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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
information isbasedon thatdocumentand is includedhere for emphasis and for the convenienceof theuserof theCode. It
is expected that the Codeuser is fully cognizant of Sections 1 and3ofASMEPTC1andhas read themprior to applying this
Code.
ASMEPerformanceTestCodesprovide testprocedures that yield resultsof thehighest level of accuracyconsistentwith

the best engineering knowledge and practice currently available. They were developed by balanced committees repre-
senting all concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.
When tests are run in accordancewith aCode, the test results themselves,without adjustment for uncertainty, yield the

best available indication of the actual performance of the tested equipment. ASMEPerformanceTest Codes donot specify
means to compare those results to contractual guarantees. Therefore, it is recommended that the parties to a commercial
test agree before starting the test and preferably before signing the contract on themethod to be used for comparing the
test results to the contractual guarantees. It is beyond the scope of any Code to determine or interpret how such compar-
isons shall be made.
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FOREWORD

ASME Performance Test Codes (PTCs) have been developed and have long existed for determining the performance of
mostmajor components used in electric powerproduction facilities. A PTChasheretofore not existed for determining the
overall performanceof an integrated gasification combined cycle (IGCC)power generation plant. The ability to fire awide
rangeof fuelshasbeenakeyadvantageofgas turbinesover competing technologies.Until recently, the typical fuels forgas
turbines have been natural gas and liquid fuels. But today, due to environmental concerns and economic considerations,
power generation suppliers are developing gasification systems that can use solid and liquid fuels (coal, biomass, waste,
heavy oils, etc.). Preparation of an alternative fuel suitable for a gas turbine includes removal of ash, contaminants,
erodents, and corrodents. The ASMEBoard on Performance Test Codes approved the formation of the PTC 47Committee
in 1993with the charter of developing a code for thedeterminingoverall powerplant performance for gasificationpower
generation plants. The organizational meeting of the PTC 47 Committee was held in November 1993. The resulting
committee included experienced and qualified users, manufacturers, and general interest personnel.
The Committee has striven to develop an objective Code that addresses the need for explicit testing methods and

procedures while attempting to provide maximum flexibility in recognition of the wide range of plant designs.
This Code was approved by the PTC 47 Committee and the PTC Standards Committee on April 16, 2019. It was then

approved as an American National Standard by the ANSI Board of Standards Review on July 17, 2019.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing
revisions or a case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, PTC Standards Committee
The American Society of Mechanical Engineers
Two Park Avenue
New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear necessary
or desirable, as demonstrated by the experience gained from the application of the Standard. Approved revisions will be
published periodically.
The Committee welcomes proposals for revisions to this Standard. Such proposals should be as specific as possible,

citing the paragraph number(s), the proposed wording, and a detailed description of the reasons for the proposal,
including any pertinent documentation.

Proposing a Case. Casesmay be issued to provide alternative rules when justified, to permit early implementation of
an approved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are effective
immediately upon ASME approval and shall be posted on the ASME Committee web page.
Requests for Cases shall provide a Statement of Need and Background Information. The request should identify the

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

Interpretations. Upon request, the PTC Standards Committeewill render an interpretation of any requirement of the
Standard. Interpretations canonlybe rendered in response to awritten request sent to theSecretaryof thePTCStandards
Committee.
Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form. The

form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receive an
automatic e-mail confirming receipt.
If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PTC Standards

Committee at the above address. The request for an interpretation should be clear and unambiguous. It is further rec-
ommended that the Inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two words.
Edition: Cite the applicable edition of the Standard for which the interpretation is being requested.
Question: Phrase the question as a request for an interpretation of a specific requirement suitable for

general understanding and use, not as a request for an approval of a proprietary design or
situation. Please provide a condensed andprecise question, composed in such away that a
“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in
understanding the inquiry. The Inquirer may also include any plans or drawings that are
necessary to explain the question; however, they should not contain proprietary names or
information.
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Requests that arenot in the formatdescribed abovemaybe rewritten in theappropriate format by theCommitteeprior
to being answered, which may inadvertently change the intent of the original request.
Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or

understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Personswishing to attend anymeeting and/or telephone conference should contact the
Secretaryof thePTCStandardsCommittee. FutureCommitteemeetingdates and locations canbe foundon theCommittee
Page at http://go.asme.org/PTCcommittee.
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INTRODUCTION

ASME PTC 47 comprises five Performance Test Codes (PTCs) that describe testing procedures for an integrated gasi-
fication combined cycle (IGCC) power plant. ASME PTC 47, Integrated Gasification Combined Cycle Power Generation
Plants, is used for testing the overall performance of an IGCC plant. If a plant passes the ASME PTC 47 test, no further
testing is required. If a plant does not pass the ASME PTC 47 test, one or more secondary subsystems may be tested to
isolate the problem(s), using the following PTCs:
(a) ASME PTC 47.1, Cryogenic Air Separation Unit of an Integrated Gasification Combined Cycle Power Plant, for

testing the performance of the air separation unit (ASU)
(b) ASME PTC 47.2, Gasification Block of an Integrated Gasification Combined Cycle Power Plant, for testing the

thermal performance of the gasification equipment
(c) ASME PTC 47.3, Syngas Conditioning Block of an Integrated Gasification Combined Cycle Power Plant, for testing

the thermal performance of the syngas cleaning equipment (in development)
(d) ASME PTC 47.4, Power Block of an Integrated Gasification Combined Cycle Power Plant, for testing the thermal

performance of the gas turbine combined cycle power block
It is recommended that overall plant and subsystems be tested separately rather than simultaneously to accommodate

any boundary constraints and valve isolations and lineups thatmay be needed for subsystem testing. In highly integrated
IGCCplants, the entire plantmayneed to be operating during a subsystem test, even though only subsystemperformance
parameters are being measured.
Plant owners can use test results to determine the fulfillment of contract guarantees. Plant owners can also use the test

results to compare plant performance to a designnumber or to track plant performance changes over time.However, test
results conducted in accordancewith this Codewill not provide a basis for comparing the thermoeconomic effectiveness
of different plant designs.

APPLICATIONS AND LIMITATIONS. Gasification units that convert hydrocarbon feed into a combustible fuel gas
(syngas), usually composed primarily of hydrogen, carbon monoxide, and methane, are included within the scope
of this Code. This Code applies to the following types of gasifiers, some of which are depicted in Nonmandatory
Appendix C.
(a) Moving-Bed (or Fixed-Bed) Gasifiers. These are gasifiers inwhich hydrocarbon and ash particlesmove slowly down

through a bed while reacting with gases moving up through the bed.
(b) Fluidized-Bed Gasifiers. These are gasifiers in which the oxidizing gas is forced upward through the solid hydro-

carbon feed at a superficial gas velocity either slightly less or greater than the terminal velocity of most of the individual
particles.
(c) Entrained-FlowGasifiers. These gasifiers are characterizedby cocurrent flowof thehydrocarbon feedandoxidizing

medium.
(d) Oxygen-Blown Gasifiers. These gasifiers use relatively pure oxygen as the oxidizing agent for partial combustion.
(e) Air-Blown Gasifiers. These gasifiers use air rather than oxygen as the oxidizing agent.
(f) Slagging Gasifiers. These are gasifiers from which the ash leaves as molten slag rather than as a nonagglomerated

solid.
(g) Agglomerating-Ash Gasifiers. These gasifiers contain hot zones where ash particles are agglomerated into small

pellets for removal.
(h) Dry-Ash Gasifiers. These are gasifiers from which ash leaves as either agglomerated or nonagglomerated solids

rather than as molten slag.
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Section 1
Object and Scope

1-1 OBJECT

The object of this Code is to provide uniform test methods for determining the performance and effective syngas
production of an integrated gasification combined cycle (IGCC) gasification block. These test procedures yield highly
accurate results consistent with current engineering knowledge and practice.

1-1.1 Accuracy

Theaccuracyof a testmaybeaffectedby factorswithin thediscretionof theoperator.A test is consideredanASMECode
test if the following conditions are met:
(a) Test procedures comply with the procedures and variations defined in this Code.
(b) The uncertainty values of the test results determined in accordance with Section 7 do not exceed the uncertainty

limits defined in subsection 1-3.

1-1.2 Performance Characteristics

(a) This Code provides explicit procedures for determining the following performance characteristics:
(1) corrected product syngas energy
(2) corrected gasification effectiveness

(b) Tests may be designed to satisfy different performance goals, including
(1) specified fuel consumption
(2) specified oxygen consumption
(3) specified syngas sensible and chemical energy rate
(4) specified steam production

(c) These performance characteristics are typically required for
(1) comparing actual performance with guaranteed performance
(2) comparing actual performance with a reference
(3) determining the performance of the equipment after modifications

1-2 SCOPE

This Code applies to gasifiers that convert liquid or solid feedstock into syngas by means of an oxygen- or air-blown
gasification process. It can be used to measure the performance of a gasifier in its normal operating condition, with all
equipment in new condition.
The Code addresses the boundaries of the gasification block and the principal streamsmoving through the gasification

block that significantly affect its thermal performance (see Figure 3-2.2-1). This Code provides methods to measure the
quality and quantity of product (e.g., syngas) and by-product (e.g., slag and ash), feedstock consumption rates, oxidant
consumption, steam consumption and production, water consumption, inert gas consumption, and power use. The Code
includes methods for calculating cold gas efficiency and carbon conversion as examples, but these calculations are not
within the scope of this Code.
Gasifier performance tests conducted in accordance with this Code shall meet the following conditions:
(a) A means shall be available for determining, through direct or indirect measurement, all electric power feeds

entering or exiting the test boundary.
(b) Ameans shall be available fordetermining, throughdirect or indirectmeasurement, the compositionandcondition

of all pressurized flows entering or leaving the test boundary.
(c) A means shall be available for determining, through direct or indirect measurement, all parameters required to

correct test results to a base reference condition.
(d) The test uncertainties shall be less than or equal to the specified uncertainty limits.

ASME PTC 47.2-2019
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Tests addressing other performance-related issues are outside the scope of this Code. These include but are not limited
to the following:
(a) emissions tests
(b) operational demonstration tests pertaining to non-steady state or off-design conditions
(c) reliability tests conducted over periods of time beyond the required testing period

1-3 UNCERTAINTY

The explicit measurement methods and procedures to be used for an IGCC gasification block have been developed to
provide guidelines for test procedures that yield results of the highest level of accuracy based on current engineering
knowledge, taking into account test costs and the value of information obtained from testing. The uncertainty of perfor-
mance test results shall be calculated in accordance with ASME PTC 19.1.
The test results for different types of gasifiers will have different levels of uncertainty.
A pretest uncertainty analysis shall be performed to establish the expected level of test uncertainty. Most tests

conducted in accordance with this Code will result in uncertainties that are lower than those shown in
Table 1-3-1. If the pretest uncertainty analysis indicates that the uncertainty is greater than the values shown in
Table 1-3-1, the test shall be redesigned to lower the uncertainty, or the parties to the test may agree, in writing,
to accept higher uncertainty. A post-test uncertainty analysis shall be completed to validate the test. If the post-
test uncertainty analysis is higher than the previously defined maximum expected uncertainty, then the test is not
valid. Examples of test uncertainty analysis are provided in Nonmandatory Appendix B.
The largest expected overall test uncertainties are given in Table 1-3-1. These values are not targets. A primary

philosophy underlying this Code is that the lowest achievable test uncertainty is in the best interest of all parties
to the test. Deviations from the methods recommended in this Code are acceptable only if they can demonstrate
equal or lower uncertainty.

1-4 REFERENCES

The following is a list of publications referenced in this Code.

ANSI/IEEE Standard 120, Master Test Guide for Electrical Measurements in Power Circuits
Publisher: Institute of Electrical and Electronics Engineers, Inc. (IEEE), 445 Hoes Lane, Piscataway, NJ 08854
(www.ieee.org)

ASME MFC-3M, Measurement of Fluid Flow in Pipes Using Orifice, Nozzle, and Venturi
ASME PTC 4-2013, Fired Steam Generators
ASME PTC 6, Steam Turbines with Errata
ASME PTC 12.4, Moisture Separator Reheaters
ASME PTC 19.1, Test Uncertainty
ASME PTC 19.3, Temperature Measurement
ASME PTC 19.3 TW, Thermowells
ASME PTC 19.5, Flow Measurement
ASME PTC 19.6, Electrical Power Measurements
Publisher:TheAmericanSociety ofMechanical Engineers, TwoParkAvenue,NewYork,NY10016-5990 (www.asme.org)

Annual Book of ASTM Standards, Section 5: Petroleum Products, Lubricants, and Fossil Fuels, Vol. 05.01–05.05
ASTM C25, Standard Test Methods for Chemical Analysis of Limestone, Quicklime, and Hydrated Lime
ASTM D95-13(2018), Standard Test Method for Water in Petroleum Products and Bituminous Materials by Distillation
ASTM D121, Standard Terminology of Coal and Coke
ASTM D240-19, Standard Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

Table 1-3-1 Largest Expected Test Uncertainties of Performance Parameters

Test Result Test Uncertainty
Corrected product syngas energy 1%
Corrected primary fuel energy 7%
Corrected auxiliary power 4%
Corrected gasification effectiveness 7%
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ASTM D482-19, Standard Test Method for Ash from Petroleum Products
ASTM D1298, Standard Test Method for Density, Relative Density, or API Gravity of Crude Petroleum and Liquid Petro-
leum Products by Hydrometer Method

ASTM D1412, Standard Test Method for Equilibrium Moisture of Coal at 96 to 97 Percent Relative Humidity and 30°C
ASTMD1480, Standard Test Method for Density and Relative Density (Specific Gravity) of ViscousMaterials by Bingham
Pycnometer

ASTM D1552-16e1, Standard Test Method For Sulfur in Petroleum Products by High Temperature Combustion and
Infrared (IR) Detection or Thermal Conductivity Detection (TCD)

ASTM D1945, Standard Test Method for Analysis of Natural Gas by Gas Chromatography
ASTM D2013, Standard Practice for Preparing Coal Samples for Analysis
ASTM D2234/D2234M, Standard Practice for Collection of a Gross Sample of Coal
ASTM D2361-02, Standard Test Method for Chlorine in Coal
ASTM D2622-16, Standard Test Method for Sulfur in Petroleum Products byWavelength Dispersive X-ray Fluorescence
Spectrometry

ASTM D3172-13, Standard Practice for Proximate Analysis of Coal and Coke
ASTM D3173, Standard Test Method for Moisture in the Analysis Sample of Coal and Coke
ASTM D3174, Standard Test Method for Ash in the Analysis Sample of Coal and Coke from Coal
ASTM D3175, Standard Test Method for Volatile Matter in the Analysis Sample of Coal and Coke
ASTM D3180, Standard Practice for Calculating Coal and Coke Analyses from As-Determined to Different Bases
ASTMD3228-19, Standard TestMethod for Total Nitrogen In Lubricating Oils and Fuel Oils ByModified KjeldahlMethod
ASTM D3302, Standard Test Method for Total Moisture in Coal
ASTM D3588, Standard Practice for Calculating Heat Value
ASTM D3682-13, Standard Test Method for Major and Minor Elements in Combustion Residues From Coal Utilization
Processes

ASTM D4052, Standard Test Method for Density, Relative Density, and API Gravity of Liquids by Digital Density Meter
ASTM D4057-95, Standard Practice for Manual Sampling of Petroleum and Petroleum Products
ASTM D4239-18e1, Standard Test Method for Sulfur in the Analysis Sample of Coal and Coke Using High-Temperature
Tube Furnace Combustion

ASTM D4294-03, Standard Test Method for Sulfur in Petroleum and Petroleum Products by Energy-Dispersive X-ray
Fluorescence Spectroscopy

ASTM D4809-18, Standard Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
(Precision Method)

ASTM D5291-16, Standard Test Methods for Instrumental Determination of Carbon, Hydrogen, and Nitrogen in Petro-
leum Products and Lubricants

ASTMD5373-16, StandardTestMethods forDeterminationofCarbon,HydrogenandNitrogen inAnalysis SamplesofCoal
and Carbon in Analysis Samples of Coal and Coke

ASTM D5865/D5865M, Standard Test Method for Gross Calorific Value of Coal and Coke
ASTM D7042, Standard Test Method for Dynamic Viscosity and Density of Liquids by Stabinger Viscometer (and the
Calculation of Kinematic Viscosity)

ASTM D7582, Standard Test Methods for Proximate Analysis of Coal and Coke by Macro Thermogravimetric Analysis
ASTM D7833, Standard Test Method for Determination of Hydrocarbons and Non-Hydrocarbon Gases in Gaseous
Mixtures by Gas Chromatography

ASTM E1137/E1137M, Standard Specification for Industrial Platinum Resistance Thermometers
ASTM MNL 12, Manual on the Use of Thermocouples in Temperature Measurement
Publisher: American Society for Testing andMaterials (ASTM International), 100 Barr Harbor Drive, P.O. Box C700,West
Conshohocken, PA 19428-2959 (www.astm.org)

Dahl, A. I. “Stability of Base-Metal Thermocouples in Air From 800°F to 2,200°F,” National Bureau of Standards,
Washington, D.C., in Temperature, Vol. 1, Reinhold: New York, 1941, p. 1238

EPA-600/8-83-027,EnvironmentalMonitoringReferenceManual for Synthetic FuelsFacilities, Industrial Environmental
Research Laboratory, Research Triangle Park, NC

EPRI EA-3610, Time Variability of Elemental Concentrations in Power Plant Ash, 1984
Publisher: Electric Power Research Institute (EPRI), 2420 Hillview Avenue, Palo Alto, CA 94304 (www.epri.com)

Handbook for Sampling and Sample Preservation of Water and Wastewater, 1982
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Hanschel, D. and J. Stemmle, Environmental Monitoring Reference Manual for Synthetic Fuels Facilities, 1983
Publisher: U.S. Environmental Protection Agency, 1200 Pennsylvania Avenue, NW, Washington, DC 20004
(www.epa.gov)

NIST Technical Note 1265, Guidelines for Realizing International Temperature Scale of 1990 (ITS-90)
Publisher: National Institute of Standards andTechnology (NIST), 100BureauDrive, Stop 1070, Gaithersburg,MD20899
(www.nist.gov)
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Section 2
Definitions and Descriptions of Terms

2-1 DEFINITIONS

This Section contains technical definitions used in this Code.
acceptance test: the evaluating action(s) used todetermine if a newormodifiedpieceof equipment satisfactorilymeets its
performance criteria, permitting the purchaser to accept it from the supplier.
accuracy: the closeness of agreement between a measured value and the true value.
additive: a substance added to a gas, liquid, or solid stream to cause a chemical or mechanical reaction to enhance
collection efficiency.
agglomerating-ashgasifier:a typeof fluid-bedgasifier that containsahotzone inwhich theashparticles areagglomerated
into small pellets for removal.
air, corrected theoretical: theoretical air adjusted for unburned carbon and the additional oxygen required to complete
other reactions (e.g., the sulfation reaction).
air, theoretical: the amount of air required to supply the exact amount of oxygen necessary for complete combustion of a
given quantity of fuel. Theoretical air and stoichiometric air are synonymous.
air-blown gasifier: a type of gasifier in which the gasification process uses air rather than oxygen as the oxidizing agent.
ambient air: this Code recognizes that significant differences in both the measured and corrected performance may
impact the physical location(s) used to represent the contract, design, and test ambient-air conditions. Because contrac-
tual languagemaynotalways resolve themeaningofambient, thisCoderequires that, before the test, theparties to the test
agree on the location(s) to be used to represent the ambient-air conditions. For example, ambient conditions may be
considered to be the average of conditions at several different locations within the boundary of the site or may be the
conditions at the air inlet of equipment such as the gas turbine or the cooling tower. Once the parties have agreed on the
representative location(s), the word ambient as used in the Code shall mean the physical properties of the air at the
agreed-on location(s).
analysis, proximate: laboratory analysis of a fuel sample providing the mass percentages of fixed carbon, volatile matter,
moisture, and noncombustibles (ash). Proximate analysis is done in accordance with the appropriate ASTM standard.
analysis, ultimate: laboratory analysis of a fuel sample providing the mass percentages of carbon, hydrogen, oxygen,
nitrogen, sulfur, moisture, and ash. Ultimate analysis is done in accordance with the appropriate ASTM standard.
as-fired fuel: fuel in the condition in which it enters the unit boundary.
ash: the noncombustible mineral matter constituent of fuel that remains after complete burning of a fuel sample in
accordance with appropriate ASTM standards.
ash, bottom: all residues removed from the gasification chamber other than that which is entrained in the flue gas. It
includes slag from an entrained gasifier, the ash that is rejected in a fluidized-bed gasifier for being too large in particle
size, or particularly the bottom ash from a nonslagging gasifier.
ash, fly: ash components from the gasified material that are not captured in the slag.
ash fusion temperatures: four temperatures (initial deformation, softening, hemispherical, and fluid)measured for agiven
fuel ash, as determined by the appropriate ASTM standard. Frequently used in the singular to indicate only the softening
temperature, the ash fusion temperature is the temperature atwhich the test cone has deformed to a shapewhose height
and width are equal
auxiliary power: electric power consumed by all users in the IGCC plant. This power consumption is subtracted from the
gross power output, measured at the gas and steam turbine generators’ terminals, to obtain net plant power output.
bias error: see error, systematic.
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British thermal unit (Btu): the amount of heat required to change the temperature of 1 lb ofwater by1°F at sea level. A unit
of energy defined by the relationship of 1Btu/lb being equal to 2.326 kJ/kg exactly and called the International Table Btu.
1 Btu = 1 055.055 J.
calcination: the endothermic chemical reaction that takes place when carbon dioxide is released from calcium carbonate
to form calcium oxide, or from magnesium carbonate to form magnesium oxide.
calcium-to-sulfur molar ratio (Ca/S): the total moles of calcium in the sorbent feed divided by the total moles of sulfur in
the fuel feed.
calcium utilization: the percentage of calcium in the sorbent that reacts with sulfur in a gasifier to form calcium sulfate or
calcium sulfide. It is sometimes called sorbent utilization.
calibration: a set of operations that establish, under specified conditions, the relationship between values indicated by a
measuring instrument or system and the corresponding reference standard or known values derived from the reference
standard. Calibration enables the estimation of errors of indication of themeasuring instrument ormeasuring system, or
the assignment of values to marks on arbitrary scales. The result of a calibration is sometimes expressed as a calibration
factor or a series of calibration factors in the form of a calibration curve.
calibration, field: the process bywhich calibrations are performed under conditions that are less controlled (bymeasure-
ment or test equipment) than laboratory-grade calibration. Field calibration measurement and test equipment requires
calibration in a manner that provides traceability to the National Institute of Standards and Technology (NIST), another
recognized international standard organization, or a defined natural physical constant.
calibration, laboratory-grade: the process by which calibrations are performed under controlled conditions with highly
specializedmeasuringand test equipment that hasbeencalibrated inamanner thatprovides traceability toNIST, another
recognized international standard organization, or a defined natural physical constant.
calorie: a unit of energy equal to 4.1868 J exactly and called the International Table calorie.
capacity: the maximum flow rate from an individual equipment item or grouping of equipment items that is capable of
being produced on a continuous basis under specified conditions. This is also frequently referred to asmaximum contin-
uous rating (MCR).
carbon conversion efficiency: an indicator of the degree to which the fuel carbon compounds are converted to carbon-
containing gaseous components. These components include carbon monoxide (CO), carbon dioxide (CO2), methane
(CH4), carbonyl sulfide (COS), and hydrocarbon (CxHy) (CxHy includes organic gaseous compounds such as ethane,
propane, and butane, and cyclic organic compounds such as benzene). Carbon conversion efficiency can also be deter-
minedas1.0minuscarbonenergy loss (theamountof energy incarboncompoundsexiting thegasificationsystemassolid
and liquid streams, divided by the fuel carbon energy input).
char: the solid residue remaining after the removal ofmoisture, volatilematter, andpossibly some fixed carbon fromcoal.
clinker: a large, solid mass of coal ash agglomerated by ash slagging.
coal-drying fuel: fuel burned to supply additional thermal energy for drying coal.
coal rank: a classification of coal based on fixed carbon, volatile matter, and heating value. It is an indication of the
progressive alternation, or coalification, from lignite to anthracite: lignite, subbituminous coal, bituminous coal, and
anthracite.
coke: the hard, porousmaterial producedwhen volatile constituents have beendriven off by heat, so that the fixed carbon
and ash are fused together. In the steel industry, coke ismade frombituminous coal or blends of coal. Petroleum coke is a
similar material that is derived from oil refinery operations and usually contains a high sulfur content.
combustor:aheat sourceconsistingofoneormorechambers inwhich fuelburnsorotherwise reactswith itsworking fluid
to increase the temperature.
compressor: a mechanical rotary component that compresses a working fluid.
coverage: the percentage of observations (measurements) of a parameter that can be expected to differ from the true
value of the parameter by no more than the uncertainty value.
credits:energy entering thedefinedenvelope that is separate fromthe chemical energy in the as-fired fuel. Credits include
sensibleheat (a functionof specificheat and temperature) in the fuel in theenteringair, and in theatomizingsteam,aswell
as energy from power conversion in the pulverizer, circulating pumps, primary air dehydration, and gas recirculation
fans. Credits can be negative, such as when the air temperature is below the reference temperature.
cyclone: equipment in which centrifugal forces are used to separate particulate matter from a gas stream.
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dilute phase: in a circulating fluidized-bed gasification chamber, the portion of the bed above the secondary air inlet ducts
(primarily made up of the circulating particulate material).
dry-ash gasifier: a typeof gasifier inwhich the ash leaves as either agglomeratedornonagglomerated solids rather than as
molten slag.
energy balancemethod: amethod of determining equipment efficiency by a detailed accounting of all energy entering and
leaving the equipment envelope. Sometimes called the heat balance method.
entrained-flow gasifier: a type of gasifier characterized by cocurrent flow of the hydrocarbon feed and oxidizingmedium.
Flow may be upward or downward.
error, random: error resulting from the fact that repeated measurements of the same quantity by the same measuring
system operated by the same personnel do not yield identical values. It is a statistical quantity that is expected to be
normally distributed. Also called precision error.
error, systematic: the difference between the average of the total population and the true value,which characterizes every
member of any set of measurements from the population. Sometimes called bias error.
error, total: the difference between the true value and the measured value, which includes both random and systematic
error.
field calibration: see calibration, field.
fixed carbon: the carbonaceous residue less the ash remaining after the volatile matter has been driven off.
flare: equipment used for combusting vent gas, off-gas, or tail gas from the gasification process prior to emission into the
atmosphere.
fluidized bed: a bed of combustible and noncombustible particles throughwhich a fluid (predominantly air or oxygen and
steam in fluidized-bed generators) is caused to flow upward at a velocity sufficient to suspend the particles and impart
them with a fluid-like motion.
fluidized bed, bubbling: a fluidized bed inwhich the superficial gas velocity is less than the terminal velocity ofmost of the
individual particles. Part of the gas passes through the bed as bubbles. This results in a distinct bed region because the
fluidizing gases carry an insignificant amount of the bed away.
fluidized bed, circulating: a fluidized bed in which the fluidizing gas velocity exceeds the terminal velocity of most of the
individual particles, so that they are carried from the combustion chamber and later reinjected.
free moisture: in coal, the portion of total moisture (see ASTM D3302) that is in excess of inherent moisture in coal (see
ASTM D1412). It is not to be equated with weight loss upon coal air-drying. Free moisture is sometimes referred to as
surface moisture in connection with coal or coke.
freeboard disengaging: an open area in the top of fluidized-bed gasification vessels for separation of solids from the gas.
fuel gas contaminants: compounds that are either potentially deleterious to the gas turbine and power block in general or
are precursors to stack emissions. Examples of fuel gas contaminants include
(a) compounds containing sulfur [e.g., hydrogen sulfide (H2S) and carbonyl sulfide (COS)]
(b) compounds containing nitrogen [e.g., ammonia (NH3) and hydrogen cyanide (HCN)]
(c) compounds containing chlorine [e.g., hydrogen chloride (HCl)]
(d) tars and condensables (i.e., organic compounds designated as CxHy,whichmay either be long-chain hydrocarbons

or cyclic compounds)
(e) particulates (i.e., inert ash and potentially corrosive components for the gas turbine including vanadium, lead,

calcium, and nickel)
(f) volatilized alkali metals (i.e. sodium and potassium)

fuel gas rate: fuel gas (syngas) consumption per hour per unit output in which the turbine is charged with the supplied
syngas quantity. Also called syngas rate.
gasification: the partial oxidation of a hydrocarbon feed into a combustible fuel gas (syngas), usually composed of
hydrogen, carbon monoxide, and methane.
gasifier: a vessel in which gasification reactions take place.
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gross heat of combustion at constant volume1: the heat produced by the combustion of unit quantity of solid or liquid fuel
when burned at constant volume in an oxygen bomb calorimeter under specified conditions, with the resulting water
condensed to a liquid. Expressed in MJ/kg (Btu/lbm).
heat input: the mass flow rate of fuel(s) multiplied by the high or low heat value of the fuel(s).
heat of combustion: the heat released from the complete oxidation of a fuel in which the reactant products are at a
reference condition.
heat recovery duty: heat transferred from the very hot syngas and slag (or ash) and used to generate steam or heat water.
As an additive correction, excessive heat recovery duty is subtracted from the product syngas energy.
heat recovery gasification process: a process employing one ormore heat exchangers to transfer the heat (radiant and/or
convective) fromthesynthesisgasexiting thegasificationvessel toamediumsuchassteam.Equipment thatperformsthis
process includes
(a) radiant syngas coolers
(b) fire-tube boilers
(c) water-wall-type boilers

heating value: the energy released when a fuel and oxidant, normally at 25°C (77°F), are burned to completion and the
products of combustion are cooled to a specified temperature, normally 25°C (77°F). Although the units of heating value
maybeenergyperunitmole [MJ/kg-mol (Btu/lb-mol)] or energyperunit volume[MJ/Nm3(Btu/scf)], theunitsofheating
value used in this Code are energy per unitmass (MJ/kg or Btu/lbm). Heating valuemay be reported as either lower (net)
heating value or higher (gross) heating value, as long as all fuels, product gases, and syngases are reported using consis-
tent terms. Lower heating value (LHV) is calculated as if all water in the combustion products remains in the vapor state.
Higher heating value (HHV) is calculated as if all water in the combustion products is condensed and includes the heat
released by that condensation, including any moisture initially present in the fuel and oxidant. Moisture in the fuel-
oxidantmixtureevaporatesduringcombustion, consuming the sameamountof energyas it releasesduringpost-combus-
tion condensation, so the net calculated condensation energy represents only the H2O formed from the combustion of
hydrogen.
higher heating value: see heating value.
hotgasdesulfurization:aprocess to removesulfur compounds fromthesyngasatelevated temperatures.Methods include
direct injection of calcium-based sorbent into the gasifier or direct contact between syngas and a metal oxide sorbent.
hot gas particulate removal system: a system that removes particulate matter from the hot syngas by means of a barrier-
type filter, such as the following:
(a) ceramic candle filter
(b) fiber filter
(c) screenless granular bed filter
(d) cross-flow filter

inert gas: a stable gas that typically contains less than 0.1% oxygen by volume. Examples include nitrogen and carbon
dioxide.
inert gas generator: an IGCCplant system that generates an inert gas that is used for purging equipment or piping inwhich
the presence of excess oxygen is undesirable.
inert matter:
(a) constituents of coal or gas that decrease its efficiency in use [e.g., mineral matter (ash) in coal and moisture in

combustion fuel].
(b) nonreactive gases such as nitrogen or argon that may be contained in the air or oxygen used for the gasification

process, in the transport gas for moving coal in dry gasifier processes, in the purge and blanketing gas used in the
gasification and combined cycle processes. Also refers to carbon dioxide produced by combustion.
inherentmoisture: in coal,moisture that exists as an integral part of the coal seam in its natural state and includeswater in
pores but not moisture that is present in macroscopically visible fractures.
instrument verification: a set of operations that establishes evidence that specified requirements have been met by
calibration or inspection. It provides a means for checking that the deviations between values indicated by a measuring
instrument and corresponding known values are consistently smaller than the defined limits of the permissible error.

