.7886048E+02
;1.8867993E+03
9/0706144E+01
1.6374159E+03
-6.6697066E+01
-6.6662970E+01
-2.2953682E%03
-1.8699444E+03

T Range Component A, Ay

Low 0O, -6.8880734E+03 5.4145998E+01
High 0O, .m.omwoumu_wom 2.6194172E+02
Low N, 5.0769034E+03 -4.8724746E+01
High N, 1.3498903E+05 -2.8573506E+02
Low Ar 0.000000¢4E+00 0.0000000E+00
High Ar 3.2382979E+00 -5.3623064E-03
Low SO, -5.3339644E+03 5.0721610E+01
High SO, -1.1325494E+04 -4.6045504E+01
Low H.0 -1.4100395E+04 1.1420534E+02
High H.0 3.6964691E+05 -4.7872819E+02
Low CO, 7.2277111E+03 -5.0879204E+01
High CO, 1.7207414E+04 -1.4529151E+02

1.0271362E-01
5.1215685E-01
2.3923528E-01
3.7414705E-01

2.2116239E-04
7.0181916E-05
3.1383945E-05
-1.1560726E-06

-8.3271140E-08
-7.7535747E-09
-9.8757996E-10

2.2579091E-11

2.3414419E-11
4.4543564E-13
-1.4874974E-12
-3.6579206E-15

*Note - Conversion from °K to °R results in a constant that will ultimately be included in an A8 term

-2.8077803E-15
-1.0127794E-17
2.4498740E-16
5.4419457E-19

-6.5557532E+03
-2.7467044E+03
-3.6779512E-05
-3.1744905E+03

Mole Weight
31.9988
31.9988
28.0134
28.0134
39.9480
39.9480
64.0638
64.0638
18.01528
18.01528
44.0095
44.0095

Temp Range(°K)
200/ 1000
1000 / 6000
200/ 1000
1000 / 6000
200/ 1000
1000 / 6000
200/ 1000
1000/ 6000
200/ 1000
1000/ 6000
200/ 1000
1000/ 6000
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