1 This definition is adapted from that in ASTM D121.
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integrated gasification combined cycle (IGCC) power plants: facilities that convert (partially combust) hydrocarbon fuel(s)
into a gaseous stream of combustible components (hydrogen, carbonmonoxide, methane, and other by-products) using
reactions with oxygen, steam, and carbon dioxide as well as thermal decomposition. The resulting gas is fired in a gas
turbine to produce power, followed by heat recovery in a steam turbine, in which the exhaust gases are used to make
steam for additional power generation. IGCC plants may also produce export syngas and export steam.
joule: theworkdonewhena forceof 1Nacts onanobject and theobject is displacedadistanceof 1m in thedirectionof the
force.
laboratory-grade calibration: see calibration, laboratory-grade.
lockhopper:amechanicaldevice thatpermits the introductionorwithdrawalofbulksolidmaterial intoanenvironmentof
different pressure. A lock hopper usually consists of a pressure vessel with valves to contain and depressurize solids.
losses: the energy that exits an equipment envelope other than the energy in the output stream(s). Examples of losses
include
(a) heat lost to the atmosphere
(b) energy loss caused by mechanical inefficiency
(c) heat loss from the steam turbine condenser

low-Btugas: a synthesis gasproducedbygasificationwith air. It has ahigherheatingvaluebelow7MJ/Nm3 (180Btu/scf).
lower heating value: see heating value.
main air compressor (MAC): a compressor that uses ambient air as feed and compresses it to the operating pressure of the
air separation unit (ASU) or gasifier. The compressormay supply all or part of the air requirement of the ASU or gasifier.
medium-Btu gas: synthesis gas producedby gasificationwith oxygen. It has a higher heating value between7MJ/Nm3and
20 MJ/Nm3 (180 Btu/scf and 500 Btu/scf).
mesh: measure of the fineness of a screen by the number of openings per inch.
moisture: see free moisture and inherent moisture. Moisture in fuel is determined by appropriate ASTM standards.
moving-bed gasifier: a type of gasifier in which hydrocarbon and ash particles move slowly down through a bed while
reacting with gases moving up through the bed.
net heat of combustion at constant pressure1: the heat produced by combustion of a unit quantity of a solid or liquid fuel
when burned at a constant pressure of 0.101325 MPa (1 atm), under conditions such that all the water in the products
remains in vapor form. (Note that the net calorific value is a lower heating value that can be calculated from the gross
calorific value by making a correction for the difference between a constant volume process and a constant pressure
process, and adeduction for thewater vaporization in the combustionproducts, includingboth thewater initially present
as moisture and that formed by combustion.)
organic sulfur: sulfur that is chemically bonded to coal hydrocarbons rather than to the inorganic ash constituents of coal.
oxygen-blown gasification: a type of gasification inwhich relatively pure oxygen (usually above 85%volumetric purity) is
the oxidizing agent for the partial combustion of the gasifier feed(s).
precision: the closeness of agreement between repeated measurements, usually measured by the precision index of the
measurements.
precision error: see error, random.
pressure: see standard pressure.
primary measurement: measurement that is used in the calculation of test results.
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product syngas: for thepurposesof this Code, theproduct syngas comprises the syngas components that are in the fuel gas
that is ultimately delivered to the powerblock, after contaminants such as hydrogen sulfide (H2S), carbonyl sulfide (COS),
and ammonia (NH3) have been removed.

NOTE: Ar = argon; CH4 = methane; CO = carbon monoxide; CO2 = carbon dioxide; H2 = hydrogen; H2O = water; N2 = nitrogen.

pulse cleaning gas: high-pressure gas, such as nitrogen, steam, or cleaned syngas, used for cleaning the hot gas filter
elements by dislodging the accumulated filter cake.
purge: to introduce air, nitrogen, or another fluid into a piece of equipment in such volume and in such amanner that the
new fluid completely replaces the air or gas–air mixture contained therein.
quench gasification process: a process employing cool liquid or gas in direct contact with a hot synthesis gas as ameans of
reducing the temperature of the synthesis gas exiting the gasification vessel.
random error: see error, random.
rank: see coal rank.
reactivity: a measure of a hydrocarbon’s susceptibility to chemical change such as gasification. The higher the reactivity,
the faster the rate of reaction at a given temperature.
recycle rate: the mass flow rate of material being reinjected into a piece of equipment, such as a furnace or combustion
chamber, to reprocess unconverted material.
redundant instruments: two or more devices measuring the same parameter.
regenerable sorbent: sorbent used for removing impurities, such as sulfur compounds, from the syngas and having
properties of being regenerated from an inactive (e.g., sulfided) form to an active (e.g., non-sulfided or oxide)
form. The regeneration process may be of the online or off-line type.
regenerator: vessel in which the sulfided sorbent is regenerated to its active form. For metal oxide sorbents in a hot gas
clean-up system, the regenerator converts the sorbent from the sulfide to oxide form.
reheater: a heat source in which additional thermal energy is added to a fluid after it has been initially and partially
expanded.
reinjection: the return or recycle of material back to a piece of equipment, such as a furnace.
repeatability: agreement between two or more sets of results by the same laboratory, using the same operator and
equipment, within specified limits.
reproducibility: agreement between results from two or more laboratories (different equipment, operators, test dates,
and different portions of the same sample) within specified limits.
residue: the solidmaterial remaining after gasification. Residue consists ofmaterials that are normally discarded, such as
fuel ash, spent sorbent, inert additives, and unburned matter.
run: a complete set of observationsmade over a period of timewith one ormore of the independent variablesmaintained
as a virtual constant.
screw cooler: screw conveyor in which the flight and trough are cooled by a coolant such as water. It is used to cool and
transport hot solids from a vessel.
secondary fuel input streams (multiple): all fuel input streams to the IGCC other than primary fuel.
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secondary measurements: measurements that are not required to calculate test results, but which may be required to
determine that the plant is operating properly.
shall: word used to denote a requirement.
should: word used to denote a recommendation.
slag: ashmaterial that has been heated above itsmelting point and then solidified into an amorphous, glass-like form as it
is cooled.Anopeningat thebottomof thegasifier (slag tap) isprovided to allowthe slag toexit fromthegasifier. The slag is
separated from water in an accumulator, where the slag settles and is subsequently depressurized.
slagging gasifier: a type of gasifier in which the ash leaves as a molten slag rather than as a nonagglomerated solid.
slurry: a mixture of liquid with solid particles, usually for enabling the solid to flow as if it were a liquid.
sorbent: a constituent that reacts with and captures another constituent.
sorbent transport system: amechanical or pneumatic transport system for transporting the regenerated sorbent fromone
vessel to another.
spent bed material: the bed drain residue removed from a fluidized bed.
standard atmospheric conditions: defined as 101.325 kPa (14.696 psia), 288.5 K (59°F), and 60% relative humidity.
standard deviation: in this Code, standard deviation refers to sample standard deviation.
standard pressure: typically, a reference to standard atmospheric pressure at sea level, 0.1013245 MPa = 1.01325 bar
(14.696 psia).There is no single universally accepted value for standard pressure or temperature, but there are several
prevailing reference sets used as standards. There is no inherent advantage to using a particular standard, but perfor-
mance calculations are simpler and less susceptible to error if a single set of standards is used for all calculations.
standard temperature:oneof a number of commonly used standard temperatures, including15.55°C (60°F) for industrial
gases, 15°C (59°F) for ambient air, 0°C (32°F) for steam enthalpy tables, 400°R [−50.92°C (−59.67°F; 222.22 K)] for gas
enthalpy tables, and 25°C (77°F) for chemical reactions.
standard volume of fuel gas (dry): the standard volume is based on a temperature of 15.5°C (60°F) and a pressure of
101.325 kPa (14.696 psia). In cases where gases being measured are partially saturated, corrections shall be applied to
gas volume measurements to correct for actual water vapor content in the as consumed gas.
startup burner: a burner firing an auxiliary fuel (e.g., natural gas, propane, or light oil) used to preheat an equipment item
to its near-normal operating temperature.
sulfidation: the exothermic chemical reaction that takes placewhen ametal oxide or other sorbent reacts with fuel sulfur
to form metal sulfide.
sulfur retention: the fraction of sulfur that enters the gasifier with the gasifier fuel and does not leave as hydrogen sulfide
(H2S) and carbonyl sulfide (COS).
synthesis gas (syngas): the gas produced by partial oxidation of the hydrocarbon feed. Raw syngas is gas that has not
undergone contaminant removal. Clean syngas has had the bulk of impurities removed. The primary use of syngas is to
fuel a gas turbine. Also called fuel gas.
systematic error: see error, systematic.
temperature: see standard temperature.
test boundary: the imaginary line that surrounds the system or specific equipment to be tested.
test reading: a single recording of all required test instrumentation for determining performance characteristics.
test run: a group of test readings taken while the facility is operating at steady state at a specified operating condition.
test: a single run or the combination of a series of runs for determining performance characteristics. A test normally
consists of two runs.
thermal efficiency: the ratio of the energy output to the energy supplied to the gasification section, expressed as a percent.
thermodynamicenthalpy: integratedspecific heat–temperature relationbetween thereference temperature (atwhich the
heat of formation is based) and stream temperature.
tolerance: the acceptable difference between the test result and its nominal or guaranteed value. Tolerances are contrac-
tual adjustments to test results or guarantees and are not part of the ASME Performance Test Codes.
unburned combustible: the combustible portion of fuel that is not completely oxidized.
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uncertainty, random: anumerical estimate of randomerrors. It is usually quantifiedby the standarddeviationof themean
for a set of test data.
uncertainty, systematic: numerical estimate of the systematic error.
uncertainty, test: a combination of random and systematic uncertainties.
volatilematter: theportionofmassminuswater vapordrivenoff in a gaseous formwhensolid fuel is heated in accordance
with the applicable ASTM standard.
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Section 3
Guiding Principles

3-1 INTRODUCTION

This Section provides guidance on the conduct of gasification block testing, and outlines the steps required to plan,
conduct, and evaluate a Code test for gasification block performance. The Code recognizes three different types of
gasifiers: fixed bed, fluidized bed, and entrained flow, in both air-blown and oxygen-blown varieties. The methodology
used in the Code can be used to test other gasifier designs.
Persons planning a test shall use Section 3 to define the test and secure agreements fromall parties to the test; then use

Section 5 to select the appropriate equations; then use Section 4 to select the instruments andmethods of measurement
needed to provide the values for the selected equations. The equations in Section 5 are used to calculate performance to
support specific test goals. The equations in Section 7 are used to determine test result uncertainty. Section 6 outlines the
form of the final test report.
The test shall be designed with the appropriate goal in mind to ensure that proper procedures are developed, the

appropriate operating mode is followed during the test, and the correct performance equations are applied.

3-2 TEST BOUNDARY AND REQUIRED MEASUREMENTS

Paragraphs 3-2.1 through 3-2.4 describe the general methodology of this Code.

3-2.1 Defining the Test Boundary

The test boundary is an imaginary line that surrounds the system or the specific equipment to be tested. The test
boundary is used to identify the energy streams that must bemeasured to calculate correct results. Parties to a test shall
establish the specific test boundary in accordance with the test goals.

3-2.2 Identifying Streams Related to Test Result Calculations

All streamsenteringorexiting the test boundary shall be identified. Energy streamscan consist of fluidor solidmaterial
flows having chemical, thermal, or potential energy. They can also consist of pure energy flows such as thermal radiation,
thermal conduction, and electrical current.
Physical properties of all energy streams required for test calculations shall be determinedwith reference to the point

atwhich they cross the test boundary. Energy streams that exist onlywithin the test boundary (e.g., slurry concentration)
need not be determined unless they verify base operating conditions or relate functionally to conditions outside the
boundary.
Typical streams required for a gasification block within an IGCC plant are shown in Figure 3-2.2-1. The solid lines

indicate streams for which mass flow rate, thermodynamic conditions, chemical composition, and/or other properties
must be determined to calculate the results of an overall plant performance test. The dashed lines indicate other streams,
suchasblowdownandwastewater,whosepropertiesarenot required foraCode test, even though theymaybeneeded for
an energy and mass balance.
The actual gasificationblock being tested is likely to include energy streamsother than the typical streams identified in

Figure3-2.2-1.Theseother streams,whichshall alsobemeasured,may includechar, coal-drying fuel, coolingduty, fluxing
agent, fuel transport medium, gas liquor, heat recovery (cooling) steam or water, hydrocarbon liquids, nitrogen, quench
water, recycled gases, recycled tar, secondary fuel, or sorbent.
Stream properties required for test calculations comprise three groups: uncontrollable stream properties, such as

those influenced by ambient conditions or primary fuel composition; controllable stream properties that are adjusted to
maintain stable conditions throughout the test; andproduct streamproperties that indicateperformance. Correctionsare
needed toaccount foruncontrollable andcontrollable streampropertyvariations that causeproduct streamproperties to
deviate from their reference values.
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Corrections are only required formeasuredparameters that have relative sensitivity coefficients greater than0.002, as
specified in Section 7. The relative sensitivity coefficient of a measured parameter is the percent change in the corrected
result causedby a unit change in themeasuredparameter. Relative sensitivity coefficients are calculated for allmeasured
parameters during the pretest uncertainty analysis.

3-2.3 Identifying Required Measurements and Measurement Accuracy

Once all energy streams have been identified, a pretest uncertainty analysis, as described in Section 5, shall be
performed to identify the primary energy flows whose physical properties must be measured and inputted into
the test results calculation. The pretest uncertainty analysis is also used to determine the level of measurement accuracy
required to maintain the accepted overall test uncertainty.
Measurement locations are selected to provide the lowest level of measurement uncertainty. The preferred location is

the location closest to the equipment being tested.
Othermeasurementsmaybe required, such as thoseused in theapplication of correction factors for off-designambient

conditions or those needed to ensure that the process does not exceed emissions or safety limits.
Equations used in the calculations of results shall be reviewed to verify that all heating value references are consistent

(either all lower or all higher heating value) and that all correction curves and heat balance programs are based on the
same definition of heating value.
Thermodynamic property values of all streams shall be based on an identical set of reference conditions (temperature,

pressure, and state).

3-2.4 Primary and Secondary Measurements

Primarymeasurements are those that are required for calculating the corrected input andoutput energy streamsof the
IGCCplant’s gasification block. Additionalmeasurementsmay be required to determine that the plant is operatingwithin
environmental regulations and within limits established by the parties to the test or recommended by equipment
suppliers. Secondarymeasurements are those that are not required for calculating test results. Secondary-measurement
methods are not considered in this Code.

Figure 3-2.2-1 Gasification Test Boundary
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3-3 TEST PLAN

3-3.1 General

A detailed test plan shall be prepared prior to conducting a Code test. The test plan shall document agreements on all
issues affecting the conduct of the test and provide detailed procedures for performing the test. The test plan shall be
approved prior to testing by authorized signatures of all parties to the test. It shall reflect any contractual requirements
that pertain to the test objectives and performance guarantees.

3-3.2 Object of Test

The object of the test shall be agreed to by the parties to the test and shall be defined in writing before the test begins.
In addition to documenting all prior agreements, the test plan shall include the schedule of test activities, respon-

sibilities of the parties to the test, test procedures, and report formats.

3-4 TEST PREPARATIONS

3-4.1 General Precaution

Reasonable precautions shall be taken when preparing to conduct a Code test. Indisputable records shall be made to
identify and distinguish the equipment to be tested and the exact method of testing. Descriptions, drawings, or photo-
graphs may be used to give a permanent, explicit record. Instrument location shall be predetermined, agreed to by the
parties to the test, and described in detail in test records. Redundant, calibrated instruments shall be provided for those
instruments susceptible to service failure or breakage.

3-4.2 Agreements

Before any tests, the parties to the test shall agree on the exact method of testing and the methods of measurement,
including the following:
(a) object of test
(b) location and timing of test
(c) test boundaries
(d) selection of instruments: number, location, and type
(e) method of instrument calibration
(f) confidentiality of test results
(g) number of copies of original data required
(h) data to be recorded and method of recording and archiving data
(i) values of measurement uncertainty and method of determining overall test uncertainty
(j) method of operating the equipment being tested, including that of any auxiliary equipment (the performance of

which may influence the test result)
(k) methods of maintaining constant operating conditions as near as possible to those specified
(l) method of determining duration of operation under test conditions before test readings are started
(m) system alignment or isolation
(n) organization of personnel, including designation of engineer in responsible charge of test
(o) duration and number of test runs
(p) frequency of observations
(q) base reference conditions
(r) methods of correction and values used for corrections for deviations from specified test conditions
(s) methods of computing results
(t) method of comparing test results with specified performance
(u) conditions for rejection of outlier data or runs
(v) pretest inspections

3-4.3 Test Apparatus

3-4.3.1 General. Test instruments are classified as described in Section 4. Instrumentation used for data collection
shall be at least as accurate as instrumentation identified in the pretest uncertainty analysis. This instrumentation can be
either permanent plant instrumentation or temporary test instrumentation.
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3-4.3.2 Frequency and Timing of Observations. The timing of instrument observations shall be determined by an
analysis of the time lag of both the instrument and the process so that a correctmean value and departure fromallowable
operating conditionsmay be determined. Sufficient observations shall be recorded to prove that steady-state conditions
existed during the test where this is a requirement. A sufficient number of observations shall be taken to reduce the
random uncertainty to an acceptable level.
The frequency of data collection is dependent on the measurement being recorded, variability of plant operation, and

duration of the test. To the extent practical, sufficient readings shall be collected tominimize the random error impact on
the post-test uncertainty analysis (see para. 3-5.8). The use of automated data acquisition systems is recommended to
facilitate data collection.

3-4.3.3 Location and Identification of Instruments. Transducers shall be located to minimize the effect of ambient
conditions, e.g., temperatureor temperaturevariations, onuncertainty. Care shall beused in routing leadwires to thedata
collection equipment toprevent electrical noise in the signal.Manual instruments shall be located so that they canbe read
with precision and convenience by the observer. All instruments shall be marked uniquely and unmistakably for iden-
tification. Calibration tables, charts, or mathematical relationships shall be readily available to all parties of the test.
Observers recording data shall be instructed on the desired degree of precision for readings.
All test instruments used to calculate the test results in Table 1-3-1 shall be calibrated before the test, and it is

recommendedthat theybe recalibratedorcalibration-checked following the test. The timebetween the initial calibration,
performance testing, and recalibration should be agreed to by the parties to the test, but shall not exceed 1 yr.
When an automated data acquisition system is used, the calibration procedure shall include signal conditioners and

data-logging devices to maintain the desired measurement accuracy from the primary sensor to the final readout or
storage device.

3-4.3.4 Redundant Instrumentation. Redundant instruments are two or more devices measuring the same param-
eter. For each primary measurement, redundant instruments shall be considered and applied unless it can be demon-
stratedbypretest uncertainty analysis that the overall uncertainty of the final resultwill be incrementally reducedby less
than 0.05%.
Redundant instrumentation might not be available for certain primary measurements, such as primary fuel flow. The

pretest uncertainty analysis determines the ability of single or redundant instrumentation to meet the total uncertainty
specified in Table 1-3-1.
Additional independent instruments in separate locations, such as a temperature grid, can also provide assurance of

instrument integrity and reduce uncertainty due to spatial variation, and should be considered by the parties to the test.
However, this is not a requirement.

3-4.3.5 Equipment Inspection. Before a test, the condition of the equipment shall be determined by inspection or
review of operational records, or both.
In preparation for acceptance testing and other official tests, the manufacturer or supplier shall have reasonable

opportunity to examine the equipment, correct defects, and render the equipment suitable to test. The manufacturer,
however, is not permitted to alter or adjust equipment or conditions in such a way that regulations, contract, safety, or
other stipulations are altered or voided. Themanufacturer shall not adjust the equipment for the test in anyway thatmay
prevent immediate, continuous, and reliable operation under all specified operating conditions. The manufacturer shall
document any actions taken and immediately report them to all parties to the test.

3-4.4 Preliminary Testing

3-4.4.1 Timing. It is recommended that preliminary testing be conducted sufficiently in advance of the official perfor-
mance test to allow time to calculate preliminary results and perform an uncertainty analysis using the standard devia-
tions observed during the test. Results from the preliminary testing shall be calculated and reviewed to identify any
problemswith thequantity andquality ofmeasureddata. The test equipment canbeadjusted, if necessary, basedon these
preliminary testing results.
Before testing, all parties to the test shall agreeon thevalidity of all computermodels, corrections, andcurves tobeused

to calculate and correct plant performance.

3-4.4.2 Preliminary Test Runs. Preliminary test runs and associated records serve to
(a) determine whether equipment is in suitable condition to test
(b) validate instruments and methods of measurement
(c) verify adequacy of organization and procedures
(d) train personnel
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All parties to the test should conduct reasonable preliminary test runs as necessary to validate test readiness. Observa-
tions during preliminary test runs shall be carried through to the calculation of results as an overall check of procedure,
layout, and organization. If a preliminary test run complies with all the necessary requirements of the appropriate test
code, it may be used as an official test run within the meaning of the applicable code.

3-5 CONDUCT OF THE TEST

(a) Personnel andMonitoring.Theparties to the test shall designate a person to direct the test, hereafter called the test
coordinator. Intercommunication arrangements shall be established between all test personnel, test parties, and the test
coordinator. Completewritten records of the test, including even seemingly irrelevant details, shall be reported. Controls
by ordinary operating (indicating, reporting, or integrating) instruments, preparation of graphical logs, and close super-
vision shall be established to ensure that the equipment under test is operating in substantial accord with the intended
conditions. If it is a commercial test, accredited representativesof thepurchaser and themanufactureror supplier shall be
present at all times to assure themselves that the tests are being conducted in accordance with the test Code and prior
agreement.
(b) Operating Philosophy. The tests shall be conducted as closely as possible to specified operating conditions to

minimize the magnitude and number of corrections for deviation from specified conditions.
(c) Starting and Stopping. Acceptance and other official tests shall be conducted as promptly as possible following

initial equipment operation and preliminary test runs. The equipment shall be operated for sufficient time to reach the
intended test conditions (e.g., steady state). Agreementonprocedures for and timingof the testing shall be reachedbefore
beginning the test.

3-5.1 Valve Lineup/Cycle Isolation

A cycle isolation checklist shall be developed to the satisfaction of all parties to the test. The checklist is a list of all the
valves that should be closed during normal operation. These are the valves that affect the accuracy or results of the test if
theyarenot secured.Thesevalvepositions shall be checkedbeforeandafter the test. All automatic valvepositions shall be
checked before the preliminary test and monitored during subsequent testing.
No valves that are normally open shall be closed for the sole purpose of changing the performance of the plant.

3-5.2 Proximity to Design Conditions

The equipment being tested shall be operated within the boundaries of permissible fluctuations and specified devia-
tions. Tomaintain compliancewith test Code requirements, the actual test shall be conductedwithin the criteria given in
Table 3-5.2-1 or othermutually agreed-on operating criteria that limit overall test uncertainty to the values referenced in
Table 1-3-1. Variations of readings during a test are indicative of random error in an instrument or changing conditions
during a test. Either situation can cause an increase in test uncertainty. For this reason, the variation during the test shall
be maintained with the limits given in the first column of Table 3-5.2-1. Parties to the test shall conduct a sensitivity
analysis to determine which parameters in the table need to be monitored.
The purpose of the correction procedure is to correct the tested performance to that at design conditions, resulting in

minimum practical uncertainty. The following are two methods of correcting the tested performance to that at design
conditions:
(a) the use of correction curves (whether in hard copy or electronic form)
(b) the use of a validated thermodynamic model
Correction curves have some uncertainty that generally increases with the magnitude of change of the input variable.

The magnitude of the changes allowed by the correction curve method shall be restricted to minimize the uncertainty
introduced by the curves themselves. If the deviation from design conditions is maintained within the limits of
Table 3-5.2-1, the curves will not normally introduce significant uncertainty. Tests conducted outside the bounds
given in Table 3-5.2-1 or for test-run durations shorter than those recommended in para. 3-5.6 may not be considered
Code tests due to the potential for increased test result uncertainty.

3-5.3 Stabilization

Parties to the test shall agree on the necessary stable conditions before starting the test. The length of operating time
necessary toachieve the required steadystatewill dependonpreviousoperations, but typical gasifier stabilization time is
24 hr, regardless of gasifier type.
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Table 3-5.2-1 Guidance for Establishing Permissible Deviations From Design Conditions

Criterion Variation During Test Deviation From Design
Thermal Efflux
Steam flow ±5% ±10%
Steam temperature (superheated) ±6°C (±10°F) ±28°C (±50°F)
Steam temperature (saturated) ±3°C (±5°F) ±10°F
Steam pressure (superheated) ±5% ±10%
Particulate-free sour syngas flow ±5% ±10% [Note (1)]
Syngas heating value, LHV ±2% ±5%
Syngas temperature ±6°C (±10°F) ±28°C (±50°F)
Combustible constituents ±20% ±20%
Liquid hydrocarbons flow ±5% ±10%
Heat recovery water flow ±5% ±5%

Thermal Input
Import steam for process heat, flow ±5% ±5%
Import steam temperature ±6°C (±10°F) ±28°C (±50°F)
Import steam pressure ±5% ±10%
Recycled gas(es) flow ±5% ±5%
Recycled gas(es) temperature ±6°C (±10°F) ±11°C (±20°F)
Recycled gas(es) constituents ±3% ±10%
Oxidant flow ±5% ±5%
Oxygen content ±2% ±2%
Sorbent active ingredients flow ±5% ±5%
Inert gas flow ±5% ±5%
Flux flow ±5% ±5%
Boiler feedwater temperature ±6°C (±10°F) ±11°C (±20°F)
Gasification steam flow ±5% ±5%
Water consumption flow ±5% ±5%

Primary Fuel Input [Note (2)]
Primary fuel feed rate ±5% ±10% [Note (1)]
Primary fuel heating value, HHV ±5% ±5%
Primary fuel composition ±3% C

±3% H
±3% N
±3% S
±3% moisture
±3% ash

±3% C
±10% H
±25% N
±10% S
±30% moisture
±10% ash

Secondary Fuel Input
Coal-drying fuel, HHV ±5% ±5%
Constituents including moisture ±5% ±5%

Electrical Parameters
Auxiliary power ±5% ±5%

NOTES:
(1) Specify either syngas flow or primary flow.
(2) Each value is the percent of the fractional amount of each constituent.

ASME PTC 47.2-2019

18

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 47
.2 

20
19

https://asmenormdoc.com/api2/?name=ASME PTC 47.2 2019.pdf


3-5.4 Starting Criteria

The test coordinator is responsible for ensuring that all data collection begins at the agreed-on start of the test and that
all parties to the test are informed of the starting time. The following conditions shall be satisfied before the start of each
performance test:
(a) OperationandConfiguration. Theunit shall be in theproper configurationandshall beoperating inaccordancewith

the agreed-on test requirements.
(b) Stabilization. The plant shall be operated at test load long enough to demonstrate and verify stability in accordance

with para. 3-5.3 criteria. All operating parameters shall be within the acceptable test range.
(c) Data Collection. Data collection system(s) shall be functioning, and test personnel shall be in place and ready to

collect samplesor recorddata. Thedata collection systemshall bedesigned to acceptmultiple instrument inputs and shall
beable to sampledata fromall the instrumentswithin2min to3min toobtainall necessarydatawith theplant at the same
condition.
Data shall be taken by automatic data-collecting equipment or by a sufficient number of competent observers. Auto-

matic data-logging and advanced instrument systems shall be calibrated to the required accuracy. No observer shall be
required to take somany readings that a lack of timemay result in insufficient care and precision. Consideration shall be
given to specifying duplicate instrumentation and capturing simultaneous readings at certain test points to attain the
specified test accuracy.
(d) Readjustments. Once testing has started, any readjustment to the equipment that could influence the test results

shall require repetition of any test runs conducted prior to the readjustment. No adjustments shall be permissible for the
purpose of a test that are inappropriate for reliable and continuous operation following a test under any and all of the
specified outputs and operating conditions.

3-5.5 Stopping Criteria

Tests are normally stoppedwhen the test coordinator is satisfied that requirements for a complete test run have been
satisfied (see paras. 3-5.6 and 3-5.7). The test coordinator shall verify thatmethods of operation during the test, specified
in paras. 3-5.1 through 3-5.3, have been satisfied. The test coordinator may extend or terminate the test if the require-
ments have not been met.

3-5.6 Duration of Test Runs

Theduration of a test run shall be of sufficient length that the data reflect the average efficiency andperformance of the
plant. This includes consideration for deviations in the measurable parameters due to controls, fuel, and typical plant
operating characteristics. Recommended test-run duration is between 4 hr and 8 hr regardless of gasifier type. Test runs
using blendedorwaste fuelsmay require a longer duration if fuel variations are significant. Transit sample time shall also
be considered when determining the test run duration.

3-5.7 Number of Test Runs

A test shall comprise twoormore test runs. A test run is a complete set of observationswith the unit at stable operating
conditions. If the results vary significantly between the first two runs, a third run shall be required.
After a preliminary run is complete, it may be declared an acceptable test run if all parties to the test agree that all

requirements of a regular run have been met.

3-5.8 Number of Readings

Sufficient readings shall be taken during the test to yield total uncertainty consistent with Table 1-3-1. The pretest
uncertainty analysis shall be used to determine the necessary number of readings for eachmeasurement. Ideally at least
30 sets of data should be recorded for all nonintegrated measurements of primary variables.
Practical considerations may reduce the number of readings in some cases. For example, fuel quality samples taken

everyhalf hour, rather thanevery5min,would reduceoffsite laboratory costs. Ashor slagquality samplesmaybe limited,
such as one reading every 4 hr, to accommodate a 4-hr holdup in the lock hopper. The pretest uncertainty analysis will
determine the impact of a reduced number of readings and whether the overall test will meet the total uncertainty
requirements specified in Table 1-3-1.
There are no specific requirements for the number of accumulated readings or for measurements of secondary vari-

ables for each test run, but sufficient data shall be available to determine the precision uncertainty of all primary accu-
mulated readings.
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3-5.9 Evaluation of Test Runs

When comparing results and uncertainty intervals from two test runs (X1and X2), the parties to the test shall consider
the three cases shown in Figure 3-5.9-1 (from ASME PTC 19.1).
(a) Case I. Aproblemclearlyexistswhen there isnooverlapbetweenuncertainty intervals. This situationmaybedue to

uncertainty intervals being grossly underestimated, errors in the measurements, or abnormal fluctuations in the
measurement values. Investigation to identify bad readings, overlooked or underestimated systematic uncertainty,
etc., is necessary to resolve this discrepancy.
(b) Case II. When the uncertainty intervals completely overlap, one can be confident that there has been a proper

accounting of allmajor uncertainty components. The smaller uncertainty interval, X 2±U2, is wholly containedwithin the
interval X 1 ± U1.
(c) Case III. A case inwhich there is a partial overlap of the uncertainty is themost difficult to analyze. For both the test

run results and uncertainty intervals to be correct, the most probable value lies in the region where the uncertainty
intervals overlap. Consequently, the larger the overlap, the more confidence there is in the validity of the measurements
and the estimate of the uncertainty intervals. As the difference between the two measurements increases, the overlap
region shrinks.
If a run or set of runs follows Case I or Case III, the results from all runs shall be reviewed in an attempt to explain the

reason for excessive variation. If no reason is obvious, the user of the Code shall reevaluate the uncertainty band or
conduct more test runs to calculate the precision component of uncertainty directly from the test results. Conducting
additional tests may also validate the previous testing.
The resultsof thevalid runs shall beaveraged todetermine themeanresult. Theuncertaintyof the result is calculated in

accordance with ASME PTC 19.1.

3-5.10 Constancy of Test Conditions

(a) General. The primary criterion for steady-state test conditions is that the average of the data reflect balance
between energy input from fuel and energy output to thermal and/or electrical generation. The primary uncontrollable
parameters affecting the steady-state conditions of a test are typically the ambient conditions. See Table 3-5.2-1 for
additional parameters. Testing durations and schedules shall be such that changes in ambient conditions areminimized.
(b) Analysis and Interpretation. During a test or the subsequent analysis or interpretation of the observed data, an

obvious inconsistencymaybe found. If so, reasonable effort shall bemade to adjust or eliminate the inconsistency. Failing
this, the test run shall be repeated.

Figure 3-5.9-1 Uncertainty Intervals
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3-6 CALCULATION AND REPORTING OF RESULTS

3-6.1 Data Records and the Test Log

For all acceptance and other official tests, a complete set of data and a complete copy of the test log shall be supplied to
all parties to the test. The original log; data sheets, files, and disks; recorder charts; tapes; etc., being the only evidence of
actual test conditions shall permit clear and legible reproduction. Copying by hand is not permitted. The completed data
records shall include the date and time an observation was recorded. The observations shall be the actual readings
withoutapplicationof any instrumentcorrections.The test logshall constituteacomplete recordofevents, includingeven
details that may have seemed trivial or irrelevant during the test. Destruction or deletion of any data record, page of the
test log, or any recorded observation is not permitted. If a correction is required, the alteration shall be entered with an
explanation and in such a way that the original entry remains legible. For manual data collection, the test observations
shall be entered on prepared forms that constitute original data sheets authenticated by the observers’ signatures. For
automatic data collection, printed output or electronic files shall be authenticated by the engineer in charge and other
representatives of theparties to the test.Whennopaper copy is generated, theparties to the test shall agree in advanceon
the method for authenticating, reproducing, and distributing the data. Copies of the electronic data files shall be copied
onto tape or disks and distributed to all parties to the test. The data files shall be in a format that is easily accessible by all
parties. Data residing on a machine shall not remain there unless a permanent backup copy is made.
The data taken during the test shall be reviewed for compliancewith the test condition requirements (see para. 3-5.9).

Each test shall include pretest and post-test uncertainty analyses, and the results of these analyses shall fall within Code
requirements for the type of plant being tested (see Table 1-3-1).

3-6.2 Causes for Rejection of Test Runs

If serious inconsistencies thataffect test resultsaredetectedduringa test runorduring thecalculationof the results, the
runshall be invalidated completely, or itmaybe invalidatedonly inpart if the affecteddata is at thebeginningorat the end
of the run. A run that has been invalidated shall be repeated if necessary to attain the test objectives. Thedecision to reject
a run shall be the responsibility of the designated representatives of the parties to the test.
An outlier analysis of spurious data shall also be performed in accordancewith ASME PTC 19.1 on all critical measure-

ments after the test has ended.
If anymeasurement influencing the result of a test is inconsistent with a similarmeasurement, although either or both

mayhave been recorded in strict accordancewith the rules of the individual test Code, the cause of the inconsistency shall
be identified and eliminated.

3-6.3 Uncertainty

A post-test uncertainty analysis shall be performed as part of the test calculations. The post-test uncertainty analysis
will reveal the actual quality of the test to determine whether the calculated results fall within the required uncertainty
limits stated in Section 1.
Procedures relating to testuncertaintyarebasedonconcepts andmethodsdescribed inASMEPTC19.1.ASMEPTC19.1

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.

3-6.4 Application of Correction Methods

The calculation of results described by this Code requires adjusting the test-determined values of product syngas
energy and gasification effectiveness by the application of correction methods described in Section 5. These corrections
may be applied as additive and multiplicative correction factors for individual variables, as algorithms in multivariate
computer models, or as a hybrid combination of these two correction methods. These corrections adjust for allowable
variations in controllable operating parameters and uncontrollable external effects, such as ambient temperature. All
corrections must result in no correction if all test conditions are equal to the base reference conditions.
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Section 4
Instruments and Methods of Measurement

4-1 INTRODUCTION

This Sectiondescribesmeasurement equipment andmethodsused to calculate the gasifier blockperformance in terms
of the results in Table 1-3-1. This Section is organized as follows:
(a) General Requirements, subsection 4-2
(b) Pressure Measurement, subsection 4-3
(c) Temperature Measurement, subsection 4-4
(d) Solid Flow Measurement, subsection 4-5
(e) Liquid Flow Measurement, subsection 4-6
(f) Steam Flow Measurement, subsection 4-7
(g) Gas Flow Measurement, subsection 4-8
(h) Material Analysis, subsection 4-9
(i) Input and Output Heat Measurement, subsection 4-10
(j) Auxiliary Electric Power Measurement, subsection 4-11
(k) Data Collection and Handling, subsection 4-12

4-2 GENERAL REQUIREMENTS

4-2.1 Introduction

This Section presents the mandatory requirements for instrumentation used in an ASME PTC 47.2 test. Per the phi-
losophyofASMEPTC1and subsection1-1, it does so in considerationof theminimumreasonably achievable uncertainty.
The Instruments and Apparatus Supplements to ASME Performance Test Codes (ASME PTC 19 series) outline the details
concerning instrumentation and the governing requirements of instrumentation for all ASME Code performance testing.
The user of this Code should be intimately familiar with the ASME PTC 19 series as it applies to the instrumentation
specified and explained in this Section.
For the convenience of the user, this Section reviews the critical highlights of portions of those supplements that

directly apply to the requirements of this Code. This Section also contains details of the instrumentation requirements of
this Code that are not specifically addressed in the referenced supplements. These details include classification of
measurements for the purpose of instrumentation selection andmaintenance, calibration and verification requirements,
electrical metering, and other information specific to an ASME PTC 47.2 test.
If the instrumentation requirements in the ASME PTC 19 series become more rigorous as they are updated due to

technology advances, those requirements will supersede those in this Code.
BothSIunits andU.S. Customaryunits are shown for theequations in this Section. In text, tables, and figures, theSI value

is followed by the U.S. Customary value in parentheses. However, any other consistent set of units may be used.

4-2.2 Measurements

4-2.2.1 Measurement Designation.Measurements may be designated as either a parameter or a variable. The terms
parameter and variable are sometimes used interchangeably in the industry and in some other ASME Codes. This Code
distinguishes between the two.
A parameter is considered a direct measurement and is a physical quantity at a location that is determined by a single

instrument, or by the average of the measurements from several similar instruments. In the latter case, several instru-
ments may be used to determine a parameter that has potential to display spatial gradient qualities, such as inlet air
temperature. Similarly,multiple instrumentsmaybeused todetermineaparameter simply for redundancy to reduce test
uncertainty, such as utilization of two temperature measurements of the fluid in a pipe in the same plane, where the
temperaturegradient is expected tobe insignificant. Typical parametersmeasured inanASMEPTC47.2 test are tempera-
ture, static and differential pressure and flow, and stream constituents.
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A variable is considered an indirect measurement and is an unknown quantity in an algebraic equation that is deter-
mined by parameters. The performance equations in Section 5 contain the variables used to calculate the performance
results, including corrected effective syngas flow rate, corrected gasification effectiveness, and corrected specific fuel
consumption. Typical variables in these equations are flow, enthalpy, and correction factors. Each variable canbe thought
of as an intermediate result needed to determine the performance result.
Parameters are therefore the quantities measured directly to determine the value of the variables needed to calculate

the performance results per the equations in Section 5. Examples of such parameters are temperature and pressure to
determine the variable enthalpy; temperature, pressure, or differential pressure for the calculation of the variable flow;
and secondary fuel and syngas composition for the calculation of primary and secondary fuel and syngas heating value.

4-2.2.2 Measurement Classification. A parameter or variable is classified as primary or secondary depending on its
usage in theexecutionof thisCode.Parameters andvariablesused in the calculationof test results are consideredprimary
parameters and variables. Alternatively, secondary parameters and variables do not enter into the calculation of the
results but are used to ensure that the required test condition was not violated.
Primary parameters and variables are further classified as Class 1 or Class 2, depending on their relative sensitivity

coefficient to the resultsof the test. Class1primaryparametersandvariableshavea relative sensitivity coefficientof0.2%
or greater. The primary parameters and variables that have a relative sensitivity coefficient of less than 0.2% are Class 2
primary parameters and variables.

4-2.3 Instrumentation

4-2.3.1 General. Measuring equipment shall be selected to minimize test uncertainty. Critical parameters shall be
measured with instruments that have sufficient accuracy to ensure that target uncertainties will be achieved. Typical
station-recording instruments are designed for reliability and ease of use and maintenance, rather than for accuracy.
Therefore, measurements made by station-recording instruments may increase test uncertainty beyond agreed-on
limits. All instruments shall be checked to verify that they are the specified type, properly installed, working as designed,
and functioning over the range of expected input.

4-2.3.2 Instrumentation Categorization. The instrumentation employed to measure a parameter will have different
required type, accuracy, redundancy, and handling depending on how themeasured parameter is used and how it affects
the performance result. This Code does not require high-accuracy instrumentation for determining secondary param-
eters. The instruments that measure secondary parameters may be permanently installed plant instrumentation. This
Codedoes require verification of instrumentation output prior to the test period. This verification canbeby calibration or
by comparison against two or more independent measurements of the parameters referenced to the same location. The
instruments shall also have redundant or other independent instruments that can verify the integrity during the test
period. Instrumentation is categorized as Class 1 or Class 2, depending on the instrumentation requirements defined by
the parameter. Care shall be taken to ensure the instrumentation meets the classification requirements set forth in this
Code.

4-2.3.2.1 Class 1 Instrumentation. Class 1 instrumentation shall be used to determine Class 1 primary parameters.
Class 1 instrumentation is high accuracy instrumentationwith precision laboratory calibration thatmeets specificmanu-
facturing and installation requirements, as specified in the ASME PTC 19 series supplements.

4-2.3.2.2 Class 2 Instrumentation. Class 2 instrumentation shall be used to determine Class 2 primary parameters.
Class2 instrumentationdoesnot require laboratory calibrationsother than that performed in the factory for certification,
but does require field verification by techniques described in this Code.

4-2.3.3 Plant Instrumentation. It is acceptable to use plant instrumentation for primary parameters only if the plant
instrumentation (including signal-conditioning equipment) can be demonstrated to meet the overall uncertainty re-
quirements. Many times this is not the case. In the case of flow measurement, all instrument measurements (process
pressure, temperature, differential pressure, or pulses from metering device) shall be made available, as plant conver-
sions to flow are often not rigorous enough for the required uncertainty.

4-2.3.4 Redundant Instrumentation. If previous experience indicates that a particularmodel or type of instrument is
prone to unacceptable calibration drift, and no other device is available, redundancy is recommended. Redundant instru-
ments shall be used to measure all primary parameters except flow and electrical input. Redundant flow elements and
redundant electrical-metering devices are not required because of the large increase in cost associatedwith redundancy
but shall be considered when developing a test plan. Other independent instruments in separate locations can also
monitor instrument integrity. A sample case would be a constant enthalpy process, where pressure and temperature
at one point in a steam line verify the pressure and temperature of another location in the line by comparing enthalpies.
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4-2.4 Instrument Calibration

Calibrations performed in accordance with this Code are categorized as either laboratory or field calibrations.

4-2.4.1 Laboratory-Grade Calibration. Laboratory-grade calibrations shall be performed in strict compliance with
establishedpolicy, requirements, and objectives of a laboratory quality assurance program. Laboratory calibration appli-
cations shall be employed on Class 1 instrumentationwith the exception of fluid-metering devices that strictly adhere to
specific manufacturing and installation requirements, as specified in the ASME PTC 19 series supplements.

4-2.4.2 FieldCalibration.Field calibrationapplications are commonlyusedon instrumentationmeasuring secondary
parameters and Class 2 instrumentation that are identified as out-of-calibration during field verification as described in
para. 4-2.5.

4-2.4.3 Reference Standards. Reference standards are generally of the highest metrological quality available at a
given location from which the measurements made at that location are derived. Reference standards include all
measuring and test equipment and reference materials that have a direct bearing on the traceability and accuracy
of calibrations. Reference standards shall be routinely calibrated in a manner that provides traceability to NIST or
defined natural physical constants and shall be maintained for proper calibration, handling, and usage in strict compli-
ancewith an accredited calibration laboratory quality program. The integrity of reference standards shall be validatedby
proficiency testing or inter-laboratory comparisons. All reference standards shall be calibrated at the frequency specified
by themanufacturer unless the user has data to support extension of the calibration period. Supporting data is historical
calibration data that demonstrates a calibration drift less than the accuracy of the reference standard for the desired
calibration period.
Reference standards shall be selected so that the collective uncertainty of the standards used in the calibration con-

tributes less than 25% to the overall calibration uncertainty. The overall calibration uncertainty of a calibrated instru-
ment shall bedeterminedat a95%confidence level. A reference standardwitha loweruncertaintymaybeemployed if the
uncertainty of the reference standard combined with the random uncertainty of the instrument being calibrated is less
than the accuracy requirement of the instrument.
With the exception of flowmeter instrumentation, all Class 1 and Class 2 instrumentation used to measure primary

parameters shall be calibrated against reference standards traceable to NIST, another recognized international standard
organization, or recognizednatural physical constantswithvalues assignedor acceptedbyNIST. Instrumentationused to
measure secondary variables does not need to be calibrated against a reference standard. These instruments may be
calibrated against a calibrated instrument.

4-2.4.4 Environmental Conditions. Calibration of instruments used to measure primary parameters shall be
performed in amanner that replicates the condition underwhich the instrumentwill be used to take testmeasurements.
As it is often not practical or possible to perform calibrations under replicated environmental conditions, additional
elemental error sources shall be identified and estimated. Error source considerations shall be given to all process and
ambient conditions thatmayaffect themeasurement system, including temperature, pressure,humidity, electromagnetic
interference, and radiation.

4-2.4.5 Instrument Ranges andCalibrationPoints.The number of calibration points depends on the classification of
the parameter the instrument will measure. The classifications are discussed in para. 4-2.2.2. The calibration shall have
points that bracket the expected measurement range. In some cases of flow measurement, it may be necessary to ex-
trapolate a calibration. All installed instrumentation shall undergo field verification (see para. 4-2.5) before testing
begins.

4-2.4.5.1 Class 1 Instrumentation. The instruments measuring Class 1 primary parameters shall be laboratory-
grade calibrated at 2 points more than the order of the calibration curve fit. This shall be done whether it is necessary to
apply the calibration data to the measured data, or the instrument is of such quality that the deviation between the
laboratory calibration and the instrument reading has a negligible effect on the test result. Flow metering that requires
calibration shall have a20-point calibration. Instrument transformersdonot require calibrationat2pointsmore than the
order of the calibration curve fit and shall be calibrated in accordance with para. 4-2.4.7.
Each instrument shall also be calibrated such that the measuring point is approached in an increasing and decreasing

manner. This exerciseminimizes thepossibility of anyhysteresis effects. Some instruments arebuiltwith amechanism to
alter themeasurement rangeonce the instrument is installed. In this case, the instrument shall be calibrated at each range
that will be used during the test period.
Somedevices cannotpracticallybe calibratedover theentireoperating range. Forexample, flow-measuringdevices are

often calibrated at flows lower than the operating range and the calibration data is extrapolated. This extrapolation is
described in subsection 4-6.
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4-2.4.5.2 Class 2 Instrumentation. If calibration for instruments measuring Class 2 primary parameters is to be
curve-fitted, the calibration shall contain, at minimum, one point more than the order of the calibration curve fit. If the
instrument can be shown to typically have a hysteresis of less than the required accuracy, themeasuring point need only
be approached from one direction (either increasing or decreasing to the point).

4-2.4.6 Secondary Parameters. The instruments measuring secondary parameters shall undergo field verifications
as described in para. 4-2.5 and if calibrated, need only be calibrated at one point in the expected operating range.

4-2.4.7 Timing of Calibration.Due to the variance in different types of instrumentation and their care, this Code does
notmandate a time interval between the initial laboratory calibration and the test period. Treatmentof thedevice ismuch
more important than the elapsed time since calibration. An instrument may be calibrated one day and mishandled the
next. Conversely, an instrumentmay be calibrated and placed on a shelf in a controlled environment, and the calibration
will remain valid for an extended time period. Similarly, the instrument may be installed in the field but valved-out of
service, or it may be exposed to significant cycling. In these cases, the instrumentation is subject to vibration or other
damage and shall undergo field verification.
All test instrumentation used tomeasure Class 1 primary parameters shall be laboratory-grade calibrated prior to the

test and/or shall meet specific manufacturing and installation requirements, as specified in the ASME PTC 19 series
supplements. This Code does not mandate a quantity of time between the laboratory calibration and the test period. The
quantity of time between the laboratory calibration and the test period should, however, be kept to aminimum to obtain
an acceptable calibrationdrift as determinedby themanufacturer’s specifications anddemonstratedby field verification.
Similarly, the quantity of time between the field verification and the test period shall be kept to a minimum to minimize
instrument drift. Test instrumentation used to measure Class 2 parameters and secondary parameters does not require
laboratorycalibrationother than thatperformed in the factory forcertification. Itdoes require fieldverificationbefore the
test.
Following a test, field verifications shall be conducted on instrumentsmeasuring parameterswhere there is no redun-

dancy or for which data is questionable. For the purposes of redundancy, plant instrumentation may be used for field
verification. If results indicate unacceptable drift or damage, then further investigation is required. Flow element devices
used to measure Class 1 primary parameters that do not have redundancy shall require field verification, including
nondestructive inspection, following the test. Flow element devices used to measure Class 2 primary parameters
do not need to be inspected following the test if the devices have not experienced conditions (steam blow, chemical
cleaning, etc.) that would violate their integrity.
Bynature, flow-measuringdevices andcurrent andpotential transformersarenot conducive topost-test calibration. In

the case of flow-measuring devices used to measure Class 1 primary variables, the device should be inspected following
the test rather than recalibrated. Flow element devices used to measure Class 2 primary variables do not need be
inspected following the test if the devices have not experienced steam blow or chemical cleaning.

4-2.4.8 Calibration Drift. Calibration drift is defined as a shift in the calibration characteristics. When the field veri-
fication indicates the drift is less than the instrument accuracy, the drift is considered acceptable and the pretest cali-
bration shall be used as the basis for determining the test results. If the calibration drift combined with the reference
standard accuracy (the square root of the sum of the squares) exceeds the required accuracy of the instrument, it is
unacceptable.
Calibration drift can result from instrument malfunction, transportation, installation, or removal of the test instru-

mentation. When a field verification of calibration indicates unacceptable drift, further investigation is required.
A post-test laboratory calibration may be ordered. If so, the Code user shall evaluate the field verifications and use

engineering judgment to determine whether the initial calibration or the recalibration is correct. Below are some rec-
ommended field verification practices that lead to the application of good engineering judgment.
(a) When instrumentation is transported to the test site between the calibration and the test period, a single-point

check before andafter the test period can isolatewhen the driftmayhave occurred. For example, verify the zero-pressure
point on the vented pressure transmitters, the zero-load point on the wattmeters, or the ice point on the temperature
instrument.
(b) In locationswhere redundant instrumentation is employed, calibration drift shall be analyzed to determinewhich

calibration data (the initial or recalibration) produces better agreement between redundant instruments.

4-2.4.9 Loop Calibration. All analog instruments used tomeasure primary parameters shall be loop calibrated. Loop
calibration involves the calibration of the instrument through the signal-conditioning equipment. This may be accom-
plished by calibrating instrumentation using the test signal-conditioning equipment either in a laboratory or on-site
during test setup before the instrument is connected to process. Alternatively, the signal-conditioning device may be
calibrated separately from the instrument by applying a known signal to each channel using a precision signal generator.
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Where loop calibration is not practical, an uncertainty analysis shall be performed to ensure that the combined uncer-
tainty of the measurement system meets the uncertainty requirements described in Table 1-3-1.
Instrumentation with digital output need only be calibrated through to the digital signal output. There is no further

downstream signal-conditioning equipment, as the conversion of the units of measure of the measured parameter has
already been performed.

4-2.4.10 Quality Assurance Program. Each calibration laboratory shall have a quality assurance program that docu-
ments the following information:
(a) calibration procedures
(b) calibration technician training
(c) standard calibration records
(d) standard calibration schedule
(e) instrument calibration histories
Thequality assuranceprogramshall bedesigned to ensure that the laboratory standards are calibrated as requiredand

that properly trained technicians calibrate the equipment in the correct manner. The parties to the test shall be allowed
access to the calibration facility for auditing. The quality assurance program shall also be made available during such a
visit.

4-2.5 Instrument Verification

Before the test, all installed instrumentation shall undergo field verifications of all secondary measured parameters.
The verifications shall demonstrate that the instrumentation and systems arewithin acceptable limits of error as defined
in this Section. Verification techniques may include field calibrations, nondestructive inspections, and comparison of
redundant instruments.
Elemental error sources arising from the methods of measurement shall be evaluated during the field verifications to

identify the uncertainty sources beyond those contained in the calibration or manufacturer’s specification, data acquisi-
tion, and data reduction that may significantly affect the assessment of the verification. Some common examples include
vibrationeffects,mountingpositioneffects, electromagnetic effects, external temperatureandhumidity effects, andstatic
temperature effects. The errors may be either systematic or random, depending on their effect on the measurement.

4-2.6 Instrumentation Systematic Uncertainty

Estimating the systematic uncertainty in ameasurement involves evaluating all components of ameasurement system.
The potential systematic uncertainties for various instruments are listed in Table 4-2.6-1,which is based onASMEPTC4-
2013, Table 4-3.6-1. These uncertainties tend to be conservative andmay not be representative of any specific measure-
ment situation.

4-3 PRESSURE MEASUREMENT

4-3.1 Introduction

This subsection presents requirements and guidance regarding pressuremeasurement. The use of electronic pressure
measurement equipment is recommended for primary measurements to minimize systematic and random error. Elec-
tronic pressure measurement equipment provides inherent compensation procedures for sensitivity, zero balance,
thermal effect on sensitivity, and thermal effect on zero. Deadweight gauges, manometers, and other measurement
devices that meet the uncertainty requirements of this Section may be used. Factors affecting the uncertainty of
the pressure measurement include, but are not limited to, ambient temperature, resolution, repeatability, linearity,
hysteresis, vibration, power supply, stability, mounting position, radio frequency interference (RFI), static pressure,
water leg, warm-up time, data acquisition, spatial variation, and primary element quality.
The piping between the process and secondary elements shall accurately transfer the pressure to obtain accurate

measurements. Possible sources of error include pressure transfer, leaks, friction loss, trapped fluid (i.e., gas in a liquid
line or liquid in a gas line), and density variations between legs.
All signal cables shall have a grounded shield or twisted pairs to drain any induced currents from nearby electrical

equipment. All signal cables shall be installed away from electromotive force (EMF) producing devices such as motors,
generators, electrical conduit, cable trays, and electrical service panels.

ASME PTC 47.2-2019

26

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 47
.2 

20
19

https://asmenormdoc.com/api2/?name=ASME PTC 47.2 2019.pdf


Table 4-2.6-1 Potential Instrumentation Systematic Uncertainty

Instrument

Systematic
Uncertainty
[Note (1)]

Data Acquisition Note (2)
Digital data logger Negligible
Plant control computer ±0.1%
Handheld temperature indicator ±0.25%
Handheld potentiometer (including
reference junction)

±0.25%

Temperature Note (3)
Thermocouple …
NIST-traceable calibration Note (4)
Premium Grade Type E …
0°C–316°C (32°F–600°F) ±1.1°C (2°F)
316°C–871°C (600°F–1,600°F) ±0.4%

Premium Grade Type K …
0°C–277°C (32°F–530°F) ±1.1°C (2°F)
277°C–1 260°C (530°F–2,300°F) ±0.4%

Standard Grade Type E …
0°C–316°C (32°F–600°F) ±1.7°C (3°F)
316°C–871°C (600°F–1,600°F) ±0.5%

Standard Grade Type K …
0°C–277°C (32°F–530°F) ±2.2°C (4°F)
277°C–1 260°C (530°F–2,300°F) ±0.8%

Resistance temperature device (RTD) …
NIST-traceable calibration standard Note (4)
0°C (32°F) ±0.03%
93°C (200°F) ±0.08%
204°C (400°F) ±0.13%
299°C (570°F) ±0.18%
399°C (750°F) ±0.23%
499°C (930°F) ±0.28%
594°C (1,100°F) ±0.33%
704°C (1,300°F) ±0.38%

Temperature gauge ±2% of span
Mercury-in-glass thermometer ±0.5 gradation

Pressure Note (5)
Gauge …
Test ±0.25% of span
Standard ±1% of span

Manometer ±0.5 gradation
Transducer and transmitter …
High accuracy ±0.1% of span
Standard ±0.25% of span

Aneroid barometer ±0.05 in. Hg
Weather station Note (6)

Velocity …
Standard pitot tube …
Calibrated ±5% [Note (7)]
Uncalibrated ±8% [Note (7)]

Instrument

Systematic
Uncertainty
[Note (1)]

S-type pitot tube …
Calibrated ±5% [Note (7)]
Uncalibrated ±8% [Note (7)]

3-hole probe …
Calibrated ±2% [Note (7)]
Uncalibrated ±4% [Note (7)]

Hot wire anemometer ±10%
Turbometer ±2%

Flow (Air and Flue Gas) …
Multipoint pitot tube (within range) …
Calibrated and inspected (directional
velocity probe)

±5%

Calibrated with S-type or standard ±10%
Uncalibrated and inspected ±8%
Uncalibrated and uninspected ±20%

Airfoil …
Calibrated ±5%
Uncalibrated ±20%

Flows (Steam and Water) Note (8)
Flow nozzle …
ASME PTC 6 (with flow straighteners) …
Calibrated and inspected ±0.25%
Uncalibrated and inspected ±0.75%
Uncalibrated and uninspected ±2%

Pipe taps …
Calibrated and inspected ±0.5% steam

±0.4% water
Uncalibrated and inspected ±2.2% steam

±2.1% water
Uncalibrated and uninspected New plant: see above

Existing plant: variable
Venturi …
Throat taps …
Calibrated and inspected ±0.5% steam

±0.4% water
Uncalibrated and inspected ±1.2% steam

±1.1% water
Uncalibrated and uninspected New plant: see above

Existing plant: variable
Orifice Note (9)

Calibrated and inspected ±0.5% steam
±0.4% water

Uncalibrated and inspected ±0.75% steam
±0.7% water

Uncalibrated and uninspected New plant: see above
Existing plant: variable

Weir ±5%
Blowdown valve ±15%
Coriolis flowmeter (for liquid) ±0.1%
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Table 4-2.6-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Instrument

Systematic
Uncertainty
[Note (1)]

Liquid Fuel Flow (Calibrated) …
Flowmeter …
Positive displacement meter ±0.5%
Turbine meter ±0.5%
Orifice (for larger pipes, uncalibrated) ±1%
Coriolis flowmeter ±0.1%

Weigh tank ±1%
Volume tank ±4%

Gaseous Fuel Flow Note (9)
Orifice …
Calibrated and inspected ±0.5%
Calibrated and uninspected ±2%
Uncalibrated and inspected ±0.75%

Turbometers …
Non-self-correcting ±1%
Self-correcting ±0.75%

Coriolis flowmeter ±0.35%

Solid Fuel and Sorbent Flow …
Gravimetric feeders …
Calibrated with weigh tank ±2%
Calibrated with standard weights ±5%
Uncalibrated ±10%

Volumetric feeders …
Belt …
Calibrated with weigh tank ±3%
Uncalibrated ±15%

Screw, rotary valve, etc. …
Calibrated with weigh tank ±5%
Uncalibrated ±15%

Weigh bins …
Weigh scale ±5%
Strain gauges ±8%
Level ±10%

Impact meters ±10%

Residue Flow …
Isokinetic dust sampling ±10%
Weigh bins …
Weigh scale ±5%
Strain gauges ±8%
Level ±20%

Screw feeders, rotary valves, etc. …
Calibrated with weigh tank ±5%
Uncalibrated ±15%

Assumed split (bottom ash/fly ash) 10% of total ash

Instrument

Systematic
Uncertainty
[Note (1)]

Solid Fuel and Sorbent Sampling See ASME PTC 4-2013,
Tables 4-3.6-2 and
4-3.6-3

Stopped belt ±0%
Full cut ≥1%
“Thief” probe ≥2%
Time-lagged ≥5%

Liquid and Gaseous Fuel Sampling See ASME PTC 4-2013,
Tables 4-3.6-4 and
4-3.6-5

Flue Gas Sampling …
Point-by-point traverse See Section 7
Composite grid See Section 7

Unburned Carbon (UBC) in Residue Note (10)
Isokinetic dust sampling ±5%
“Thief” probe ±200%
Bottom ash ±50%
Bed drain ±20%

Fuel Handling and Storage −10% of moisture
value

Limestone handling and storage +5% of moisture value
Residue 0

Flue Gas Analysis …
Oxygen analyzer …
Continuous electronic analyzer ±1% of span
Orsat analyzer ±0.2 points
Portable analyzer ±5% of reading

±2% of span
Calibrated on air …
Calibrated on cal gas …

Carbon monoxide …
Continuous electronic analyzer ±20 ppm
Orsat analyzer ±0.2 points

Sulfur dioxide …
Continuous electronic analyzer ±10 ppm
CEM electronic analyzer ±50 ppm

Oxides of nitrogen …
Chemiluminescent ±20 ppm
CEM electronic analyzer ±50 ppm

Hydrocarbons …
Flame ionization detector ±5%
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Prior to calibration, the pressure transducer rangemay be altered tomore accuratelymatch the process. However, the
sensitivity to ambient temperature fluctuation may increase as the range is altered. Additional points will increase the
accuracy but are not required. During calibration, the measuring point shall be approached from an increasing and
decreasing manner to minimize the hysteresis effects.
Some pressure transducers allow the user to change the range once the transmitter is installed. The transmitters shall

be calibrated at each range to be used during the test period.
Where appropriate for steam and water processes, the readings from all static pressure transmitters and any differ-

ential pressure transmitters with taps at different elevations (such as on vertical flow elements) shall be adjusted to
account for elevation head in water legs. This adjustment shall be applied at the transmitter, either automatically by the
control ordata acquisitionsystem,ormanuallyby theuser after the rawdata is collected. Care shall be taken toensure this
adjustment is applied properly, particularly at low static pressures, and that it is applied only once.

4-3.2 Required Uncertainty

The required uncertainty depends on the type of parameters and variables beingmeasured. Refer to paras. 4-2.2.2 and
4-2.3.1 for discussion on measurement classification and instrumentation categorization. Table 4-2.6-1 provides guide-
lines for typical systematic uncertainties for pressure measurements.
Class 1primaryparameters andvariables shall bemeasuredwith 0.1%accuracy class pressure transmitters or equiva-

lents that have a total calibrated uncertainty span of ±0.3% or better. Pressure transmitters should be temperature
compensated. If temperature compensation is not available, the ambient temperature at the measurement location
during the test period shall be compared to the temperature during calibration to determine if the decrease in accuracy
is acceptable.
Class 2 primary parameters and variables shall be measured with 0.25% accuracy class pressure transmitters or

equivalent that have a total uncertainty of ±0.5% or better of calibrated span. These pressure transmitters do not
need to be temperature compensated.
Secondary variables can be measured with any type of pressure transmitter or equivalent device.

4-3.3 Recommended Pressure Measurement Devices

Pressure transmitters are the recommended pressure measurement devices. There are three types of pressure trans-
mitters, as follows, with varying application considerations:

Table 4-2.6-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Instrument

Systematic
Uncertainty
[Note (1)]

Electric Power Note (11)
Voltage or current …
Current transformer (CT), Class A/B ±0.3%
Voltage transformer (VT), Class A/B ±0.3%
Clamp-on measurements ±2%

Watts …

Instrument

Systematic
Uncertainty
[Note (1)]

Wattmeter, Class C ±0.5%

Humidity …
Hygrometer ±2% RH
Sling psychrometer ±0.5 gradation
Weather station Note (6)

NOTES:
(1) All systematic uncertainties are percent of reading unless noted otherwise.
(2) For thermocouples, error may be introduced depending on the method of correcting for a reference junction. Also, the algorithm for

conversion of thermocouple millivolts to temperature may introduce errors.
(3) See ASME PTC 19.3 for applicability.
(4) NIST-traceable instrumentshave a systematic uncertainty equal to the accuracy of the calibrationdevice. These systematic uncertainties do

not include drift.
(5) See ASME PTC 19.2 for applicability.
(6) Systematic uncertainty shall be corrected for elevation and distance from weather station.
(7) These systematic uncertainties include user-induced errors such as probe location.
(8) Nozzles should be calibrated at the test Reynolds number or else ASME PTC 6 should be used for nozzle extrapolation. For uncalibrated

devices, flow coefficients and uncertainties can be calculated in accordance with ASME PTC 19.5.
(9) Uncalibrated orifice uncertainty is generally not greater than beta ratio (d/D).
(10) The carbon content of all ash streams should be minimized.
(11) See ASME PTC 19.6 for applicability.
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(a) absolute pressure transmitters
(b) gauge pressure transmitters
(c) differential pressure transmitters

4-3.3.1 Absolute Pressure Transmitters

4-3.3.1.1 Application. Absolute pressure transmitters measure pressure referenced to absolute zero pressure.
Absolute pressure transmitters shall be used on all measurement locations with a pressure equal to or less than atmo-
spheric. Absolute pressure transmitters may also be used to measure pressures above atmospheric pressure.

4-3.3.1.2 Calibration.Absolute pressure transmitters can be calibrated using one of twomethods. The firstmethod
involves connecting the test instrument to a device that develops an accurate vacuum at desired levels. Such a device can
beadeadweight gauge inabell jar referenced to zeropressureoradividerpistonmechanismwith the lowside referenced
to zero pressure.
The secondmethod uses a suction-and-bleed control mechanism to develop and hold a constant vacuum in a chamber

to which the test instrument and the calibration standard are both connected. The chamber shall be maintained at
constant vacuumduring instrument calibration.Otherdevicesmaybeutilized to calibrate absolutepressure transmitters
provided that the same level of care is taken.

4-3.3.2 Gauge Pressure Transmitters

4-3.3.2.1 Application. Gauge pressure transmitters measure pressure referenced to atmospheric pressure. To
obtain absolute pressure, the test site atmospheric pressure shall be added to the gauge pressure. This test site atmo-
spheric pressure shall be measured by an absolute pressure transmitter. Gauge pressure transmitters may be used only
on measurement locations with pressures higher than atmospheric. Gauge pressure transmitters are preferred over
absolute pressure transmitters in measurement locations above atmospheric pressure because they are easier to cali-
brate.

4-3.3.2.2 Calibration. Gauge pressure transmitters can be calibrated by an accurate deadweight gauge. The pres-
sure generated by the deadweight gauge shall be corrected for local gravity, air buoyancy, piston surface tension, piston
areadeflection, actualmass ofweights, actual piston area, andworkingmedium temperature. If the above corrections are
not used, the pressure generated by the deadweight gaugemay be inaccurate. The actual piston area andmass ofweights
are determined each time the deadweight gauge is calibrated. Other devices may be utilized to calibrate gauge pressure
transmitters provided that the same level of care is taken.

4-3.3.3 Differential Pressure Transmitters

4-3.3.3.1 Application. Differential pressure transmitters are used where flow is determined by a differential pres-
sure meter, or where pressure drops in a duct or pipe must be determined.

4-3.3.3.2 Calibration.Differential pressure transmitters used tomeasure Class 1 primary parameters and variables
shall be calibrated at line static pressure. Calibration at line static pressure is not required if information is available to
describe the effect of such pressure on the transmitter and demonstrate compliance to the uncertainty requirements of
para 4-2.2. Calibrations at line static pressure are performed by applying the actual expected process pressure to the
instrument as it is being calibrated. Calibrations at line static pressure can be accomplished by one of the following
methods:
(a) two highly accurate deadweight gauges
(b) a deadweight gauge and divider combination
(c) one deadweight gauge and one differential pressure standard
Differential pressure transmittersused tomeasureClass 2primaryparameters andvariables or secondaryparameters

and variables do not require calibration at line static pressure. They can be calibrated using one accurate deadweight
gauge connected to the “high” side of the instrument.
If line static pressure is not used, the span shall be corrected for high line static pressure shift unless the instrument is

internally compensated for that effect. Once the instrument is installed in the field, the differential pressure from the
source shall be equalized and a zero value read. This zero bias shall be subtracted from the test-measured differential
pressure. Other devices canbeutilized to calibrate differential pressure transmitters, provided that the same level of care
is taken.
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4-3.4 Absolute Pressure Measurements

4-3.4.1 Introduction. Absolute pressure measurements are pressure measurements that are below or above atmo-
spheric pressure. Absolute pressure transmitters shall be used for these measurements. Typical absolute pressure
measurements include ambient pressure.
For vacuum pressure measurements, differential pressure transmitters may be used with the “low” side of the trans-

mitter connected to the pressure source. This will effectively result in a negative gauge that is subtracted from atmo-
spheric pressure to obtain an absolute value. This method may be used but is not recommended for Class 1 primary
parameters and variables, since these values are typically low and the difference of two larger numbers may result in
error.

4-3.4.2 Installation. Absolute pressure transmitters used for absolute pressure measurements shall be installed in a
stable location to minimize the effects associated with ambient temperature, vibration, mechanical shock, corrosive
materials, and radio frequency interference (RFI). Transmitters shall be installed in the same orientation as when
they were calibrated. If the transmitter is mounted in a position other than that in which it was calibrated, the
zero point may shift by an amount equal to the liquid head caused by the varied mounting position. Impulse
tubing and mounting requirements shall be installed in accordance with manufacturer’s specifications. In general,
the following guidelines shall be used to determine transmitter location and placement of impulse tubing:
(a) Keep the impulse tubing as short as possible.
(b) Slope the impulse tubing at least 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

liquid service.
(c) Slope the impulse tubing at least 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

for gas service.
(d) Avoid high points in liquid lines and low points in gas lines.
(e) Use impulse tubing large enough to avoid friction effects and prevent blockage.
(f) Keep corrosive or high-temperature process fluid out of direct contact with the sensor module and flanges.
In steam service, the sensing line shall extend at least 0.6 m (2 ft) horizontally from the source before the downward

slopebegins. Thishorizontal lengthwill allowcondensation to formcompletely so thedownwardslopewill be completely
full of liquid.
Thewater leg is the condensed liquid orwater in the sensing line. This liquid causes a static pressure head to develop in

the sensing line. This static head shall be subtracted from the pressure measurement. The static head is calculated by
multiplying the sensing line vertical height by gravity and the density of the liquid in the sensing line.
All vacuummeasurement sensing lines shall slope continuously upward from the source to the instrument. The Code

recommends using a purge system that isolates the purge gas while measuring the process. A continuous purge system
may be used; however, it shall be regulated to have no influence on the reading. Prior to the test period, readings from all
purged instrumentation shall be taken successivelywith the purge on and thenwith the purge off to prove that the purge
air has no influence.
Each pressure transmitter shall be installed with an isolation valve at the end of the sensing line upstream of the

instrument.The instrument sensing line shall bevented toclearwaterorsteam(insteamservice)before the instrument is
installed. This will clear the sensing line of sediment or debris. After the instrument is installed, allow sufficient time for
liquid to form in the sensing line so the reading will be correct.
Once transmitters are connected to the process, a leak check shall be conducted. For vacuummeasurements, the leak

check is performed by isolating first the purge system and then the source. If the sensing line is free of leaks, the instru-
ment readingwill not change. For nonvacuummeasurements, the leak check is performed using a leak detection fluid on
the impulse tubing fittings.
Ambientpressure transmitters shall be installed in the samegeneral areaandat thesamegeneral elevationas thegauge

pressure transmitters and shall be protected from air currents that could influence the measurements.

4-3.5 Gauge Pressure Measurements

4-3.5.1 Introduction. Gauge pressure measurements are pressure measurements that are at or above atmospheric
pressure. Thesemeasurementsmay bemadewith gauge or absolute pressure transmitters. Gauge pressure transmitters
are recommended since they are easier to calibrate and check in situ. Typical gauge pressure measurements include gas
fuel pressure and process return pressure.
Caution shall be used with low-pressure measurements because they may enter the vacuum region at part-load

operation.
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4-3.5.2 Installation.Gauge pressure transmitters used for gauge pressuremeasurements shall be installed in a stable
location to minimize the effects associated with ambient temperature, vibration, mechanical shock, corrosive materials,
and RFI. Transmitters shall be installed in the same orientation as when they were calibrated. If the transmitter is
mounted in a position other than that in which it was calibrated, the zero point may shift by an amount equal to
the liquid head caused by the varied mounting position. Impulse tubing and mounting requirements shall be installed
in accordance with manufacturer specifications. In general, the following guidelines shall be used to determine trans-
mitter location and placement of impulse tubing:
(a) Keep the impulse tubing as short as possible.
(b) Slope the impulse tubing at least 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

liquid service.
(c) Slope the impulse tubing at least 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

for gas service.
(d) Avoid high points in liquid lines and low points in gas lines.
(e) Use impulse tubing large enough to avoid friction effects and prevent blockage.
(f) Keep corrosive or high-temperature process fluid out of direct contact with the sensor module and flanges.
In steam service, the sensing line shall extend at least 0.6 m (2 ft) horizontally from the source before the downward

slopebegins. Thishorizontal lengthwill allowcondensation to formcompletely so thedownwardslopewill be completely
full of liquid.
Thewater leg is the condensed liquid orwater in the sensing line. This liquid causes a static pressure head todevelop in

the sensing line. This static head shall be subtracted from the pressure measurement. The static head is calculated by
multiplying the sensing line vertical height by gravity and the density of the liquid in the sensing line.
Each pressure transmitter shall be installed with an isolation valve at the end of the sensing line upstream of the

instrument.The instrument sensing line shall bevented toclearwateror steam(insteamservice)before the instrument is
installed. This will clear the sensing line of sediment or debris. After the instrument is installed, allow sufficient time for
liquid to form in the sensing line so the reading will be correct.
Once transmitters are connected to the process, a leak check shall be conducted. The leak check is performed using a

leak detection fluid on the impulse tubing fittings.

4-3.6 Differential Pressure Measurements

4-3.6.1 Introduction. Differential pressure measurements are used to determine the difference in static pressure
between pressure taps in a primary device. Differential pressure transmitters shall be used for these measurements.
Typical differential pressuremeasurements include the differential pressure of gas fuel or process return through a flow
element or pressure loss in a pipe or duct. The differential pressure transmitter measures the pressure difference or
pressure drop that is used to calculate the fluid flow.

4-3.6.2 Installation.Differential pressure transmittersused fordifferential pressuremeasurements shall be installed
in a stable location to minimize the effects associated with ambient temperature, vibration, mechanical shock, corrosive
materials, andRFI. Transmitters shall be installed in the sameorientation aswhen theywere calibrated. If the transmitter
ismounted inapositionother than that atwhich itwas calibrated, thezeropointmayshift byanamountequal to the liquid
headcausedby the variedmountingposition. Impulse tubing andmounting requirements shall be installed in accordance
withmanufacturer specifications. In general, the following guidelines shall be used to determine transmitter location and
placement of impulse tubing:
(a) Keep the impulse tubing as short as possible.
(b) Slope the impulse tubing at least 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

liquid service.
(c) Slope the impulse tubing at least 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

for gas service.
(d) Avoid high points in liquid lines and low points in gas lines.
(e) Ensure both impulse legs are at the same temperature.
(f) When using a sealing fluid, fill both impulse legs to the same level.
(g) Use impulse tubing large enough to avoid friction effects and prevent blockage.
(h) Keep corrosive or high-temperature process fluid out of direct contact with the sensor module and flanges.
In steam service, the sensing line shall extend at least 0.6 m (2 ft) horizontally from the source before the downward

slopebegins. Thishorizontal lengthwill allowcondensation to formcompletely so thedownwardslopewill be completely
full of liquid. Each pressure transmitter shall be installedwith an isolation valve at the end of the sensing line upstreamof
the instrument. The instrument sensing line shall be vented to clear water or steam (in steam service) before the
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instrument is installed. This will clear the sensing line of sediment or debris. After the instrument is installed, allow
sufficient time for liquid to form in the sensing line so the readingwill be correct. Differential pressure transmitters shall
be installed utilizing a five-way manifold, as shown in Figure 4-3.6.2-1.
This manifold is recommended rather than a three-way manifold because the five-way eliminates the possibility of

leakage past the equalizing valve. The vent valve acts as a telltale for leakage detection past the equalizing valves. Once
transmitters are connected to process, a leak check shall be conducted. The leak check is performedusing a leak detection
fluid on the impulse tubing fittings. When a differential pressuremeter is installed on a flow element located in a vertical
steam or water line, the measurement shall be corrected for the difference in sensing line height and fluid head change.
Thismeasurement correction is requiredunless the upper sensing line is installed against a steamorwater line inside the
insulation down towhere the lower sensing line protrudes from the insulation. The correction for the non-insulated case
is shown in Figure 4-3.6.2-2.
For differential pressure transmitters on flow devices, the transmitter output is often an extracted square root value,

unless the square root is applied in the plant control system. Care shall be taken to ensure the square root is applied only
once.

4-4 TEMPERATURE MEASUREMENT

4-4.1 Introduction

This subsection presents requirements and guidance regarding temperature measurement. Recommended tempera-
ture measurement devices and their calibration and application are discussed. Given the state of the art and general
practice, it is recommended that electronic temperaturemeasurement equipment be used for primarymeasurements to
minimize systematic and random error. Factors affecting the uncertainty of the temperature measurement include, but
are not limited to, stability, environment, self-heating, parasitic resistance, parasitic voltages, resolution, repeatability,
hysteresis, vibration, warm-up time, immersion or conduction, radiation, spatial variation, and data acquisition.
Since temperature measurement technology changes over time, this Code does not limit the use of other temperature

measurement devices not currently available or not currently reliable. If such a device becomes available and is shown to
be of the required uncertainty and reliability, it may be used.
All signal cables shall have a grounded shield or twisted pairs to drain any induced currents from nearby electrical

equipment. All signal cables shall be installed away from EMF-producing devices such as motors, generators, electrical
conduit, cable trays, and electrical service panels.

4-4.2 Required Uncertainty

The required uncertainty depends on the type of parameters and variables beingmeasured. Refer to paras. 4-2.2.2 and
4-2.3.2 for discussion on measurement classification and instrumentation categorization. Table 4-2.6-1 provides guide-
lines for typical systematic uncertainties for temperature measurements.
Class 1 primary parameters and variables shall be measured with temperature measurement devices that have an

instrument systematic uncertainty of no more than ±0.28°C (±0.50°F) for temperatures less than 93°C (200°F) and no
more than ±0.56°C (±1.0°F) for temperatures greater than 93°C (200°F).
Class 2 primary parameters and variables shall be measured with temperature measurement devices that have an

instrument systematic uncertainty of no more than ±1.7°C (±3.0°F).
Secondary variables shall be measured with temperature measurement devices that have an instrument systematic

uncertainty of no more than ±2.8°C (±5.0°F).

4-4.3 Recommended Temperature Measurement Devices

Thermocouples, resistance temperature detectors, and thermistors are the recommended temperaturemeasurement
devices. Economic, application, and uncertainty factors shall be considered in the selection of the most appropriate
temperature measurement device.

4-4.3.1 Thermocouples. Thermocouples may be used to measure temperature of any fluid above 93°C (200°F). The
maximum temperature is dependent on the type of thermocouple and sheathmaterial used. Thermocouplesmay be used
for measurements below 93°C (200°F) if caution is used. The thermocouple is a differential-type device.
The thermocouple measures the difference between the temperature at the measurement location in question and a

reference temperature. The greater this difference, the higher the EMF from the thermocouple. Below 93°C (200°F), the
EMF becomes low and subject to induced noise, causing increased systematic uncertainty and inaccuracy.

ASME PTC 47.2-2019

33

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 47
.2 

20
19

https://asmenormdoc.com/api2/?name=ASME PTC 47.2 2019.pdf


Figure 4-3.6.2-1 Five-Way Manifold

Figure 4-3.6.2-2 Water Leg Correction for Flow Measurement

GENERAL NOTE:
For upward flow: Δptrue = Δpmeas + (ρamb − ρpipe)(g/gc)h
For downward flow: Δptrue = Δpmeas − (ρamb − ρpipe)(g/gc)h
where

g = local gravitational force per unit mass; approximately 9.81 m/s2 (32.17 ft/sec2)
gc = gravitational dimensional constant
x = 1.00 (kg-m)/(N-s2) [32.17 (lbm-ft)/(lbf-sec2)]
h = difference in water leg, m (ft)

Δpmeas = measured pressure difference, Pa (lbf/ft2)
Δpmeas = true pressure difference, Pa (lbf/ft2)
ρamb = fluid density at ambient conditions, kg/m3 (lbm/ft3)
ρpipe = fluid density at conditions within pipe, kg/m3 (lbm/ft3)
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Measurement errors associated with thermocouples typically derive from the following primary sources:
(a) junction connection
(b) decalibration of thermocouple wire
(c) shunt impedance
(d) galvanic action
(e) thermal shunting
(f) noise and leakage currents
(g) thermocouple specifications
ASME PTC 19.3 describes the operation of the thermocouple as follows:

The EMF developed by a thermocouplemade from homogeneouswires will be a function of the temperature
difference between the measuring and the reference junction. If, however, the wires are not homogeneous,
and the inhomogeneity is present in a region where a temperature gradient exists, extraneous EMFs will be
developed, and the output of the thermocouple will depend upon factors in addition to the temperature
difference between the two junctions. The homogeneity of the thermocouplewire, therefore, is an important
factor in accurate measurements.1

Dahl (1941) gives the following guidance on the application of the thermocouple:

All base-metal-metal thermocouples become inhomogeneous with use at high temperatures, however, if all
the inhomogeneous portions of the thermocouple wires are in a region of uniform temperature, the inho-
mogeneous portions have no effect upon the indications of the thermocouple. Therefore, an increase in the
depth of immersion of a used couple has the effect of bringing previously unheated portion of the wires into
the region of temperature gradient, and thus the indications of the thermocouple will correspond to the
original EMF−temperature relation, provided the increase in immersion is sufficient to bring all the
previously heated part of the wires into the zone of uniform temperature. If the immersion is decreased,
more inhomogeneousportionsof thewirewill bebrought into the regionof temperature gradient, thusgiving
rise to a change in the indicated EMF. Furthermore a change in the temperature distribution along inho-
mogeneous portions of the wire nearly always occurs when a couple is removed from one installation and
placed in another, even though the measured immersion and the temperature of the measuring junction are
the same in both cases. Thus the indicated EMF is changed.2

The elements of a thermocouple shall be electrically isolated from each other, from ground, and from conductors on
which theymay bemounted, except at themeasuring junction.When a thermocouple ismounted along a conductor, such
as a pipe ormetal structure, special care shall be exercised to ensure good electrical insulationbetween the thermocouple
wires and the conductor to prevent stray currents in the conductor from entering the thermocouple circuit and vitiating
the readings. Stray currents may further be reduced with the use of guarded integrating analog-to-digital (A/D) tech-
niques. To reduce the possibility ofmagnetically induced noise, the thermocouplewires shall be constructed in a twisted
uniform manner.
Thermocouples are susceptible to drift after cycling. Cycling is the act of exposing the thermocouple to process

temperature and moving back to ambient conditions. The number of times a thermocouple is cycled shall be kept
to a minimum.
Thermocouples can be used effectively in high-vibration areas such as main or high-pressure inlet steam to the steam

turbine. High-vibration measurement locations may not be conducive to other measurement devices. This Code recom-
mends that the highest EMF per degree be used in all applications. NIST has recommended temperature ranges for each
specific type of thermocouple (see subsection 1-4).

4-4.3.1.1 Class 1 Primary Parameters. Thermocouples used to measure Class 1 primary parameters shall have
continuous leads from themeasuring junction to the connection on the reference junction. These high-accuracy thermo-
couples shall havea reference junctionat0°C (32°F)or anambient reference junction that iswell insulatedandcalibrated.

1 ASME PTC 19.3-1974 (R2004), chapter 9, p. 106, para. 70.
2 A. I. Dahl (1941), p. 1238; see subsection 1-4.
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4-4.3.1.2 Class 2 Primary Parameters. Thermocouples used to measure Class 2 primary parameters can have
junctions in the sensing wire. The junction of the two sensing wires shall be maintained at the same temperature.
The reference junction may be at ambient temperature, provided the ambient is measured and the measurement
is compensated for changes in the reference junction temperature.

4-4.3.1.3 Reference Junctions.The temperature of the reference junction shall bemeasured accurately using either
software or hardware compensation techniques. The accuracy with which the temperature of the measuring junction is
measured can be no greater than the accuracy with which the temperature of the reference junction is known. The
reference junction temperature shall beheldat the icepointor at the stable temperatureof an isothermal reference.When
thermocouple reference junctions are immersed in an ice bath consisting of amixtureofmelting shaved ice andwater, the
bulb of a precision thermometer shall be immersed at the same level as the reference junctions and in contact with them.
Any deviation from the ice point shall be promptly corrected.
Each reference junction shall be electrically insulated.When the isothermal–cold junction referencemethod is used, it

shall employ an accurate temperature measurement of the reference sink acceptable to the parties to the test. When
electronically controlled reference junctions are used, they shall have the capability to control the reference temperature
towithin ±0.03°C (±0.05°F). Particular attention shall be paid to the terminals of any reference junction, since errors can
be introduced by temperature variation, material properties, or by wire mismatching.
The overall reference system shall be validated by calibration to have an uncertainty of less than ±0.1°C (±0.2°F).

Isothermal thermocouple reference blocks furnished as part of digital systemsmay be used in accordancewith this Code
provided the accuracy is equivalent to the electronic reference junction. Commercial data acquisition systems employ a
measured reference junction, and the accuracy of thismeasurement is incorporated into themanufacturer’s specification
for the device. The uncertainty of the reference junction shall be included in the calculation of the measurement uncer-
tainty to determine if the measurement meets the requirements of this Code.

4-4.3.1.4 Thermocouple Signal Measurement.Many instruments are available to measure the output voltage. The
use of these instruments in a system to determine temperature requires theymeet the uncertainty requirements for the
parameter. Use of Provisional Low Temperature Scale of 2000 (PLTS-2000) software compensation techniques is rec-
ommended for thermocouple signal conversion.

4-4.3.2 Resistance Temperature Detectors (RTDs). Resistance temperature detectors (RTDs) may be used in testing
fromany low temperature to the highest temperature allowed by the RTDs’mechanical configuration and themethod by
which theyweremanufactured.RTDscanmeasure temperatures from−270°C to850°C (−454°F to1,562°F).ASTME1137
provides standard specifications for industrial platinum resistance thermometers that include requirements for manu-
facture, pressure, vibration, and mechanical shock to improve the performance and longevity of these devices.
Measurement errors associated with RTDs typically derive from the following primary sources:
(a) self-heating
(b) environmental factors
(c) thermal shunting
(d) thermal EMF
(e) instability
(f) immersion
RTDs are considered amore linear devices than thermocouples. RTDs aremore susceptible to vibrational applications.

As such, Code users shall consider RTD stability when specifying and applying these measurement devices. Field veri-
fication techniques shall be used to demonstrate that the stability of the device is within the uncertainty requirements of
para. 4-4.2.

4-4.3.2.1 Class 1 Primary Parameters. Class 1 primary parameters shall be measured with grade A four-wire
platinumRTDs, as shown in Figure 4-4.3.2.1-1, illustration (a), if they can be shown tomeet the uncertainty requirements
in para. 4-4.2.

4-4.3.2.2 Class 2 Primary Parameters. Class 2 primary parameters shall be measured with grade A three-wire
platinumRTDs, as shown in Figure 4-4.3.2.1-1, illustration (b), if they canbe shown tomeet the uncertainty requirements
in para. 4-4.2. The four-wire technique is preferred to minimize effects associated with lead wire resistance due to
dissimilar lead wires.

4-4.3.2.3 RTD SignalMeasurement.Many instruments are available tomeasure output resistance. The use of these
instruments in a system todetermine temperature requires theymeet the uncertainty requirements for the parameter. It
is recommended that the Callandar−Van Dusen equation be used for curve fitting the RTD signal conversion. The values
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for the coefficients α, β, and δ shall be taken from the calibration coefficients. RTDs shall be calibrated in accordancewith
the methods detailed in NIST Technical Note 1265, subsection 4-6.

4-4.3.3 Thermistors. Thermistors are constructed of a ceramic-like semiconducting material that acts as a thermally
sensitive variable resistor. This device may be used on anymeasurement below 149°C (300°F). Above this temperature,
the signal is low and susceptible to error from current-induced noise. Although positive temperature coefficient units are
available,most thermistorshaveanegative temperaturecoefficient (TC); that is, unlikeanRTD, their resistancedecreases
with increasing temperature. The negative TC can be as large as several percent per degree Celsius, allowing the therm-
istor circuit to detectminute changes in temperature that could not be observedwith an RTD or thermocouple circuit. As
such, the thermistor is best characterized for its sensitivity, while the thermocouple is themost versatile and the RTD the
most stable.
Measurement errors associated with thermistors typically derive from the following primary sources:
(a) self-heating
(b) environmental factors
(c) thermal shunting
(d) recalibration
(e) instability
(f) immersion

Figure 4-4.3.2.1-1 Three- and Four-Wire RTDs
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Due to the high resistivity of thermistors, the four-wire resistancemeasurement is not required for thermistors as it is
for RTDs. The measurement lead resistance produces an error magnitude that is lower than the equivalent RTD error.
Thermistors are generally more fragile than RTDs and thermocouples and shall be carefully mounted and handled in
accordance with manufacturer specifications to avoid crushing or bond separation.

4-4.3.3.1 ThermistorSignalMeasurement.Many instruments are available tomeasureoutput resistance. Theuseof
these instruments in a system to determine temperature requires they meet the uncertainty requirements for the pa-
rameter. The Steinhart−Hart equation for curve fitting should be used for thermistor signal conversion. The values for
coefficients A, B, and C shall be taken from the calibration coefficients. Thermistors shall be calibrated in accordancewith
the methods detailed in NIST Technical Note 1265, subsection 4-6.

4-4.4 Calibration of Primary Parameter Temperature Measurement Devices

ThisCoderecommends thatprimary (Class1orClass2)parameter instrumentationused in temperaturemeasurement
have a suitable calibration history (three or four sets of calibration data). The calibration history shall include the
temperature level the device experienced between calibrations. A device that is stable after being used at low tempera-
turesmay not be stable at higher temperatures. Hence, the calibration history of the device shall be evaluated to demon-
strate the required stability of the parameter.
During the calibration of any thermocouple, the reference junction shall be held constant, preferably at the ice point,

with an electronic or isothermal reference junction or in an ice bath. The calibration shall be made by an acceptable
method, with the standard being traceable to a recognized national standards laboratory such as NIST. The calibration
shall be conducted over the temperature range in which the instrument is used.
The calibration of temperature measurement devices is accomplished by inserting the candidate temperature

measurement device into a calibration medium along with a traceable reference standard. The calibration medium
type is selected based on the required calibration range; it commonly consists of either a block calibrator, a fluidized
sand bath, or a circulating bath. The temperature of the calibrationmedium is then set to the calibration temperature set
point. The temperature of the calibration medium is allowed to stabilize until the temperature of the standard is fluc-
tuating less than the accuracy of the standard. The signal or reading from the standard and the candidate temperature
measurement device are sampled to determine the bias of the candidate temperature device. See ASME PTC 19.3 for a
more detailed discussion of calibration methods.

4-4.5 Temperature Scale

TheProvisional LowTemperature Scale of 2000 (PLTS-2000) is realized andmaintainedbyNIST to provide a standard
scale of temperature in the United States.
Temperatures on the PLTS-2000 can be expressed in terms of International Kelvin Temperatures, represented by the

symbol T2000, or in terms of International Celsius Temperatures, represented by the symbol t2000–. T2000 values are
expressed in units of kelvin (K), and t2000 values in degrees Celsius (°C). The relation between T2000 and t2000 is

=t T 273.152000 2000

Values of Fahrenheit temperature, tf, in degrees Fahrenheit (°F), are obtained from the conversion formula

= +i
k
jjj y

{
zzzt t9
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32f 90

ThePLTS-2000wasdesigned so that its temperature values very closely approximateKelvin thermodynamic tempera-
ture values. PLTS-2000 temperatures are defined in terms of equilibrium states of pure substances (defining points),
interpolating instruments, and equations that relate themeasured property toT2000. The defining equilibrium states and
their assigned temperature values are listed in NIST Technical Note 1265 and ASTM MNL 12.

4-4.6 Typical Applications for Temperature Measurement

4-4.6.1 TemperatureMeasurementof Fluid inaPipeorVessel.Temperaturemeasurement of fluid in apipe or vessel
is accomplished by installing a thermowell. A thermowell is a pressure-tight device that protrudes from a pipe or vessel
wall into the contained fluid. Thermowells are designed to protect the temperature measurement device from harsh
environments, high pressure, and flows.
A thermowell can be installed into a system by a threaded, socket-welded, or flanged connection and has a bore

extending tonear the tip to facilitate the immersionofa temperaturemeasurementdevice.Thermowells shall bedesigned
and installed to meet the requirements of ASME PTC 19.3 TW. The thermowell bore shall be sized to allow adequate
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clearance between the temperature measurement device and the well. Often the temperature measurement device can
bend, making insertion of the device difficult.
The bottom of the thermowell bore shall be the same shape as the tip of the temperature measurement device. Tubes

and wells shall be as thin as possible, consistent with safe stress and other ASME PTC 19.3 TW requirements. The inner
diameters of the wells shall be clean, dry, and free from corrosion or oxide. The bore shall be cleaned with high-pressure
air prior to insertion of the device.
Unless limitedbydesignconsiderations, the temperature sensor shall be immersed in the fluid at least75mm(3 in.) but

not less than one-quarter of the pipe diameter. If the pipe is less than 100mm (4 in.) in diameter, the temperature sensor
shall be arranged axially in the pipe by inserting it into an elbowor tee. If such fittings are not available, the piping shall be
modified to render this possible.
The thermowell shall be located in an areawhere the fluid iswellmixed andhasnopotential gradients. Ifmore thanone

thermowell is installed in a given pipe location, the second thermowell shall be installed on the opposite side of the pipe
and not directly downstream of the first thermowell.
When the temperature measurement device is installed, it shall be spring-loaded to ensure positive thermal contact

between the temperature measurement device and the thermowell.
ForClass1primaryparametermeasurements, theportionof the thermowell, or lag section,protrudingoutside thepipe

or vessel shall be insulated, along with the device itself, to minimize conduction losses. The locations at which Class 1
primary temperaturemeasurements are taken foruse indeterminingenthalpy shall beas closeaspossible to thepoints at
which the corresponding pressures are to be measured.
For measuring the temperature of desuperheated steam, the thermowell shall be located where the desuperheating

fluid has thoroughly mixed with the steam. This can be accomplished by placing the thermowell downstream of two
elbows in the steam line, past the desuperheating spray injection point.

4-4.6.2 Temperature Measurement of Low-Pressure Fluid in a Pipe or Vessel. As an alternative to installing a
thermowell in a pipe, if the fluid is at low pressure, the temperature measurement device can be installed directly
into the pipe or vessel, or flow-through wells may be used.
The temperaturemeasurement device can be installed directly into the fluid using a bored-through-type compression

fitting. The fitting shall be anappropriate size to clamponto thedevice.Aplastic orTeflon-type ferrule is recommendedso
that the device can be removed easily and used elsewhere. The device shall protrude through the boundary layer of the
fluid. The device shall not protrude so far that fluid flow causes it to vibrate. If the fluid is a hazardous gas such as natural
gas or propane, the fitting shall be checked for leaks.
A flow-through well is shown in Figure 4-4.6.2-1. This arrangement is applicable only for water in a cooling system

where the fluid is not hazardous and can be disposed of inexpensively. The principle of the flow-through well is to allow
the fluid to flow out of the pipe or vessel and over the tip of the temperature measurement device.

4-4.6.3 Temperature Measurement in a Duct. Measurement of the fluid temperature in a duct requires several
measurement points to minimize the uncertainty effects of temperature gradients. Typically, the duct pressures
are lowornegative and thermowells orprotection tubes arenotneeded.A long-sheathed thermocoupleor anunsheathed
thermocouple attached to a rod is sufficient.

Figure 4-4.6.2-1 Flow-Through Well
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Thenumberof requiredmeasurementpoints is determinedexperimentally orbyexperience fromthemagnitudeof the
temperature variations at the desiredmeasurement cross section and the requiredmaximumuncertainty of the average
temperature value. The total uncertainty of the average temperature is affected by the uncertainty of the individual
measurements, the number of points used in the averaging process, the velocity profile, the temperature gradients, and
the time variation of the readings. The parties to the test shall, to the extent practical, locate the measurement plane at a
point of uniform temperatures and velocities. Points shall be located every 0.84 m2 (9 ft2) or less, with a minimum of 4
points and a maximum of 36 points.
ASME PTC 19.1 describes themethod of calculating the uncertainty of the average ofmultiplemeasurements that vary

with time.
For circular ducts, the measurement points shall be installed in two diameters 90 deg from each other, as shown in

Figure 4-4.6.3-1. This figure also shows the method of calculating the measurement-point spacing. The point spacing is
based on locating the measurement points at the centroids of equal areas.
For square or rectangular ducts, the same concept (locating themeasurement points at centroids of equal areas) shall

be used. The measurement points shall be laid out in a rectangular pattern that takes into account the horizontal and
vertical temperature gradients at the measurement cross section. The direction with the highest temperature gradient
shall have the closest point spacing.

4-5 SOLID FLOW MEASUREMENT

Solid-fuel, sorbent, and residual flow measurement is difficult because of solid material variability. ASME PTC 4
provides recommended methods for measuring solid flow, sampling solids, and estimating associated systematic
errors. Sections ofASMEPTC4havebeen extracted andmodifiedhere for relevance to gasifier feed and residuemeasure-
ment. Numerousmethods are referenced in paras. 4-5.1 and 4-5.2 formeasuring flow of solids, sorbent, and residue and
for estimating systematic error for these flow measurements. Solid-fuel-, sorbent-, and residue-sampling methods,
sample size, sample collection, and associated sampling systematic error are referenced in paras. 4-5.3 and 4-5.4.
This subsection addresses the following four subjects:
(a) solid-fuel and sorbent flowmeasurement, including methods of measurement and of estimating systematic error
(b) solid-fuel and sorbent sampling
(c) residue splits (i.e., amount of by-product ash and slag), including methods of measurement and of estimating

systematic error
(d) residue sampling (i.e., sampling of by-product ash and slag)

4-5.1 Solid-Fuel and Sorbent Flow Measurement

Accurate measurement of solid flow is difficult because of solid material variability.

4-5.1.1 Method of Measurement. Numerous methods are available to measure the flow of solids. Typical methods
include gravimetric feeders, volumetric feeders, isokinetic particulate sampling,weigh bins or timedweights, and impact
meters. Reducing uncertainty of any of thesemethods to less than10%requires extensive calibration against a reference.
The calibration can involve collecting solid material into a container that can be weighed. For example, the output of a
gravimetric feeder can be directed to a container suspended by load cells, and the indicated feed rate can be compared to
the timed catch in the container.
It is even more difficult to assess the accuracy of volumetric feeders. This assessment requires assumptions about the

volumeofmaterial passedper revolutionand thedensityof thematerial. The rotormaynotbe full, thedensitymayvaryas
a result of size distribution or other factors, and all parameters may vary over time.
Calibration of solid flow measurement devices shall be conducted just prior to the performance test and at frequent

intervals to minimize systematic error.

4-5.1.2 Estimate of Systematic Error. The systematic error from a solid flowmeasurement device is one of the most
difficult parameters to determine. Code users shall consider systematic error from instrument response variation
resulting from size distribution, uneven loading on the weigh scale, or varying densities. Table 4-2.6-1 provides
typical systematic uncertainties for solid flow measurements.

4-5.2 Solid-Fuel and Sorbent Sampling

Themethods of solid-fuel and sorbent sampling shall be agreed onby all parties to the test and shall be described in the
test report. An appropriate uncertainty shall be assigned for the test-sampling method.
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Figure 4-4.6.3-1 Duct Measurement Points

NOTE: (1) Dots indicate locationof samplepoints. To calculate thedistance fromthe samplingpoint to centerof pipe, use the following equation:

=r R
p

n
2(2 1)

p

where
n = total number of points
x = Π × R2/Acmax, rounded to the next multiple of 4, but no fewer than 4 and no more than 36

Acmax = maximum area per centroid
x = 0.8 m2 (9 ft2)
p = sampling point number, numbered from the center outward; all four points on the same circumference have the same number
R = radius of duct (in the same units as rp), m (ft)
rp = distance from center of duct to point p, m (ft)

For example, with 20 total points, the radius of point r3 is
r3 = R × {[2 × (2 × 3 − 1)]/20}1/2

x = R × 0.51/2

x = 0.707R
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The samples shall be representative of the respective solid streams. In addition, the variation in the composition of
solids directly affects the uncertainty of the result. In this subsection, themethods used to determine variances, standard
deviations, and precision indices for test samples are discussed. The estimation of systematic error is also addressed.
Slurry density can be measured using methods described in ASTM D1480, ASTM D4052, or ASTM D7042.

4-5.2.1 Methods of Solid Sampling. Fuel, sorbent (if applicable), and residue solids shall be sampled from a flowing
stream as near to the gasifier as practical to ensure that samples are representative. If it is not possible or practical to
sample near the gasifier, a time lag may be incurred between when the sample is taken and when the flowingmaterial is
injected into or removed from the gasifier. This time lag shall be determined based on estimated flow rates between the
sample location and the gasifier. It is important that the time-lagged sample be representative of the actual material
injected intoor removed fromthe gasifier. Thief sampling, theprocess of taking apartial cut sample fromsilos orhoppers,
typically results in large associated systematic errors. However, this method may be acceptable for sampling sorbent,
which is homogenous inmost cases. Parallel streams, such as coal feedwith belt feeders, have the potential for stream-to-
stream variation due to different flow rates, particle sizes, and chemical composition. Therefore, unless the chemical
constituents of the samples are shown to be uniform, samples shall be taken from each of the parallel streams and
combined. If the flows for the parallel streams are unequal, the sample amount of each parallel stream shall be
flow-weighted for the composite sample. The flow for each stream shall be continuous throughout the test.
Depending on the costs associated with laboratory analyses and the availability of a historical database, different

analysis procedures may be selected for different sample constituents (i.e., coal, sorbent, residue). Tables 4-5.2.1-1 and
4-5.2.1-2 identify the ASTM procedures that may be used for analysis.
Fuel, sorbent, and residue samples collectedupstreamof silos, tanks, or hoppers typically have larger systematic errors

than samples collected downstream. Sampling upstream of silos, tanks, and hoppers is classified as an alternative proce-
dure because of the possibility that the samples will not be representative of the fuel fired during the test. Alternative
procedures shall not be used for acceptance tests. If alternate procedures are used for other test purposes, the parties to
the test shall assign appropriate systematic errors.

4-5.2.2 Sample Size. Sample size is based on several factors, including size distribution, chemical composition varia-
bility, feed methods, flow capacities, and number of samples. In general, larger samples result in lower variances.
However, large samples must be reduced to a size suitable for laboratory analysis; therefore, as sample size increases,
so do sample preparation costs. Formanual sampling of coal or sorbent, samples typically weighing 1 kg to 4 kg (2 lb to 8
lb) are collected. For automatic sampling devices, much larger samples may be collected.
Theweightof the individual test sample shall beequal toorgreater than theweightof the samplesused fromahistorical

database. Otherwise, the variance of the test data could be greater than the variance of the historical data.
As stated previously, it is important that a sample represent the average composition of the actual stream as closely as

possible. In addition, since there is a direct correlation between the individual sample weight and variance, individual
samples shall weigh enough to minimize the variance.
Generally, a complete cross section is the best representation of the flowing stream. This criterion, however, canmean

different sample size requirements for different types of solid streams. For example, a particulate residue stream sample
shall be obtained from isokinetic particulate sampling. This sample is typically very small. However, assuming it is taken
froma complete and controlled traverse of the duct, the sample is representative. In this case, the small quantity does not
negatively affect the reliability of the sample.
Sorbent is another material for which a small sample may be acceptable. The size of the samples may vary, but the

chemical composition isunlikely tovaryacross thesize rangeoramongdifferent lotsof sorbent.Therefore, a small sample
can be representative of the entire sorbent feed during the test.
The parties to the test shall agree on the sample size. They shall use the previously noted factors, combinedwith good

engineering judgment, costs, and desired analytical accuracy, to determine the proper sample size. ASTMD2234, Table 2
provides more information about sample size.

4-5.3 Residue Flow Measurement and Splits

The amount of residue (by-product ash and slag) leaving the gasifier boundary is a required value for determining the
sensible heat loss in the residue streams and the weighted average of unburned carbon in the residue. The residue is
periodically or continuously removed frommechanical dust collector rejects, scrubbers, cyclones, and candle filters, and
from particulate and slag leaving the unit.
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Table 4-5.2.1-1 Typical ASTM Test Uncertainties for Properties of Coal and Coke

Property or Constituent
of Coal or Coke Analysis Procedure Test Uncertainty [Note (1)]

Air-dry moisture
[Note (2)]

ASTM D3302 ±0.31% for bituminous coals
±0.33% for subbituminous coals
±0.3% for coke

Ash content ASTM D3172-13, proximate or ultimate analysis See ASTM D3174 [Note (3)]
ASTM D3174 ±0.15% for bituminous coals with no carbonate

±0.25% for subbituminous coals with carbonate
±0.5%for coalswithmore than12%ashwith carbonate
and pyrite

ASTM D7582, proximate analysis, automated method 0.07 + 0.115x [Note (4)]
Carbon ASTM D3172-13, ultimate analysis See ASTM D5373-16 [Note (3)]

ASTM D5373-16 ±1.25% (1 − %H2O/100) [Notes (5), (6)]
Chlorine ASTM D2361
Fixed carbon ASTM D3172-13, proximate analysis 100 − (% moisture + % ash + % volatile matter)

ASTM D7582, proximate analysis, automated method 100 − (% moisture + % ash + % volatile matter)
HHV, gross calorific value ASTM D5865 0.16 MJ/kg (69 Btu/lb), dry basis for anthracite/

bituminous
0.14 MJ/kg (59 Btu/lb), dry basis for subbituminous/
lignite

Hydrogen ASTM D3172-13, ultimate analysis See ASTM D5373-16
ASTM D5373-16 ±0.15% (1 − % H2O/100) [Notes (5), (6)]

Major and minor elements
in coal combustion
residues [Note (7)]

ASTM D3682-13 Varies

Moisture ASTM D3172-13, proximate or ultimate analysis See ASTM D3173 [Note (3)]
ASTM D3173 ±0.15% for fuels <5% moisture [Note (8)]

±0.25% for fuels >5% moisture [Note (8)]
ASTM D7582, proximate analysis, automated method 0.12 + 0.017x [Note (4)]

Nitrogen ASTM D5373-16, method B ±0.09% (1 − % H2O/100) [Note (6)]
Oxygen ASTM D3172-13, ultimate analysis 100% − (sum of the other components of the ultimate

analysis) [Note (3)]
Sulfur ASTM D3172-13, ultimate analysis See ASTM D4239-18e1 [Note (3)]

ASTM D4239-18e1 ±0.5% for fuels <2% sulfur
±0.1% for fuels >2% sulfur
±0.03% for coke
±0.05% for bituminous
±0.07% subbituminous and lignite

Volatile matter ASTM D3172-13, proximate analysis See ASTM D3175
ASTM D7582, proximate analysis, automated method 0.31 + 0.0235x [Note (4)]

NOTES:
(1) All test uncertainties are absolute unless otherwise indicated.
(2) This property is not applicable to coal–water slurry.
(3) See ASTM D3172-13 for repeatability of component values from ultimate analyses.
(4) x = mean value of the concentration measurements.
(5) These estimates are based on repeatable tests.
(6) Sample must be larger than 100 mg (0.00022 lb).
(7) These elementsmay include aluminumoxide, calciumoxide, ferric oxide,magnesiumoxide, potassiumoxide, siliconoxide, sodiumoxide, and

titanium oxide.
(8) These estimates are valid for samples with 1% to 21% moisture.
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4-5.3.1 Method ofMeasurement.The calculated total residuemass flow rate,which is based on theweight ofmaterial
collected over a period of time, is often used because it is typicallymore accurate than the direct flow-ratemeasurement.
Therefore, thepercentof the total residue that leaves each locationshall bedetermined.Oneof the followingmethodsmay
be used to determine the residue split between the various locations:
(a) The residue mass flow rate and residue-stream composition shall be measured at each location.
(b) The residue mass flow rate and residue-stream composition shall be measured at one or more locations (usually

the locations with the highest loading), and the quantities at the other locations shall be calculated by difference. Where
there is more than one unmeasured location, the split between these locations shall be estimated, or the residue per-
centage leaving each location may be estimated based on the typical results for the type of fuel and gasification method.
Before the test, theparties to the test shall agree anddocumentwhich streamswill bemeasuredandwhat valueswill be

used for any estimated splits.
Themass flow rate of residue discharged in a dry state may be determined fromweigh bins or timedweights (e.g., the

number of rotations of rotary feeders, screw speed, or impact meters). See Section 7 for considerations regarding cali-
bration and sources of uncertainty.
Determining themass flow rate of residuedischarged fromsluice systems (wet ash and slag) is evenmoredifficult than

determining the flow rate of drymaterial. Generally, the total discharge flowmust be captured in bins or trucks, the free-
standing water drained off, and the bin or truck weighed and compared against the tare weight. Since residue leaves the
unit in adry state,moisture content of the samplemustbedetermined, and themeasuredwetmass flowrate corrected for
moisture. Thequantity of slag discharged fromsluice systems and lock hoppers is generally small, so this residue rate can
be measured every 4 hr.

4-5.3.2 Estimating Systematic Error.When splits are estimated, a mean value shall be selected such that the same
positive and negative estimate of systematic error can be used. A systematic error that would produce a split of less than
zero or more than 100% shall not be used. Where mass flow is determined from volumetric devices, considerations
include repeatability of the fullness of the volume chamber and density and size distribution of the material.

4-5.4 Residue Sampling

Samples shall be taken from the various output streams of gasification units that contain ash. These streams typically
includeslag,particulate, andbottomash.Obtaining representative samples fromeachof these streamscanbechallenging.
The bestmethod for obtaining a representative particulate sample is to isokinetically sample the ash in the gas upstream
of as many ash collection hoppers as possible. This method provides a sample that has a representative cross section of
particle size and carbon content. It also ensures that the sample is representative of the testing period.
Obtaining a representative sample of bottom ash is also challenging because bottom ash often contains large, unevenly

distributed chunks of residue. For example, a single sample may contain a chunk of coal not typically found in other
samplesor itmayhavenocarboncontent.Multiple samplesandseveral analysesof eachsamplemaybe required toobtain
representative results.

4-5.4.1 Systematic Error for Residue Sampling.There is an associated systematic error for the ash collected from the
bottomash, slag, or fines, or fromanyhoppers locatedupstreamof theparticulate collectionpoint. Ifmultiple samples are
analyzed using multiple analyses for the bottom ash, slag, or fines, the resulting information can be used to estimate the
associated systematic error. The sampling procedure shall also be reviewed to determine if other sources of systematic
error are present.

4-5.4.2 Slag-SamplingMethods. For slag, the preferred sample-collectionmethod is to take the samplewith amulti-
holed probe extending thewidth of the sluice stream. EPRI EA-3610 illustrates amultihole probe. Alternatively, a portion
of the slag may be diverted to a collection device where the slag can settle before the sample is taken.

Table4-5.2.1-2TypicalSystematicUncertainties forLimestonePropertiesDeterminedFromASTMC25,TestMethod31

Limestone Property Typical Systematic Uncertainty [Note (1)]
Calcium oxide ±0.16%
Magnesium oxide ±0.11%
Free moisture ±10% of measured value
Inert content by difference ±5% of measured value

NOTE: (1) All systematic uncertainties are absolute unless otherwise indicated.
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4-5.4.3 Residue Streams Excluded From Sampling. In some cases, the parties to the test may decide not to sample a
residue stream that does not significantly contribute to energy loss. An example of such a stream is slag that contains
insignificantamountsof sensibleheat andunburnedcombustiblematerial. Alternatively, samplesof slag canyielda result
that is nomore certain thanusing an assumedvalue. If a solid stream isnot sampled, an appropriate systematic error shall
be assigned and the historical evidence documented in the final report.

4-6 LIQUID FLOW MEASUREMENT

For information about flow-measuring devices, refer to ASME MFC-3M for differential measuring devices (orifice
plates, venturis, and nozzles) and ASME PTC 19.5 for all other flow measurements. Table 4-2.6-1 provides guidelines
for typical systematic errors for liquid flow measurements.

4-6.1 Water

4-6.1.1 Water Flow.Water flows can be measuredmore accurately than steam flows. Whenever possible, it is best to
configure the tests so thatwater flows aremeasured and used to calculate steam flows. Flow is usually determinedwith a
mass (Coriolis) flowmeter orwith a differential pressuremeter using two independent differential pressure instruments.

4-6.1.2 Class 1Flow-MeasuringDevices.The flowsectioncontaininga throat tapnozzle asdescribed inASMEPTC6 is
recommended for the Class 1 primary flowmeasurements when the test Reynolds number is greater than themaximum
calibrated Reynolds number.

4-6.1.3 Other Flow-MeasuringDevices. Information relative to the construction, calibration, and installation of other
differential flow-measuring devices appears in ASMEMFC-3M. Formeters other than differential pressure devices, refer
to ASME PTC 19.5. Meters other than differential pressure devices can be used for Class 2 and secondary flowmeasure-
ments, and canalsobeused for Class1primary flowmeasurementswhenReynolds number extrapolation is not required.
(a) Class 1 primary flow measurement devices require calibration.
(b) For Class 2 primary and secondary flows, the appropriate reference coefficient for the device given in ASMEMFC-

3M may be used.

4-6.1.4 Water Flow Characteristics. Flow measurements shall not be undertaken unless the flow is steady or fluc-
tuates only slightly with time. Fluctuations in the flow shall be suppressed before the beginning of a test by careful
adjustment of flow and level controls or by introducing a combination of conductance (e.g., pump recirculation) and
resistance (e.g., throttling thepumpdischarge). Hydraulic dampingdevices on instruments donot eliminate errors due to
pulsations and, therefore, shall not be used.
While passing through the flow-measuring device, the water shall not flash into steam. To avoid cavitation, the

minimum throat static pressure shall be higher than the saturation pressure corresponding to the temperature of
the flowing water by at least 20% of the throat velocity head.

4-6.2 Liquid Fuel and Hydrocarbon Products

4-6.2.1 General. Liquid fuel flows shall be measured using flowmeters that are calibrated throughout the Reynolds
number rangeexpectedduring the test using theactual flow. Forvolume flowmeters, the temperatureof the fuel shall also
be accuratelymeasured to correctly calculate the flow. Table 4-6.2-1 lists individual laboratory test repeatability criteria
for fuel oil property measurements.

4-6.2.2 Positive Displacement Oil Flowmeter.Use of oil flowmeters is recommendedwithout temperature compen-
sation. The effects of temperature on fluid density can be accounted for by calculating themass flowbased on the specific
gravity at the flowing temperature.
Fuel analyses shall be completed on samples taken during testing. The lower and higher heating value and specific

gravity of the fuel shall be determined from these fuel analyses. The specific gravity shall be evaluated at three tempera-
tures that cover the range of temperatures measured during testing. The specific gravity at flowing temperatures shall
then be determined by interpolating between the measured values to the correct temperature.
An evaluation of the variability of heating value shall be made to determine the impact on the test uncertainty. The

number of samples required during the test is dependent upon conforming to uncertainty requirements. It is the intent of
this Code that the samples be analyzed in accordance with the latest methods and procedures. When choosing a lab-
oratory, the parties to the test shall choose a certified laboratory. ASTM provides guidelines for typical lab-to-lab repro-
ducibility. In general, the systematic uncertainty is taken as one-half the reproducibility.
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4-7 STEAM FLOW MEASUREMENT

Table 4-2.6-1 provides guidelines for typical systematic errors for steam flow measurements.

4-7.1 Steam Flow Characteristics

In passing through the flow-measuring device, the steam must remain superheated. For steam lines with desuper-
heaters, the flow section shall be installed aheadof desuperheaters. The total flow is determinedby the sumof steam flow
and the desuperheater water flow.

4-7.2 Secondary Steam Flow Measurements

The calculation of steam flow through a nozzle, orifice, or venturi shall be based on upstream conditions of pressure,
temperature, and viscosity. To avoid the disturbing influence of a thermowell located upstream of a primary element,
downstream pressure and temperature measurements can be used to determine the enthalpy of the steam, which is
assumed to be constant throughout awell-insulated flowmeasurement section. Based on this enthalpy and the upstream
pressure, the desired upstream properties can be computed from the steam tables.

4-7.3 Two-Phase Steam-Water Mixtures

There are instances when it is desirable to measure the flow rate of a two-phase mixture. ASME PTC 12.4 describes
methods for measurement of two-phase flow.

4-8 GAS FLOW MEASUREMENT

Oxygen, gaseous auxiliary fuel, and syngas flows shall bemeasured using differential measurement devices in compli-
ancewith ASMEMFC-3M or other flow devices in compliancewith ASMEPTC 19.5. The accuracy of these devices shall be
determined by uncertainty analysis. Measurements used to determine themass flow rate (e.g., fuel analysis to determine
density), static anddifferential pressures, temperature, and frequency (for turbinemeters) shall bewithin anuncertainty

Table 4-6.2-1 Typical ASTM Standard Test Systematic Uncertainty for Fuel Oil Properties

Fuel Oil Property Analysis Procedure
ASTM Standard Test Systematic Uncertainty

[Note (1)]
API gravity ASTM D1298 0.25 deg API for opaque (heavy oil)

0.15 deg API for transparent (distillate)
Ash ASTM D482-19 0.003 for fuels <0.08% ash

0.012 for fuels of 0.08% to 0.18% ash
Carbon ASTM D5291-16 [Note (2)] 0.009(x + 48.48) [Note (3)]
Heating value ASTM D240-19 [Note (4)] 0.20 MJ/kg (86 Btu/lb)

ASTM D4809-18 0.14 MJ/kg (59 Btu/lb), all fuels
Hydrogen ASTM D5291-16 [Note (2)] 0.1157(x0.5) [Note (3)]
Nitrogen ASTM D3228-19, Kjeldahl method 0.095(concentration)0.5

ASTM D5291-16 [Note (2)] 0.1670x [Note (3)]
Sulfur ASTM D1552-16e1, high-temperature method 0.05(concentration)

ASTM D2622-16, X-ray fluorescence 0.02651(concentration)0.9

ASTM D4294-03, X-ray fluorescence 0.02894(concentration + 0.1691)
Water ASTM D95-13(2018) 0.1% for fuels <1% water

5% of measured value for >1% water

NOTES:
(1) All values are standard ASTM procedure repeatability.
(2) ASTM D5291-16 test methods were tested on samples with the following component concentrations:

(a) carbon: 75% mass to 87% mass
(b) hydrogen: 9% mass to 16% mass
(c) nitrogen: 0.75% mass to 2.5% mass

(3) x = mean value of concentration measurements.
(4) ASTM D240-19 covers the determination of the heat of combustion of liquid hydrocarbon fuels ranging in volatility from that of light

distillates to that of residual fuels.
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range to meet the requirements set by ASME MFC-3M or ASME PTC 19.5. Table 4-2.6-1 provides guidelines for typical
systematic errors for gas flow measurements.
The quantity of gas is determined at reference conditions. The reference conditions shall be clearly identified prior to

the tests or during the contract stages. The quantity may be expressed in terms of mass instead of volume, although the
actual volume (not corrected to reference conditions) that flows through the installation is needed for operational and
contractual or legal metrology purposes. The flows are corrected with measured specific gravities, temperatures, and
pressures to give absolute syngas volumetric flow rates innormalmeter cubedper hour (Nm3/h) [standard cubic feet per
minute (scfh)].
For definitions of gaseous fuel heating values, see ASTM D3588.

4-8.1 Digital Computation of Gas Flow Rate

Mass flow rate as shown by flow computer is not acceptable without showing intermediate results and the data that is
used for the calculations. Intermediate results for an orifice include the discharge coefficient, corrected diameter for
thermal expansion, expansion factor, etc. Raw data includes static and differential pressures and temperature. For a
turbine meter, intermediate results include the turbine meter constant(s) used in the calculation and how it was deter-
mined from the calibration curve of themeter. Data includes frequency, temperature, and pressure. For both devices, gas
analysis and the intermediate results used in thedensity calculation are required. Themethodsdescribed inASTMD1945
shall be used to analyze natural gas, and the methods described in ASTM D7833 shall be used to analyze syngas.

4-8.2 Oxygen Purity Measurements

This paragraph presents the requirements and guidance for measuring gas purity in air and product gases. Any gas
purity measurement method consistent with this test Code may be used. Gas chromatographs are typically used to
measure gas purity, but new measurement devices may be used provided the device accuracy is consistent with
the uncertainty requirements of this test Code. Gas purity may be measured with a number of different devices.
(a) Chemiluminescent analyzers are used to determine the concentrations of nitrogen oxides (NO and NOx).
(b) Fourier transform infrared spectrometry (FTIR) can detect all contaminant species rapidly and simultaneously,

with detection limits in the parts-per-billion range.
(c) Gas chromatography is used to analyze mixtures of gaseous or volatile liquid compounds.
(d) Mass spectrometry is commonly used for gas analysis, even in standard operations monitoring.
(e) Nondispersive infrared photometers (NDIR) can detect concentrations of carbonmonoxide as low as 0 ppm to 10

ppm or concentrations of carbon dioxide as low as 0 ppm to 5 ppm.
(f) Paramagnetic sensors can measure oxygen concentrations as low as 0% to 1%.
(g) Plasma detectors exploit the principle of electroluminescencewithout the aid of lamps in an electromagnetic field.
(h) A thermal conductivity detector (TCD) is a bulk property and chemical-specific detector commonly used in the

analysis of the permanent gases argon, oxygen, nitrogen, and carbon dioxide.
(i) Trace oxygen sensors (galvanic fuel cell) can measure oxygen concentrations as low as 0 ppm to 10 ppm.

4-9 MATERIAL ANALYSIS

For fuel quality analyses and other chemical/physical analyses necessary to assess system performance, appropriate
sampling and analytical techniques shall be selected based on their ability tomeet the established precision and accuracy
requirements of the performance test. Due to the dynamic and variable nature of most processes andmaterials, method
selection cannot rely solely on theprecision andaccuracy estimates of the analyticalmethod. Consideration shall be given
to thepotential variability ofprocessmaterials in the system, and in somecases the sample’s stability, to assess the impact
of sample collection frequency and handling.
Testingmethodsandaccuracy ranges for fuel, sorbent, and residue solids arepresented inTables4-5.2.1-1and4-6.2-1,

and the potential systematic uncertainties of other instrumentation devices are listed in Table 4-2.6-1.

4-9.1 Sample Collection

Basic guidelines for representative sampling of process streams and fuels can be found in various ASTM and EPA
publications.3 Formost process streams, multiple grab samples are necessary to provide a representation of the process
over time and, more importantly, to provide data that enables an assessment of sample variability. Sample composites
may also be prepared to obtain a single representative sample over time; however, assessment of sample-to-sample

3Annual Book of ASTM Standards, Section 5; EPA-600/8-83-027; andHandbook of Sampling and Sample Preservation ofWater andWastewater; see
subsection 1-4.
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variability is lost if samples are combined. Duplicate composite samples, i.e., separate samples collected simultaneously
during the same period and under the same conditions, may also be prepared and analyzed to provide an indication of
sampling variability.
Other factors affecting the representative sampling of process materials include sample stability, sample preparation

requirements, and sampling locations.Many test components in synthesis gas and other gasification process samples are
susceptible to oxidation and may be reactive to materials in sampling systems and containers, causing the sample to
degrade immediately upon collection. Nonhomogeneous, multiphase, and other sample materials that are not directly
analyzed shall be prepared for analysis. The net effect on the analytical result shall be considered. In addition, the sample
collection point with respect to related process temperature, pressure, and flow measurement devices may affect mass
flow rate determinations. The performance test plan shall address these issues and describe how sampling precision,
accuracy, and representativeness will be assessed.

4-9.2 Analytical Techniques

Analytical techniques shall be selected based on the performance test criteria for measurement data quality. For any
given test parameter, theremay bemultiple analytical methods, eachwith an applicable concentration range, sensitivity,
detection limit, and susceptibility to interference. Process analytical chemists or other individuals familiar with both
chemical analysis methods and the characteristics of the samples shall direct the selection of test methods. All parties to
the test shall agree upon themethods. The compatibility of eachmethodwith the samplematrix and its ability tomeet the
data quality objectives for precision and accuracy are critical if useful data are to be obtained.
Sincemost analytical methods do not provide performance specifications, the test plan shall provide specifications for

laboratory quality control parameters that are necessary to meet the test objectives.
A thorough analytical plan provides the necessary data to validate and defend the laboratory results.

4-10 INPUT AND OUTPUT HEAT MEASUREMENT

4-10.1 Direct Measurement Method

4-10.1.1 Dry Solid Fuels. In the direct measurement method of dry solid fuels, the primary heat input is equal to the
product of the fuelmass flow rate and the fuel’s higher heating value (HHV). Themass flow rate is typicallymeasuredwith
gravimetric weigh belt feeders upstream of the coal preparation equipment. HHV is determined post-test in a bomb
calorimeter according to ASTMD5865-01 or other acceptable technique. Fuel samples shall be taken throughout the test
period andeither combined toyield a composite sample for analysis or analyzed individually and averagedarithmetically
to represent the test period.
An alternative measurement technique for dry feed gasifiers may be available with measurements from load cells on

the lock hoppers. By tracking the difference between the full and emptyweights of each lock-hopper cycle, onewill have a
bettermeasurement of the totalmass of coal fed to the gasifier. Refer to subsection 4-4 formore details onmeasuring the
mass flows of solid fuels.

4-10.1.2 Fuel Slurries. In a typical slurry configuration, the solid fuel is finely ground in rod or ball mills. In order to
produce thedesired slurry solids concentration, the solid fuel is placedonaweighbelt feeder and fed to thewetmillswith
treatedwater that is recycled fromotherareasof thegasificationplant.A fluxingagentmaybeadded to themills. Prepared
slurry is stored in an agitated tank. The tank capacity is sufficiently large to supply slurry without interrupting gasifier
operations when the wet mills undergo planned maintenance.
In the direct measurement of slurry, the fuel’s heating value is determined by ASTM laboratory techniques. Magnetic

flowmeters are the preferred flow measurement devices for high-pressure slurries. If the solids are suspended in a
relatively uniform fashion, the flow can also be measured with calibrated orifices. If the solids can settle out, then
flow can be measured with an eccentric orifice, a segmental orifice, or an eccentric venturi.
During the performance test, at least one sample shall be takenper hour. The slurry sample iswithdrawn,weighed, and

the completely dried solids portion of the sample is weighed and tested for heating value. The sample shall be taken as
close to the gasifier as practical. The water portion of the slurry is identified as having no heat of combustion value.
Slurry density can be measured using methods described in ASTM D1480, ASTM D4052, or ASTM D7042.

4-10.1.3 Liquid or Gaseous Fuels. Liquid or gaseous fuels shall have heating values that vary no more than the
amounts specified in Table 3-5.2-1 over the course of a performance test. The heat input from liquid or gaseous
fuels is usually determined by directmeasurement of fuel flow and the laboratory or on-line chromatograph-determined
heatingvalue. Consistentheat input fromliquidorgaseous fuelsmayalsobedeterminedbycalculation, as isdone for solid
fuels.
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Subsections 4-6 and 4-7 discuss measurement of liquid and gaseous fuel flow. If the direct method is used, the flow is
multiplied by the heating value of the stream to obtain the heat flow. The heating value of gaseous fuels can bemeasured
byanon-lineanalyzer suchasagas chromatographormass spectrometer , orby sampling the streamperiodically (at least
three samples per test) and analyzing each sample individually in the laboratory. An evaluation of the variability of gas
heatingvalueshall bemade todetermine the impacton the testuncertainty.Thenumberof auxiliarygas samples required
during the test is dependent uponminimizing the test uncertainty. The analysis of gas, by either on-line chromatography
or the samplingmethod described above, yields the gas’s chemical composition. This data is then used for calculating the
gas’s heating value. Natural gas shall be analyzed by online chromatography in accordance with ASTM D1945. For all
gases, heating values shall be calculated in accordance with ASTM D3588.

4-10.1.4 Syngas. The gas component analysis is used with standard heating values to calculate the syngas heating
value inmegajoules per normal cubicmeter (British thermal units per standard cubic foot). The gas analysis and heating
value calculation processes are described in para. 4-10.1.3. The product of the total volumetric flow and syngas heating
value yields the chemical energy flow in megajoules per hour (British thermal units per hour).

4-10.1.5 Liquid Hydrocarbon Feeds. If liquid fuel is used, the quantity that is burned shall be determined. Liquid fuel
flows can be measured using a flow orifice installed in accordance with ASME MFC-3M or other measurement devices
such as positive displacement flowmeters or turbine flowmeters calibrated in accordance with ASME PTC 19.5. The
flowmeters shall be calibrated for the Reynolds number range expected during the test. For volume flowmeters, the fuel
temperature must be measured accurately to calculate the flow correctly. A sampling point shall be located as close as
possible to the test boundary, upstreamof themetering station, such that the liquid fuel sample represents the liquid fuel
flowing through the flowmeter device. Fuel oil and natural gas typically have more consistent composition than coal or
other solid fuels, and therefore require fewer samples. Liquid fuel analyses shall be completed on samples taken during
the test. The lower and higher heating values and the specific gravity of the fuel shall be determined from these fuel
samples. The heating value of each fuel sample shall be determined in accordancewith the procedures specified in ASTM
D4809 or equivalent standard.

4-10.1.6 Methods of Solid Fuel Analysis. For solid-fuel-fired gasifiers, the minimum fuel information required to
determine efficiency is the ultimate analysis, proximate analysis, and the higher heating value. Table 4-5.2.1-1 identifies
the ASTM procedures to be used for analysis. ASTM D3180 defines the procedures for converting the analysis from one
basis to another. The latest versions of these procedures shall be utilized. If ASTMadds a newor revised procedure that is
agreeable to both parties to the test, that procedure may be used.
The determination of other solid fuel qualities such as fusion temperature, free-swelling index, grindability, ash chem-

istry, and fuel sizing is important to judge the equivalence of the test fuel and the specified fuel and may be required for
other test objectives.

4-10.1.7 Methods of Sorbent and Residue Analysis. The minimum information needed to determine the sulfur
capture efficiency is the sorbent ultimate analysis (calcium, magnesium, moisture, and inert). Table 4-5.2.1-2 identifies
the applicable ASTM analysis procedures. Chromium concentration is determined by atomic absorption spectroscopy.
The determination of other solid sorbent qualities (such as sorbent sizing) may be required, depending on the test
objectives.

4-10.2 Indirect Measurement Method

The indirectmeasurementmethod of fuels is based on a carbon balance of the gasification system, inwhich the carbon
in the input fuel is calculated as the sum of the carbon in the untreated syngas plus the carbon contained in the ash. The
carbon flow in the untreated syngas is determined from gas chromatography and flow measurement of the untreated
syngas. The carbon flow in the ash is determined from the ash analysis and flowmeasurement of the ash. The mass flow
rate of the primary input fuel is calculated from its calculated carbon flow and ultimate analysis, and the HHV of the
primary fuel is determined as described in para. 4-10.1.

4-11 AUXILIARY ELECTRIC POWER MEASUREMENT

4-11.1 Introduction

This subsection presents requirements and guidance regarding the measurement of electrical power consumption.
This Code recommends that power consumption bemeasured by sufficient instrumentation to ensure that no additional
uncertainty is introduced by the metering method for all test conditions. Reference ANSI/IEEE Standard 120-1989 for
measurement requirements not included in this subsection.
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A separate transformer and associated load metering may be available to measure the auxiliary loads. Station perma-
nent instrumentation can be used for measuring the electrical load to the gasification block, where the electrical load is
measured and displayed either as active power or as voltage and current. When power metering is not available, in-
dividual inputpower to anelectric load canbeestimatedby takingRMSvoltage and currentmeasurements. Themeasure-
ments can be made with handheld instruments, such as clamp-on ammeters and multimeters, or with a power factor
meter. Auxiliary load, Aux (in kilowatts), is calculated by the following equation and inputs:

= × × ×V I
Aux

3 PF
1 000

where
1 000 = conversion factor from watts to kilowatts

3 = value that accounts for use of phase-to-phase voltage measurement on a three-phase system
I = average root-mean-square (RMS) phase current, A

PF = power factor, as a decimal
V = average phase-to-phase voltage, V

NOTE:Donotattempt tomakedirect voltagemeasurementsabove600VRMS. If themotorsupplyvoltage ishigher than600V,avoltage
transformer shall be used. The three-phase input power, Pt (in kilowatts), to the motor can be calculated from the same equation as
used for auxiliary power. Measurement of all three phases shall bemade and the average value used for the calculation. This applies to
thevoltage, current, andpower factormeasurements, all ofwhich canusually bemadeat themotor starterbox.Refer toASMEPTC19.6,
subsections 3-6 and 3-7 for additional information on measuring auxiliary power.

4-11.2 Electrical Metering Equipment

Two types of electrical metering equipment may be used to measure electrical energy: wattmeters and watt-hour
meters. Single- or polyphasemetering equipmentmaybeused.However, if polyphase equipment is used, the output from
each phase shall be available or the meter shall be calibrated three-phase. These meters are described in paras. 4-11.2.1
through 4-11.2.3.

4-11.2.1 Wattmeters. Wattmeters measure instantaneous active power. The instantaneous active power shall be
measured frequently during a test run and averaged over the test run period to determine average power (kilowatts)
during the test. If the total active electrical energy (kilowatt-hours) is needed, theaveragepowershall bemultipliedby the
test duration in hours.
Wattmetersmeasuring aClass1primary variable shall have abias uncertainty equal to or less than0.2%of the reading.

Metering with an uncertainty equal to or less than 0.5% of the reading may be used for the measurement of Class 2
primary variables. There is nometering accuracy requirement formeasurement of secondary variables. The output from
the wattmeters shall be sampled with a frequency high enough to attain an acceptable precision. This is a function of the
variation of the power measured. A general guideline is a frequency of at least once each minute.

4-11.2.2 Watt-Hour Meters. Watt-hour meters measure active energy (kilowatt-hours) during a test period. The
measurement of watt-hours shall be divided by the test duration in hours to determine average active power (kilowatts)
during the test period.
Watt-hour meters measuring a Class 1 primary variable shall have an uncertainty equal to or less than 0.2% of the

reading. Metering with an uncertainty equal to or less than 0.5% of the reading shall be used for measurement of Class 2
primary variables. There are no metering accuracy requirements for measurement of secondary variables.
The resolution of watt-hour meter output is often so low that high inaccuracies can occur over a typical test period.

Often watt-hour meters have an analog or digital output with a higher resolution that may be used to increase the
resolution. Somewatt-hourmeters alsohaveapulse-typeoutput thatmaybe summedover time todetermineanaccurate
total energyvalueduring the test period. Fordisk-typewatt-hourmeterswithnoexternal output, thedisk revolutions can
be counted during a test to increase resolution.

4-11.2.3 Wattmeter andWatt-Hour Meter Calibration.Wattmeters and watt-hour meters, collectively referred to as
powermeters, are calibrated by simultaneously applying power through the test powermeter and a standardwattmeter
or watt-hour meter. This comparison shall be conducted at several power levels (at least five) across the expected test
power range. The difference between the test and standard instruments for each power level shall be calculated and
applied to the powermeasurement data from the test. For test points between the calibration power levels, a curve fit or
linear interpolation shall be used. The selectedpower levels shall be approached in an increasing anddecreasingmanner.
The calibration data at each power level shall be averaged to minimize any hysteresis effect. If polyphase metering
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equipment is used, the output of each phase shall be available or the meter shall be calibrated with all three phases
simultaneously.
When calibrating watt-hourmeters, the output from the wattmeter standard shall bemeasured with a frequency high

enough to reduce the precision error during calibration so the total uncertainty of the calibration process meets the
required level. The average output from the wattmeter standard can be multiplied by the calibration time interval to
compare against the watt-hour meter output.
Wattmeters shall be calibrated at the electrical line frequency of the equipment being tested (e.g., do not calibrate

meters at 60 Hz for use on 50 Hz equipment).
Wattmeter standards shall be allowed to have power flow through them prior to calibration to ensure the device is

adequately warmed up. The standard shall be checked for zero reading each day prior to calibration.

4-11.3 Measurement of Step-Up and Step-Down Transformers

The transformer losses of step-up and step-down transformers may be required for a test or a test correction. Since
power loss for these transformers is difficult to measure in the field, it may be necessary to use the results of the
transformer’s factory performance tests. Normally the factory tests for determining power loss are conducted at
0% and 100% of the transformer’s rated load at various voltages. In order to calculate the transformer power
loss, the measurements of the voltage and current at the high side of the transformer shall be recorded.

4-12 DATA COLLECTION AND HANDLING

4-12.1 Introduction

This subsection presents requirements and guidance regarding the acquisition and handling of test data. It also
describes the fundamental elements that are essential to a comprehensive data acquisition and handling system.
This Code recognizes that technologies and methods for data acquisition and handling will continue to change and

improve. If new technologies andmethods become available and are shown tomeet the required standards statedwithin
this Code, they may be used.

4-12.1.1 Data Acquisition System. The purpose of a data acquisition system is to collect data and store it in a form
suitable for processing or presentation. Systemsmay be as simple as a personmanually recording data or as complex as a
digital computer-based system. Regardless of its complexity, a data acquisition system shall be capable of recording,
sampling, and storing the data within the requirements of the test and target uncertainty set by this Code.

4-12.1.2 Manual System. In some cases, it may be necessary or advantageous to record data manually. It shall be
recognized that this type of system introduces additional uncertainty in the form of human error, and such uncertainty
shall be accounted for accordingly. Further, due to their limited sampling rate, manual systems may require longer
periods of time or additional personnel for a sufficient number of samples to be taken. A test period duration
shall be selected that allows enough time to gather the number of samples required by the test. Data collection
sheets shall be prepared prior to the test. The data collection sheets shall identify the test site location, date, time,
and type of data collected, and shall delineate the sampling time required for the measurements. Sampling times
shall be clocked using a digital stopwatch or other appropriate timing device. If it is necessary to edit data sheets
during the test, all edits shall be made using black ink, and all errors shall be marked through with a single line
and initialed and dated by the editor.

4-12.2 Data Management

4-12.2.1 Data Collected With an Automated System. All data collected using an automated data acquisition system
shall be recorded in its uncorrected, uncalculated state on both permanent and removable media to permit post-test
application of any necessary calibration corrections. Immediately after the test and prior to leaving the test site, the data
shall be copied to a removable medium and distributed among the parties to the test to prevent the data from being
accidentally lost, damaged, or modified. Similar steps shall be taken with any corrected or calculated test results.

4-12.2.2 Manually Collected Data. All manually collected data recorded on data collection sheets shall be reviewed
for completeness and correctness. Immediately after the test and prior to leaving the test site, photocopies of the data
collection sheets shall be made and distributed among the parties to the test to prevent the data from being accidentally
lost, damaged, ormodified. If photocopying is not available,manual replication of the data collection sheets shall bemade
and the replicated data collection sheets shall be clearly marked as a replication and signed off by the parties to the test.
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4-12.2.3 Data Calculation System. The data calculation system shall have the capability to average each input
collected during the test and calculate the test results based on the average values. The system shall also calculate
standard deviation and the coefficient of variance of each instrument. The system shall have the ability to locate spurious
data and exclude it from the calculation of the average. The system shall also be able to plot the test data and each
instrument reading over time to look for trends and outlying data.

4-12.3 Data Acquisition System Selection

4-12.3.1 DataAcquisitionSystemRequirements.Prior to selectionof a data acquisition system, it is necessary tohave
the test procedure in place that dictates the system requirements. The test procedure shall clearly dictate the type of
measurements to bemade, number of data points needed, the length of the test, the number of samples required, and the
frequency of data collection tomeet the target test uncertainty set by this Code. This information shall serve as a guide in
the selection of equipment and system design.
Each measurement loop shall be designed with the ability to be loop calibrated and checked for continuity and power

supply problems. To prevent signal degradation due to noise, each instrument cable shall be designed with a shield
around the conductor, and the shield shall be grounded on one end to drain any stray induced currents.

4-12.3.2 Temporary Automated Data Acquisition System. This Code encourages the use of temporary automated
data acquisition systems for testing purposes. These systems can be carefully calibrated and their proper operation
confirmed in the laboratory and then transported to the testing area, thus providing traceability and control of the
complete system. Temporary systems limit the instruments’ exposure to the elements and avoid the problems associated
with construction and ordinary plant maintenance.
Site layout and ambient conditions shall be considered when determining the type and application of temporary

systems. Instruments and cabling shall be selected to withstand or minimize the impact of any stresses, interference,
or ambient conditions to which they may be exposed.

4-12.3.3 Existing PlantMeasurement andControl System. This Code does not prohibit the use of the plantmeasure-
mentandcontrol systemforCode testing.However, the systemshallmeet the requirements set forth in thisCode. Further,
users shall recognize the limitations and restrictions of these systems for performance testing, including the following:
(a) Most distributedplant control systemsapply thresholdor dead-band restraints ondata signals. This results indata

that are reported only when change in a parameter exceeds a set threshold value. All threshold values on the distributed
control system shall be set low enough that all data signals generated during a test are reported and stored.
(b) Most plant systems do not calculate flow rates in accordance with this Code, but instead use simplified relation-

ships.This includes, forexample, constantdischargecoefficientorevenexpansion factor.Aplant system indicationof flow
rate shall not be used in the execution of this Code, unless the fundamental input parameters are also logged, and the
calculated flow is confirmed to be in accordance with this Code and ASME MFC-3M.
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Section 5
Calculations and Results

5-1 INTRODUCTION

The major objective of a gasification plant performance test is to determine the effectiveness of chemical conversion
and fuel utilization and to ensure that all stream conditions are converted to a common basis. Most streams within a
gasification block of an IGCC system contain thermal energy (sensible heat) and chemical energy (heating value). To
properly specify thermal–chemical properties of an energy stream in the power plant, this Code defines enthalpy as the
sum of thermodynamic enthalpy [integrated specific heat–temperature relation between the reference temperature (at
which theheatof formation isbased)andstreamtemperature] andheatof formation.Thisdefinitionavoids inconsistency
of energy calculation for different types of flows, and unifies mass–energy balance calculations between the subsections
and systems.
The test boundaries for the gasification block are shown in Figure 3-2.2-1. Selected properties of these streamsneed to

be measured separately as described in this Section to evaluate the performance of an IGCC gasification block. The first
three input streams—primary fuel, secondary fuel, and coal-drying fuel—are chemical inputs into the IGCC gasification
block test boundary. Syngas is the primary energy output, andmeasurements of some or all of the remaining streams are
used to determine corrections.
The calculations in this Section cover the most common energy streams crossing the test boundary, but the specific

gasification block undergoing the test is likely to include other energy streams that shall be measured and used for
corrections. The selection of the stream properties to bemeasured depends on their sensitivity coefficients as defined in
Section 7.
Ambient conditions are assumed to have a negligible effect on the gasification block performance.

5-2 DATA REDUCTION

Following each test, all completed test logs and records shall be examined to determine if the permissible deviations
from specified operating conditions have exceeded those prescribed by the individual test code. Adjustments of any kind
shall be agreed to by all parties to the test and explained in the test report. If the parties to the test cannot agree on
adjustments, the test run(s)may have to be repeated. Inconsistencies in the test record or test resultmay require tests to
be repeated in whole or in part in order to attain test objectives. Corrections resulting from deviations of any of the test
operating conditions from those specified are applied when the test results are calculated.

5-3 FUNDAMENTAL EQUATIONS

This subsection provides the equations necessary for evaluating whether a gasification block’s performance complies
with the vendor’s guarantees. The equations are exemplary in nature and are subject to change based on the needs of the
testing parties.

5-3.1 Nomenclature

(a) Symbols used in the equations are as follows:
AF = additive correction for primary fuel energy, kJ/kg (Btu/lbm)
AP = additive correction for auxiliary power, kW
AS = additive correction for product syngas energy, kJ/kg (Btu/lbm)
B = coefficient
Eff = gasification effectiveness, dimensionless
H = enthalpy, kJ/kg (Btu/lbm)

HRD = heat recovery duty, kJ/s = kW (Btu/sec)
LHV = lower heating value, kJ/Nm3 (Btu/scf)
MF = multiplicative correction for primary fuel energy, dimensionless
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MF2 = multiplicative correction for secondary fuel energy, dimensionless
MP = multiplicative correction for auxiliary power, dimensionless
MS = multiplicative correction for product syngas energy, dimensionless
Nsv = normal specific volume, Nm3/kg (scf/lbm)
P = pressure, kPa (psia)

PW = power, kW
Q = energy flow, kJ/s = kW (Btu/sec)

Rsv = normal-to-actual specific volume ratio of syngas at temperature and pressure, Nm3/m3 (scf/acf)
SG = specific gravity, dimensionless, water = 1.0
sv = specific volume, m3/kg (ft3/lbm)
T = temperature, °C (°F)
U = uncertainty, dimensionless
V = normal volumetric flow, Nm3/s (scfm)
W = mass flow, kg/s (lb/sec)
XM = moisture content, kg/kg (lbm/lbm)
XS = solids concentration in slurry, kg (lb) solids/kg (lb) slurry, volume fraction, dimensionless

(b) Subscripts used in the equations are as follows:
ax = auxiliary

CH4 = methane
CO = carbon monoxide
corr = corrected (based on correction curves)
es = export steam
fw = feedwater
H2 = hydrogen
ox = oxidant
pf = primary fuel (e.g., coal)
pg = product syngas
ref = reference
rc = recycle
sf = secondary fuel (e.g., natural gas)
sg = sour syngas
st = steam
sy = slurry

test = test
x = slag

5-3.2 Corrected Product Syngas Energy

Equation (5-3-1) is the fundamental performance equation for corrected product syngas energy. Product syngas
energy does not include sensible heat or contaminants such as H2S, COS, or NH3. The corrected value is calculated
based on its measured value with additive and multiplicative corrections. Sensible heat is not included in the corrected
product syngas energy.

= × + ×( )Q V LHV AS MSi jpg,corr pg pg (5-3-1)

where
ASi = additive correction, kJ/s = kW (Btu/sec)
i = individual additive correction of n corrections
x = 1, n
j = individual multiplicative correction of m corrections
x = 1, m

LHVpg = product syngas lower heating value, kJ/Nm3 (Btu/scf)
MSj = multiplicative correction, dimensionless

Qpg,corr = corrected product syngas energy, kJ/s = kW (Btu/sec)
Vpg = product syngas volumetric flow, Nm3/s (scf/sec)
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5-3.3 Corrected Gasification Effectiveness

Equation (5-3-2) is the fundamental performance equation for gasification effectiveness. The corrected effectiveness,
Effcorr, is adjusted by additive and multiplicative corrections.

=
+ +( )

Q

Q Q
Eff

PW
corr

pg,corr

pf,corr sf,corr ax,corr
(5-3-2)

where
Effcorr = corrected gasification effectiveness, dimensionless

PWax,corr = corrected auxiliary power, kW
Qpf,corr = corrected primary fuel input energy, kJ/s = kW (Btu/sec × 1.05506)
Qpg,corr = corrected product syngas energy, kJ/s = kW (Btu/sec × 1.05506)
Qsf,corr = corrected secondary fuel input energy, kJ/s = kW (Btu/sec × 1.05506)

The parameters within the performance test criteria equations are calculated as follows:

= × + ×( )Q W LHV AF MFi jpf,corr pf pf (5-3-3)

where
AFi = additive correction, kJ/s = kW (Btu/sec)
i = individual additive correction of n corrections
x = 1, n
j = individual multiplicative correction of m corrections
x = 1, m

LHVpf = primary fuel lower heating value, kJ/kg (Btu/lb)
MFj = multiplicative correction, dimensionless

Qpf,corr = corrected primary fuel input energy, kJ/s = kW (Btu/sec)
Wpf = primary fuel flow, kg/s (lb/sec)

= × + ×( )Q W LHV AF2 MF2i jsf,corr sf sf (5-3-4)

where
AF2i = additive correction, kJ/s = kW (Btu/sec)

i = individual additive correction of n corrections
x = 1, n
j = individual multiplicative correction of m corrections
x = 1, m

LHVsf = secondary fuel lower heating value, kJ/kg (Btu/lb)
MF2j = multiplicative correction, dimensionless
Qsf,corr = Corrected secondary fuel input energy, kJ/s = kW (Btu/sec)

Wsf = secondary fuel flow, kg/s (lb/sec)

If the empirical relationship between primary fuel flow and total auxiliary load is known, eq. (5-3-5) can be used to
calculate corrected auxiliary power.

= + ×( )PW PW AP MPax i j,corr ax (5-3-5)

where
APi = additive correction, kW
i = individual additive correction of n corrections
x = 1, n
j = individual multiplicative correction of m corrections
x = 1, m

MPj = multiplicative correction, dimensionless
PWax = measured auxiliary power, kW
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PWax,corr = corrected auxiliary power, kW

If the effect of primary fuel flowon total auxiliary load isnot known, the correctedpower requirement for eachauxiliary
element shall be determined separately using eq. (5-3-6), after which the individual corrected power requirements are
combined into the total corrected auxiliary power using eq. (5-3-7).

= + ×( )PW PW AP MPk k ki kj,corr (5-3-6)

= × kPW PWkax,corr ,corr (5-3-7)

where
APki = additive correction for element k, kW

i = individual additive correction of “n” corrections
x = 1, n
j = individual multiplicative correction of “m” corrections
x = 1, m
k = individual auxiliary element of nk elements
x = 1, nk

MPkj = multiplicative correction for element k, dimensionless
PWax,corr = total corrected auxiliary power for element k

PWk = measured power for auxiliary element k, kW
PWk,corr = corrected power for auxiliary element k, kW

5-3.4 Carbon Conversion Efficiency

Although carbon conversion efficiency (CCE) is awidely used gasifier performance criterion, it is not a test criterion for
the complete gasification block. CCE represents the percentage of total carbon in the gasifier feedstock (i.e., coal or
biomass) converted to product gases, which contain carbon [i.e., carbon monoxide (CO), carbon dioxide (CO2),
methane (CH4), acetylene (C2H2), ethylene (C2H4), and ethane (C2H6)].

= ×
+ + + + +

Y
C

CCE 12
(CO CO CH ) 2(C H C H C H )

22.4dry gas
2 4 2 2 2 4 2 6 (5-3-8)

where
C = carbon in the dry feedstock, %wt

CCE = carbon conversion efficiency, %
CO, CO2, CH4,

C2H2, C2H4, and
C2H6 = percent of the gas, in %vol = %mol

Ydry gas = dry gas yield per kilogram of dry feedstock, Nm3/kg

NOTE: Tar is considered as gas impurity and is not included in the calculation.

5-3.5 Gasifier Energy Efficiency

Although gasifier energy efficiency is a widely used gasifier performance criterion, it is not a test criterion for the
complete gasification block. Gasifier energy efficiency can be expressed using two efficiencies: cold gas efficiency (CGE)
and hot gas efficiency (HGE) per the following formulas:

=
× ×

+
Y

CGE
CE 100

DBE SE
dry gas (5-3-9)

=
+ × ×

+
Y

HGE
(CE PE) 100

DBE SE
dry gas (5-3-10)
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where
CE = chemical energy of dry gas, MJ/Nm3 (Btu/lb)
CGE = cold gas efficiency, %
DBE = energy content of dry feedstock, MJ/kg (Btu/lb)
HGE = hot gas efficiency, %
PE = sensible energy of dry gas, MJ/Nm3 (Btu/lb)
SE = sensible energy of oxidizing agent, MJ/kg (Btu/lb)

Ydry gas = dry gas yield per kilogram of dry feedstock, Nm3/kg

NOTE: Tar is considered a gas impurity and is not included in the calculation.

5-4 CORRECTIONS

Typically, the parties to the test agree upon a set of reference conditions at which the gasification block is expected to
operate during the performance test. These conditions include the following:
(a) ambient conditions such as air pressure, temperature, and humidity; fuel temperature and composition; oxidant

temperature, pressure, and composition; and cooling water temperature
(b) secondary, controlled operating conditions such as grind quality (particle size distribution), slurry concentration,

and quantity and quality of various recycled gaseous, water, and solid streams
If ambient and secondary operating conditions are within accepted limits but the contracted reference conditions are

not, it is necessary to adjust or correct test results (e.g., gasificationblock input, output, and effectiveness) calculated from
the test measurements. Corrections distinguish the effects of the off-reference ambient and gasification block operating
conditions from the effects of deficient design and equipment.
Test results shall be reported as calculated from test observations, corrected for instrument calibration and test

deviations from reference conditions, but shall have no other adjustments.
The calculation of the uncertainty of the performance test results shall be based on the uncertainty of measurements

made during the test as applied to the tested performance and the performance correction procedure. It shall not include
any uncertainty attributed to either the correction curves or the modeling method used to calculate the performance
corrections.
Paragraph5-4.2 identifies theparameters that influence theperformanceof an IGCCpowerplant gasificationblock and

describe appropriate correction methods that may be used to compensate for variations in those parameters.

5-4.1 Gasification Block Model

The gasification blockmodel is amodel of the thermal systems containedwithin the test boundary of an IGCC gasifica-
tion block. The model is used to create correction curves that are applied to performance measured during a test. Each
correction is calculated by running the heat balancemodelwith a variance in only the parameter to be corrected over the
possible rangeofdeviation fromthe reference conditions. The correction curves thusdevelopedare incorporated into the
specific test procedure document.
This Code permits the parties to the test to input test data into a heat balance computer program so that the corrected

performance can be calculated using data from a single heat balance run.
The main functional requirements of the gasification block model are completeness, flexibility, and accuracy.

5-4.1.1 Model Completeness. The model shall be able to predict changes in the gasification block performance in
response to changes in the test boundary conditions. These include ambient conditions such as temperature, pressure,
and fuel composition; process steamandwater flow conditions; and secondary thermal and electrical inputs andoutputs.

5-4.1.2 Model Flexibility.Thenormal range of themodel is expected to be at base loadwith the expected variations in
ambient conditions and of streams that cross the test boundary. Inputs to and outputs from themodel shall include input
and output terms that are measured for the specific gasification system being tested.

5-4.1.3 Model Accuracy. The methods and calculations used to develop the gasification block plant model, including
propertymethods, convergence techniques, and engineeringmodels, shall be of sufficient accuracy to satisfy the needs of
the acceptance test. Consistency and relative accuracy of the calculations are more important than absolute accuracy
since theprimarypurposeof themodel is to correct plantperformance to referenceconditions. Thismeans that theability
to accurately predict changes in performance due to a change in a test boundary condition (Δ) is more important than
matching the actual plant output or heat consumption at a given set of conditions. The final results shall be accurate
enough to meet the uncertainty levels defined in Table 1-3-1.
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5-4.1.4 Model Validation. Model validation is desirable, but the proprietary nature of comprehensive plant models
may preclude complete validation. The uncertainties of corrections, curves, and models cannot normally be ascertained
due to the proprietary nature of such information. This aspect of uncertainty has not been included in Table 1-3-1.
Thebasic gasification blockmodel is based on the equipment supplier’s data and expected performance over a range of

conditions. The individual component performance used in the comprehensive plant model shall be validated to match
the equipment supplier’s expected performance for the component. If the equipment supplier provides performance
curves or data, the model shall be adjusted to allow comparison of the plant model’s predicted performance against the
equipment supplier’s curves or data. The comparison shall be made at the rating point and at the extremes of the
equipment supplier’s predicted performance.
The limit of themodel’s use and accuracy is restricted to the limit of the components used as inputs to the plantmodel.

5-4.1.4.1 Comparison With Measured Data. To the extent practicable before the test, the model results shall be
compared with measured data from the plant. This comparison permits the model to be refined and tuned so that it
matches the actual operation of the plant as closely as possible.
Adjustable model parameters shall be limited to equipment characteristics, such as heat exchanger heat transfer

coefficients and correlation coefficients that affect the model outputs over a range of conditions in the same way
as at test conditions. Directly measured variables shall not be adjusted.

5-4.1.4.2 ExtremesandEndPoints. Ideally, the test shouldbe conducted at the reference conditions tominimize the
amount and size of corrections to the measured performance. If the model is used for test corrections, it will in effect be
interpolating within its valid range rather than extrapolating beyond it.

5-4.1.4.3 Limits. It is important to identify the limits of the gasificationblockmodel during thedevelopment, testing,
and tuning of themodel. Limits are those operating regionswhere the accuracy of themodel is reducedor is unacceptable
for the purposes of testing. The model cannot be used for testing plant operation beyond the validated limits.

5-4.2 Additive and Multiplicative Corrections

Influencingvariables are all of thevariables that aredeviations fromreference conditionsduring the test and that affect
the performance of the gasification block. They include variables that cause deviations from design and operating condi-
tions, input and output streams, and control equipment and instrumentation. Some of these variables can have major
impacts on the syngas flow, fuel consumption, and oxygen consumption, while others may have insignificant impacts.
These variables can be quantified by modeling the plant in detail.
To correctly calculate test results, Code users shall adjust measured parameters to correct for allowable variations in

both controllable operating parameters and uncontrollable external effects, such as ambient temperature. Streams
crossing the test boundary are measured during the test, and their deviations from reference values are used as
the basis for additive and multiplicative corrections. These corrections are applied to the measured performance equa-
tions to produce the corrected performance values.
Additive and multiplicative correction factors and the parameters to which they apply are listed in Table 5-4.2-1.

5-4.2.1 Corrections to Product Syngas Energy

5-4.2.1.1 Additive Correction to Sorbent Feed Rate. Sorbent properties can affect syngas composition. This is an
additive correction for variations in sorbent feed rate if the sorbent is added to the gasification process.

5-4.2.1.2 Additive Correction to Heat Recovery Duty. The syngas cooler cools the syngas by heating feedwater to
produce hot water or steam for the steam turbine cycle. Inmost cases, the product is saturated steam. The heat recovery
duty (HRD) is calculated from the feedwater flow, feedwater inlet temperature, and saturated steam exit pressure.
Variations in any of these three measured parameters change the amount of heat transferred from the syngas to
the steam side, whether those changes are caused by syngas cooler fouling or other reasons. As an additive correction,
excessiveHRDprovides additional steam to the steam turbine in the combined cycle and therefore improves the product
syngas energy performance parameter.

= ×W h hHRD ( )fw es fw (5-4-1)

where
hes = export steam enthalpy determined as a function of pressure and temperature, kJ/kg (Btu/lbm)
hfw = feedwater enthalpy determined as a function of temperature, kJ/kg (Btu/lbm)

HRD = heat recovery duty, kJ/s (Btu/sec)
Wfw = feedwater flow, kg/s (lb/sec)
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=
×
×

W

W W W
AS

HRD

HRD /2
test pg,test

sg,test ref pg,ref sg,ref
(5-4-2)

where
AS2 = additive HRD correction, kJ/s (Btu/sec)

HRDref = heat recovery duty in reference case, kJ/s (Btu/sec)
HRDtest = heat recovery duty in test case, kJ/s (Btu/sec)
Wpg,ref = reference product syngas flow, kg/s (lb/sec)
Wpg,test = test product syngas flow, kg/s (lb/sec)
Wsg,ref = reference sour syngas flow, kg/s (lb/sec)
Wsg,test = test sour syngas flow, kg/s (lb/sec)

5-4.2.1.3 Multiplicative Correction to Primary Fuel Properties. Primary fuel properties can affect syngas composi-
tion. This is a multiplicative correction for variations in primary fuel input properties.

5-4.2.1.4 Multiplicative Correction to Sorbent Input Properties. Sorbent properties can affect syngas composition.
This is a multiplicative correction for variations in sorbent input properties.

5-4.2.1.5 Multiplicative Correction to Syngas Demand. Gas turbine operation and syngas demand is affected by
ambient air pressure and temperature, resulting in part-load operation for the gasifier.

=
×
×

W

W
MS

LHV

LHV8
pg,ref pg,ref

pg,test pg,test
(5-4-3)

where
LHVpg,ref = reference product syngas LHV, kJ/kg (Btu/lb)

Table 5-4.2-1 Additive and Multiplicative Corrections

Correction Factor
Number Parameter

Correction Factor for
Product Syngas

Energy
Primary Fuel

Energy
Secondary Fuel

Energy Auxiliary Power
Additive [Note (1)]

1 Sorbent feed rate AS1 AF1 0 AP1
2 Heat recovery duty AS2 0 0 0
3 Primary fuel flow 0 0 0 AP3

Multiplicative [Note (2)]
1 Fuel composition MS1 MF1 MF21 1
2 Primary fuel supply temperature

[Note (3)]
1 MF2 1 1

3 Secondary fuel supply temperature
[Note (4)]

1 1 MF23 1

4 Sorbent input properties MS4 MF4 1 1
5 Slurry concentration (for slurry-fed

systems)
MS5 MF5 1 MP5

6 Oxygen concentration 1 MF6 1 1
7 Oxidant temperature 1 MF7 1 1
8 Syngas demand MS8 MF8 1 1

NOTES:
(1) Additive corrections are set equal to zero if they do not apply to themeasured results for the specific type of plant being tested or to the test

objectives.
(2) Multiplication corrections are set equal to unity if they donot apply to themeasured results for the specific type of plant being tested or to the

test objectives.
(3) The primary fuel is the fuel-water slurry for slurry-fed systems and the fuel itself for all other types of gasifiers.
(4) The secondary fuel is the pilot fuel used in gasifiers that are not lined with refractory material.
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LHVpg,test = test case product syngas LHV, kJ/kg (Btu/lb)
MS8 = multiplicative syngas demand correction, dimensionless

Wpg,ref = reference product syngas mass flow, kg/s (lb/sec)
Wpg,test = test case product syngas mass flow, kg/s (lb/sec)

5-4.2.2 Corrections toPrimaryFuel Input.Theprimary fuel is theprincipal sourceof energy for thegasificationblock.
If a blendof solid fuels is used, the combinedproperties of theblended fuel areused todefine theprimary fuel. Corrections
for primary fuel input are described below.

5-4.2.2.1 Additive Correction to Primary Fuel Sorbent Feed Rate. This is an additive correction for variations in
sorbent feed rate if the sorbent is added to the gasification process.

5-4.2.2.2 MultiplicativeCorrection toPrimaryFuelComposition.Acomputermodel basedon fuel ultimate analysis
is normally used to determine the correction for a primary fuel that is not the reference fuel. The model predicts the
performance of the gasification unit on a coal that is other than the reference coal. This comprehensive correction
eliminates the need for correction curves for individual fuel characteristics such as ultimate analysis constituents.
If a computer model is not available, the primary fuel can be corrected for heating value.

5-4.2.2.3 Multiplicative Correction to Primary Fuel Supply Temperature. The primary fuel is the fuel–water slurry
for slurry-fed systems and the fuel itself for all other types of gasifiers. In slurry-fed systems, slurry temperature is
affectedbyambientwater temperatureandresidualheat fromcoal grinding, so it is consideredanuncontrollable variable
for which correction curves are needed. Slurry temperatures do not typically vary by more than 3°C (5.4°F). In fuel-only
systems, a supply temperature correction would only be used if the change in primary fuel sensible heat exceeded the
0.2% sensitivity threshold specified in Section 7.

5-4.2.2.4 Multiplicative Correction to Sorbent Input Properties. This is a multiplicative correction for variations in
sorbent input properties.

5-4.2.2.5 MultiplicativeCorrection toSlurryConcentration.Slurry concentration canbemeasuredbut is difficult to
control, so it is considered an uncontrollable variable for which a correction curve is needed. The dry (moisture-free)
portionof the fuel shall be considered the solids concentration, since themoisture in the fuel is part of thewaterportionof
the slurry.

5-4.2.2.6 Multiplicative Correction toOxygenConcentration.The composition (purity) of oxygen product entering
the gasification block is considered an uncontrollable variable for which a correction curve is needed.

5-4.2.2.7 Multiplicative Correction toOxidant Temperature.The temperature of air of oxygen product entering the
gasification block is considered an uncontrollable variable for which a correction curve is needed.

5-4.2.2.8 Multiplicative Correction to Syngas Demand. Gas turbine operation and syngas demand is affected by
ambient air pressure and temperature, resulting in part-load operation for the gasifier. The oxygenproduct flow from the
air separation unit (ASU) can also be limited by ambient air pressure and temperature. Gasifier part-load operation
between 75% and 100% load is expected to affect the gasifier inlet and exit flows but have negligible effects on other
performance parameters.

5-4.2.3 Corrections to Secondary Fuel Input. The secondary fuel is the pilot fuel used in gasifiers that are not lined
with refractory material. The secondary fuel is a supplemental source of energy for the gasification block. If a blend of
secondary fuels is used, the combined properties of the blended fuel are used to define the secondary fuel. Corrections for
secondary fuel input are described below.

5-4.2.3.1 MultiplicativeCorrection to SecondaryFuel Composition.A computermodel based on fuel constituents is
normally used to determine the correction for a secondary fuel that is not the reference fuel. The model predicts the
performance of the gasification unit on a coal that is other than the reference coal. This comprehensive correction
eliminates the need for correction curves for individual fuel constituents. If a computer model is not available, the
secondary fuel can be corrected for heating value.

5-4.2.3.2 Multiplicative Correction to Secondary Fuel Supply Temperature.A correction for secondary fuel supply
temperature is used only if the change in secondary fuel sensible heat exceeds the 0.2% sensitivity threshold specified in
Section 7.
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5-4.2.4 Corrections to Auxiliary Power. Gasification block auxiliaries primarily include coal and sorbent handling,
coalmilling, sourwater slurry recycle pump, slag handling, quenchwater pump, and scrubber pumpsused for particulate
removal.

5-4.2.4.1 AdditiveCorrection toSorbentFeedRate.This is anadditivecorrection forvariations insorbent feedrate if
a sorbent is added to the gasification process.

5-4.2.4.2 AdditiveCorrection toPrimaryFuelFlow.Variations inprimary fuel flowaffect thepower requirementsof
some auxiliaries while others have relatively constant power requirements regardless of operating conditions. The
additive correction in eq. (5-4-4) is the change in auxiliary power resulting from the change in primary fuel flow.
This relationship can be approximated as a linear function when operating near reference conditions.

= ×B W WAP ( )3 ax pf,ref pf,meas (5-4-4)

where
Bax = change in auxiliary power, kWs/kg (kWs/lb)
x = dPW/dWpf

dPW = change in auxiliary power, kW
dWpf = change in primary fuel flow, kg/s (lb/sec)

Wpf,meas = measured primary fuel flow, kg/s (lb/sec)
Wpf,ref = reference primary fuel flow, kg/s (lb/sec)

5-4.2.4.3 Multiplicative Corrections to Slurry Concentration. The power requirement of slurry-handling equip-
ment is roughly proportional to the specific gravity of the slurry. Multiplicative corrections to the power requirements of
slurry mixers, slurry pumps, and slurry recycle pumps are based on the ratio of reference specific gravity to test specific
gravity. The approximations below can be used if empirical power corrections are not available.

=

=
[ + × ]

[ + × ]

MP j
SG

SG5,

(1 XS ) XS SG

(1 XS ) XS SG

j

j

j j j

j j j

ref,

meas,

ref, ref, pf,ref,

meas, meas, pf,meas,

(5-4-5)

where
j = equipment identifier
x = 1 for slurry mixture
x = 2 for slurry pump
x = 3 for slurry recycle pump

MP5 = multiplicative correction to slurry concentration, dimensionless
SG = specific gravity of slurry, referred to water, dimensionless

SGpf = specific gravity of primary fuel, referred to water, dimensionless
x = 0.64, typically, for ground coal

XSrefj = reference concentration of solids in slurry, kg (lb) solids/kg (lb) slurry, volume fraction, dimensionless
XSmeasj = measured concentration of solids in slurry, kg (lb) solids/kg (lb) slurry, volume fraction, dimensionless

All auxiliary systems in the gasification block shall be included in the analysis and their performance corrected as
indicated in Table 5-4.2.4.3-1. Typical items are listed in the table, but the list is not all-inclusive. Note that auxiliary
elements that are not affected by test conditions do not need corrections.

5-5 PARAMETERS USED IN THE FUNDAMENTAL EQUATIONS

This subsection identifies themeasured and calculated parameters that are used in the Codeperformance calculations.
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Table 5-4.2.4.3-1 Typical Auxiliary Equipment and Corrections

Auxiliary Equipment
Correction for Slurry

Concentration
Correction for Primary

Fuel Flow
Coal-handling equipment … AP3
Coal conveyors … AP3
Coal-milling equipment … AP3
Grinders … AP3
Pneumatic feed system (compressors, etc.) … AP3
Quench water pump … …
Scrubber pumps (if a water scrubber is used for environmental control) … …
Slag-handling equipment … …
Slurry mixers MP5 AP3
Slurry pumps MP5 AP3
Slurry recycle pump MP5 AP3
Vacuum pumps … …

5-5.1 Primary Fuel Input Calculations

The primary fuel thermal input is the fuel flow multiplied by its heating value.
= ×Q W LHVpf pf pf (5-5-1)

where
LHVpf = primary fuel lower heating value, kJ/kg (Btu/lb)

Qpf = primary fuel thermal input, kW(t) (Btu/s)
Wpf = primary fuel flow, kg/s (lb/s)

Heating value is determined from the ultimate analysis of the primary fuel using methods specified in Section 4.
Two methods shall be used to calculate the primary fuel flow. If the primary fuel is fed to the gasifier as a coal–water

slurry, the carbon balance method and the slurry measurement method shall be used. For all other feed systems, the
carbonbalancemethod and the directmeasurementmethod shall be used. Agreement between the twoprimary fuel flow
measurements requires overlappinguncertainty bands (as shown in Section7), and the flowwill be theweighted average
of the two measurements, with the weight of each measurement being inversely proportional to its uncertainty.

5-5.1.1 CarbonBalanceMethod.The carbon-balancemethod is basedon the fact that all coal inlet carbon is converted
into either syngas carbon or ash/slag carbon. In the ultimate analysis, the coal feed rate equals syngas carbon plus ash/
slag carbon, divided by the carbon weight fraction in the ultimate analysis.

=
× + ×

W
W WXC XC

XC
x x

pf
sg sg

pf
(5-5-2)

where
Wpf = primary fuel flow, kg/s (lb/s)
Wsg = syngas flow, kg/s (lb/s)
Wx = slag or ash flow, kg/s (lb/s)
XCpf = primary fuel carbon content in ultimate analysis, kg/kg (lb/lb)
XCsg = syngas carbon content, kg/kg (lb/lb)
XCx = slag or ash carbon content, kg/kg (lb/lb)

5-5.1.2 Slurry Measurement Method. If a coal–water slurry (CWS) feeds the gasifier, the primary fuel flow is calcu-
lated from themeasuredCWS flow, CWSsolids concentration, recycle slurry flow, and recycle slurry solids concentration.

=
× ×

W
W W( XS ) ( XS )

1 XMpf
sy sy rc rc

pf
(5-5-3)

where
Wpf = primary fuel flow, kg/s (lb/sec)
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Wrc = recycle slurry flow, kg/s (lb/sec)
Wsy = CWS flow, kg/s (lb/sec)
XMpf = primary fuel moisture content, kg/kg (lb/lb)
XSrc = recycle slurry solids concentration, kg/kg (lb/lb)
XSsy = CWS solids concentration, kg/kg (lb/lb)

5-5.1.3 Solid FlowDirectMeasurement.The solid flowdirectmeasurementmethod is used for dry-fed gasifiers. Solid
fuel flow can be measured with 2% uncertainty using a calibrated gravimetric feeder.

5-5.1.4 Weighted Average Primary Fuel Flow. The fuel flow is theweighted average of the flows calculated by two of
the methods above, with the weight of each flow being inversely proportional to the square of its uncertainty.

=
[ × ] + [ × ]
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(5-5-4)

where
Wpf = weighted average primary fuel flow, kg/s (lb/hr)
Wpf1 = primary fuel flow calculated by first method, kg/s (lb/hr)
Wpf2 = primary fuel flow calculated by second method, kg/s (lb/hr)
U1 = uncertainty of first method, percent
U2 = uncertainty of second method, percent

5-5.2 Heating Value, LHV

The heating values of the primary and secondary fuels entering the gasification block are determined from laboratory
tests of the fuels as described in Section 4.
The heating value of the product syngas, LHVpg, is calculated by eq. (5-5-5).

= × + × + ×y y yLHV ( LHV ) ( LHV ) ( LHV )pg H2 H2 CO CO CH4 CH4 (5-5-5)

where
LHVCH4 , LHVCO,

LHVH2 = lower heating value of methane, carbon monoxide, and hydrogen, respectively
yCH4, yCO, yH2 = mole fraction of methane, carbon monoxide, and hydrogen, respectively

Equation (5-5-1) shall be modified to include other combustible species (e.g., ethane, ethylene, and other components
of product syngas) that, if present, would contribute to the syngas heating value at the power block.

5-5.3 Product Syngas Energy Flow, Qpg

Product syngas energy flow represents usable chemical energy in particle-free syngas that is exiting the gasifier
boundary before gas conditioning occurs. It does not consider sensible heat in the gas.

= ×Q V LHVpg pg pg (5-5-6)

where
LHVpg = product syngas lower heating value, kJ/Nm3 (Btu/scf)

Vpg = product syngas normal volumetric flow, Nm3/s (scf/sec)
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Section 6
Report of Results

6-1 GENERAL REQUIREMENTS

At a minimum, the test report shall include the following distinctive sections:
(a) executive summary (see subsection 6-2), containing
(1) a brief description of the object, result, and conclusions reached
(2) signature of the test director(s)
(3) signature of the reviewer(s)
(4) approval signature(s)

(b) introduction (see subsection 6-3), containing
(1) authorization for the tests, the object of the tests, contractual obligations andguarantees, stipulated agreements,

the name of the person directing the test, and the representative parties to the test
(2) a description of the equipment tested and any other auxiliary apparatus, the operation of which may influence

the test results
(3) method of test, including arrangement of testing equipment, instruments used and their locations, operating

conditions, and a complete description of methods of measurement not prescribed by this Code
(c) calculations and results (see subsection 6-4), containing
(1) a summary of measurements and observations.
(2) methods of calculation from observed data and calculation of probable uncertainty.
(3) correction factors to be applied because of deviations, if any, of test conditions from those specified. If parties to

the test agree to use a plant integrated thermal model to calculate correction factors, the report shall contain specific
identification of the model used and copies of all input and output data (in lieu of correction curves). If the model is
proprietary to one party to the test, that party shall be required to retain a version of the model configured for the as-
tested plant. Documentation of any model used shall be included in the test report.

(4) primary measurement uncertainties, including method of application.
(5) the test performances stated under the following headings:
(-a) test results computed on the basis of the test operating conditions, instrument calibrations only having been

applied
(-b) test results corrected to specified conditions if test operating conditions have deviated from those specified

(6) tabular and graphical presentation of the test results.
(d) instrumentation (see subsection 6-5)
(e) conclusions (see subsection 6-6), containing
(1) discussion and details of the test results and uncertainties
(2) discussion of the test, its results, and conclusions

(f) appendices (see subsection 6-7), containing
(1) further description and illustrations to clarify the circumstances, equipment, and methodology of the test
(2) a description of methods of calibrations of instruments
(3) an outline of details of calculations, including a sample set of computations, descriptions, and statements

depicting special testing apparatus
(4) results of preliminary inspections and trials
(5) any supporting information required to make the report a complete, self-contained document of the entire

undertaking
This outline is a recommended report format. Other formats are acceptable; however, a report of an overall plant

performance test shall contain all the information described in subsections 6-2 through 6-7.
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6-2 EXECUTIVE SUMMARY

The executive summary is a brief synopsis of the full report and contains only the most essential information in a
concise format. The following items shall be contained in the executive summary:
(a) general information about the plant and the test, such as the plant type and operating configuration and the test

objectives
(b) date and time of the test
(c) summary of the results of the test, including uncertainty
(d) comparison with the contract guarantees
(e) any agreements among the parties to the test that allowanymajor deviations from the test requirements, e.g., if the

test requirements call for three test runs, and all parties agree that two are sufficient

6-3 INTRODUCTION

The introduction to the test report gives general background information necessary for the reader to understand the
circumstances leading up to, and the reasons for, the test. This section of the test report includes the following topics:
(a) any additional general information about the plant and the test not included in the executive summary
(b) an historical perspective, if appropriate
(c) one ormore diagrams showing the test boundary and streams (refer to the diagrams for specific plant type or test

goal)
(d) a list of the representatives of the parties to the test and their involvement and responsibilities in the testing

process
(e) any pretest agreements that were not listed in the executive summary
(f) the organization of the test personnel, including number and type of personnel supplied by each organization and

the tasks for which each organization was responsible during the test
(g) test goals per Sections 3 and 5 of this Code

6-4 CALCULATIONS AND RESULTS

The goal of the calculations and results section of the test report is to describe all calculation procedures used in the
analysis phase of the test. By using the detailed description and sample calculations, the reader should be able to under-
stand and reproduce any results contained in the report. The following shall be included in detail:
(a) the format of the general performance equation that is used, based on the test goals and applicable corrections.
(b) tabulation of the reduceddata necessary to calculate the results, and a summary of additional operating conditions

that are not part of the reduced data.
(c) step-by-step calculation of test results from the reduced data. Refer to Nonmandatory Appendices A and B for

examples of step-by-step calculations for each plant type and test goal.
(d) detailed calculation of primary flows from applicable data, including intermediate results, if required.
(e) detailed calculations of stream properties, i.e., density, purity, enthalpy, and heating value. Values of constituent

properties used in the detailed calculations shall be shown.
(f) any calculations showing elimination of data for outlier reason, or for any other reason.
(g) comparison of the repeatability of test runs.

6-5 INSTRUMENTATION

The instrumentationsectionof the test report containsadetaileddescriptionof all instrumentationusedduring the test
and its accuracy, and how each measurement conforms to the Code requirements. The following shall be included:
(a) tabulation of instrumentation used for the primary and secondary measurements, including make and model

number
(b) description of the instrumentation location
(c) means of data collection for each data set, such as temporary data acquisition system printouts, plant control

computer printouts, or manual data sheets, and any identifying tag number and/or address of each document
(d) identification of the instrument used as backup
(e) description of data acquisition system(s) used; summary of pretest and post-test calibration

6-6 CONCLUSIONS

The conclusions section of the test report shall include
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(a) a more detailed discussion of the test results, if required
(b) recommended changes to future test procedures due to lessons learned

6-7 APPENDICES

Appendices to the test report shall include
(a) the test requirements
(b) copies of original data sheets and/or data acquisition system(s) printouts
(c) copies of operator logs or other recording of operating activity during each test
(d) copies of signed isolation checklists and valve lineup sheets, and other documents and disposition
(e) results of laboratory fuel analysis
(f) instrumentation calibration results from laboratories and certification from manufacturers
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Section 7
Uncertainty Analysis

7-1 INTRODUCTION

This Section describes the methodology that shall be used in developing the uncertainty analysis of the performance
test. Uncertainty calculations provide pretest and post-test estimates of the accuracy expected from the test methods
proposed in this Code. They also help to identify measurements that significantly affect the test results and the required
correction factors. Uncertainty calculations are required for every test carried out in accordance with the test Code.
Pretest uncertainty calculations shall be included in the test procedure. Post-test uncertainty calculations shall be
included in the test report.
Test uncertainty is an estimate of a test result’s limit of error. It is the interval about the test result that contains the true

valuewithin a level of confidence. The test Code uses a 95%confidence interval for uncertainty calculations. The primary
technical reference foruncertaintycalculations isASMEPTC19.1,whichprovidesgeneralprocedures fordetermining the
uncertainties in individual testmeasurements forboth randomandsystematic errors, and for tracking thepropagationof
these errors into the uncertainty of a test result. Pretest and post-test uncertainty analyses are indispensable parts of a
performance test.

7-1.1 Pretest Uncertainty Analysis

Apretest uncertainty analysis allows corrective action to be takenprior to a test, either to decrease the uncertainty to a
level consistentwith theoverall objective of the test, or to reduce the cost of the testwhile still attaining theobjective. This
ismost importantwhen deviations fromCode-specified instruments ormethods are expected. An uncertainty analysis is
useful for determining the number of observations required to meet the test code criteria.

7-1.2 Post-Test Uncertainty Analysis

Apost-test uncertainty analysis determines the uncertainty for the actual test. This analysis should confirm the pretest
systematic and random uncertainty estimates. It serves to validate the quality of the test results, or to expose problems.
A sample calculation for uncertainty is shown in Nonmandatory Appendix B.
Test results shall be reported using the following form: R ± UR.

7-2 OBJECTIVE OF UNCERTAINTY ANALYSIS

The objective of a test uncertainty analysis is to estimate the limit of error of the test results.
This Code does not cover nor discuss test tolerances; test tolerances are defined as contractual agreements regarding

an acceptable range of test results.

7-3 DETERMINATION OF OVERALL UNCERTAINTY

There are two types of uncertainty that comprise the overall uncertainty, as follows:
(a) Systematic Error. Systematic error is the portion of the total error that remains constant in repeatedmeasurement

of the true value in a test process. Systematic error is caused by measurement characteristics that are inherent to a
particular method of measurement, not to a particular plant or test. The estimated value of each systematic error is
obtainedbynonstatisticalmethods, and it hasmanypotential sources. This is usually anaccumulationof individual errors
that are not eliminated through calibration.
(b) RandomError.Randomerror isdue to limitationsor repeatability ofmeasurements. Randomerror is theportionof

total error that varies in repeatedmeasurements of the true value throughout the test process. Estimates of randomerror
are derived by statistical analysis of repeated independent measurements. The random error may be reduced by
increasing the number of measuring instruments or the number of readings taken.
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In general, the overall uncertainty of ameasurement is calculated as the square root of the sum of the squares (RSS) of
the systematic and random uncertainties. Sensitivity coefficients are used to correct the individual parameter’s uncer-
tainty for the impact on the total uncertainty.

7-4 SOURCES OF ERROR

Code users shall identify sources of error that affect the test result to determine if they are randomor systematic. Error
sources may be grouped into the following categories:
(a) calibration error — a residual error not removed by the calibration process
(b) installation error — an error resulting from nonideal instrumentation installation
(c) data acquisition error — an error typically resulting from analog-to-digital conversion
(d) data reduction error— an error introduced through truncation, round-off, nonlinear curve fitting, or data storage

algorithms
(e) sampling error — an error introduced from sampling techniques
(f) correction methodology error — an error resulting from use of a correction formula
(g) interpolation error—an error resulting from curve fitting or from the shape of a curve between discrete formula-

tion points
(h) model error — an error that occurs when equipment and system models do not properly account for changes in

input parameters or actual unit response

7-5 CALCULATION OF UNCERTAINTY

The corrected test results for an IGCC gasification block have the expected uncertainties shown in Table 7-5-1.
The elements of uncertainty calculations for a complete test can be presented in tabular form, as shown in Table 7-5-2.

Typical stream measurements for an IGCC gasification block are listed in the table, but they are not all used in all
configurations.
The test uncertainty associatedwith eachmeasured parameter includes the effects of its sensitivity, systematic uncer-

tainty, and random uncertainty. Each systematic and random uncertainty entry in Table 7-5-2 is specified at a 95%
confidence interval, as is the overall combined expanded uncertainty of the results.

Table 7-5-1 Expected Uncertainty Limits

Measurement Result Expected Uncertainty Limit
Product syngas energy 1%
Primary fuel energy 7%
Auxiliary power 4%
Gasification effectiveness 7%

Table 7-5-2 Format of Uncertainty Calculations

Measured Parameter

Sensitivity
Coefficient,

(θi)

Systematic
Uncertainty
(95% CI),

±( )bXi

Systematic
Uncertainty
Contribution,

( )bi X
2

i

Random
Uncertainty
(95% CI),

±( )SXi

Random Uncertainty
Contribution,

( )Si X
2

i

[Measured
parameter]

[Measured
parameter]

[Measured
parameter]

Correlated Uncertainties
Sum of squares …
Combined Expanded Uncertainty of the Results, UR,95, %
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The parameters used to calculate the uncertainty are as follows:
(a) measured parameter: the fluid or energy stream parameter that crosses the test boundary. See Table 7-5-3 for the

list of measured parameters.
(b) sensitivity coefficient, θi: the percent change in a corrected result caused by a unit change in the measured pa-

rameter.
(c) systematic uncertainty, bX : inherent systematic error for a specific type of measurement.
(d) systematic uncertainty contribution, b( )i X

2: the square of the product of sensitivity and systematic uncertainty.
(e) randomuncertainty, sXi: the standarddeviation of themean that is statistically determined frommultiplemeasure-

ments of the same variable.

(f) random uncertainty contribution, ( )si X
2

i
: the square of the product of the sensitivity and standard deviation.

The overall uncertainty of a measurement,UX , is the root-sum-square total of overall systematic and random uncer-
tainties.

= +( )U b sX X X
2 2 (7-5-1)

where
bX̅ = the systematic uncertainty of the measurement
sX̅ = the random uncertainty of the measurement

The uncertainty of the result is calculated from the test’s overall random and systematic uncertainty terms. Each
systematic and randomuncertainty entry inTable7-5-1 is specified at a 95%confidence interval, so theoverall combined
expanded uncertainty of the result, UR, at 95% confidence is calculated from the sum of systematic and random uncer-
tainty contributions.

Table 7-5-3 Measured Parameters Needed for Uncertainty Calculations

Measured Parameter
Product Syngas

Energy
Primary Fuel

Energy
Auxiliary
Power

Gasification
Effectiveness

Primary fuel moisture … X … X

Primary fuel-slurry flow … X … X
Recycle slurry flow … X … X
Recycle slurry solids … X … X

HP boiler-feedwater flow X X … X
HP boiler-feedwater temperature X X … X

HP steam pressure (saturated) X X … X
HP steam temperature X X … X

Sour syngas mass flow X X X X
Sour syngas composition [Note (1)]
Ar X X X X
CH4 X X X X
CO X X X X
CO2 X X X X
H2 X X X X
H2O X X X X
N2 X X X X

Product syngas composition [Note (1)]
CH4 X … … X
CO X … … X
H2 X … … X

NOTE: (1) Ar = argon; CH4 = methane; CO = carbon monoxide; CO2 = carbon dioxide; H2 = hydrogen; H2O = water; N2 = nitrogen.
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= +( )U b sR R R
2 2 (7-5-2)

where
bR = the systematic uncertainty of the result, the sum of systematic uncertainty contributions
sR = the random uncertainty of the result, the sum of random uncertainty contributions

The expanded uncertainty at 95% confidence is given by
=U u2R R,95 (7-5-3)

Table7-5-3shows themeasuredparametersused to calculateuncertainty for test criteria.Thesametabular formatand
calculation procedures shown in Table 7-5-1 can be used to calculate each uncertainty value.

7-6 SENSITIVITY COEFFICIENTS

Sensitivity coefficients indicateameasuredparameter’s absoluteor relativeeffecton the test result. Relative sensitivity
coefficients, which are calculated during the pretest uncertainty analysis, identify the parameterswith the largest impact
on test objectives. A relative sensitivity coefficient shall be calculated for each measured parameter to determine its
influence on test results. Correction calculations are required for all measured parameters with relative sensitivity
coefficient values greater than 0.002. The relative sensitivity coefficient, θ, is calculated by either of the following equa-
tions:
(a) Partial Differential Form

= = ×i
k
jjjjj

y
{
zzzzz

i
k
jjj y

{
zzz

( ) X

R
R
X

R
R

X
X

avg

avg

(7-6-1)

where
R = corrected test result

Xavg = average value of the measured parameter
∂R = change (partial differential) in the corrected test result
∂X = change (partial differential) in the measured parameter

(b) Finite Difference Form

= = ×i
k
jjjjj

y
{
zzzzz

i
k
jjj y

{
zzz

( ) X

R
R
X

R
R

X
X

avg

avg

(7-6-2)

where R and Xavg are the same as in (a) and
ΔR = change (finite difference) in the corrected test result
ΔX = change (finite difference) in the measured parameter, typically 0.01Xavg

7-7 SYSTEMATIC UNCERTAINTY

Identifying systematic error is an important step of the uncertainty analysis. Failure to identify a significant systematic
error will lead to underestimating the accuracy of the test. The process requires a thorough understanding of the test
objectives and methods of the test. Published data, calibration information, and engineering judgement shall be used to
understand and, if possible, eliminate the systematic errors in measurements.
Systematic uncertainty of a measurement is identified as bX. The individual systematic uncertainties can be combined

into the systematic uncertaintyof the result,bR. The systematic uncertaintyof the result canbe calculated according to the
square root of the sum of squares rule.
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=
=

( )b bR
i

n

X i
1

2
i (7-7-1)

where
bR = the systematic uncertainty of the result
bXi = the systematic uncertainty of the result of a measured parameter, i
n = the number of measured parameters
θi = the relative sensitivity coefficient for a measured parameter, i

The systematic uncertainty is assumed to have a normal distribution. If the positive and negative systematic uncer-
tainty limits are not symmetrical, positive andnegative values of the randomuncertainty shall be calculated separately. If
different values of the systematic uncertainty have been calculated for positive and negative systematic uncertainty
limits, the larger value shall be used to compute the total uncertainty.

7-8 RANDOM STANDARD UNCERTAINTY FOR SPATIALLY UNIFORM PARAMETERS

The standard deviation, sX, is a measurement of the dispersion of the sample measurements, the standard deviation of
themean, sX̅, anda characteristic degreeof freedom(υ=N−1). Testmeasurements shall be reduced to averagevalues and
the standard deviation calculated before the performance and uncertainty calculations can be executed. The random
standard uncertainty is calculated using the sample standard deviation. For a corrected test result, R, calculated from
manymeasured parameters, there is a combined standard uncertainty for the result, sR, for the combinedmeasurement
parameters.
(a) Sample Mean. The mean, X , for the sample is calculated from

=
=

X
N

X
1

i

N

i
1

(7-8-1)

where
N = number of readings for each set
Xi = average value for measurement set i

(b) Pooled Averages. For parameters measured several times during a test period that haveM sets of measurements
with N readings for each set, the average value for measurement set k is as follows:

=
=

X
M

X
1

k

M

k
1

(7-8-2)

where
M = number of sets of measurements
X = pooled average of the sample set

Xk = average value for measurement set k

(c) Sample Standard Deviation. For measurements that do not exhibit spatial variations, the standard deviation, sX, of
an averagedmeasurement, X , based on statistical analysis is calculated from theNmultiplemeasurements of X according
to the equation

=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
s

X X
N

( )
1X

i

N
i

1

2
1/2

(7-8-3)

where
N = the number of times the parameter is measured

(d) RandomStandard Uncertainty of theMean.The random standard uncertainty of themean of an averagedmeasure-
ment, X , based on statistical analysis is calculated from N multiple measurements of X according to the equation
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=s
s
NX
X

(7-8-4)

where
sX = the standard deviation of the mean

(e) Random Standard Uncertainty of the Result. The random uncertainty of the result is determined from the propaga-
tion equation (see ASME PTC 19.1). There are two forms.
The absolute random standard uncertainty is determined using

=
=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
( )S sR

i

l

i X
1

2
1/2

i
(7-8-5)

where
θ = absolute sensitivity coefficient
l = counter for correlated sources of systematic error

The relative random standard uncertainty of a result is determined using

=
=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k

jjjjjjjj
y

{

zzzzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

sS
R

i
X

R

i

l
X

i1

2 1/2

i (7-8-6)

where
θʹ = relative sensitivity coefficient
l = counter for correlated sources of systematic error

7-9 RANDOM STANDARD UNCERTAINTY FOR SPATIALLY NONUNIFORM PARAMETERS

The spatial contribution to the systematic standard uncertainty for a given parameter is calculated as follows:

=b
S

Jspatial
spatial (7-9-1)

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

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

x =
=

X X

J

( )

1
i

J

i
1

X̅ = grand average for all averaged measurands
X̅i = average for the sampled measurand i

7-10 CORRELATED SYSTEMATIC STANDARD UNCERTAINTY

Formultiplemeasurementswhere systematic errors are not independent, systematic errors are correlated. Examples
includemeasurements of different parameters taken with the same instrument, or multiple instruments calibrated with
the same standard. For these cases, Code users shall consult ASME PTC 19.1 to address the proper approach for uncer-
tainty calculations. The general equation for calculating the correlated systematic uncertainty is

= +
= = = +

b ibi b( ) 2R
i

l

i

l

k i

l

i k ik
1

2

1

1

1

(7-10-1)
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NONMANDATORY APPENDIX A
SAMPLE CALCULATION: IGCC GASIFICATION BLOCK

A-1 INTRODUCTION

ThisAppendixprovidesa sample calculation forhowthis test Code is applied for thegasificationblockof an IGCCpower
plant at test conditions that are different than the design reference conditions. The example identifies how correction
factors are used to correct keymeasurements to design (reference) conditions. (Equations in this example are given in SI
units only.)

A-2 CYCLE DESCRIPTION

The gasification block of the IGCC power plant used in this sample calculation is shown in Figures A-2-1 and A-2-2. The
plant configuration is based on the original design of the IGCC plant (Tampa Electric Polk Power Station). In this example,
as inmost cases, the gasificationblock is connected to the rest of anoperating IGCCplant during the test. Another option is
to flare the raw syngas during the test, although environmental restrictions often preclude this option.
There is a single train throughout the plant, which includes one air separation unit, one gasification train, one gas

turbine, and one steam turbine. The gasifier is a slurry fed (coal or other solids), pressurized, oxygen-blown, entrained
flow reactor. A radiant syngas cooler and convective coolers extract high-level heat from the syngas exiting the gasifier.
For the test associatedwith this sample calculation, the gas turbine is base loaded, and the power output is governedby

the ambient conditions and the syngas composition. All the synthesis gas fromtheprocess island is used in thegas turbine
to produce power and there is no export of steam or syngas. For this reason, the gasifier production rate is set by the gas
turbine load. The sample calculations given below are only for the gasification block of the IGCC plant. The ASU, syngas
conditioning, and power block are outside the scope of this example.
The IGCC parameters relevant to this example are described below. All other areas of the IGCC plant are configured to

support the 192-MW gas turbine and the 136-MW steam turbine.
(a) Gas Turbine. 192 MW nominal rating at inlet conditions of 15°C, 1 009 mbar, 60% relative humidity (RH) (59°F,

14.63 psia, 60% RH)
(b) Steam Turbine. Condensing type, 136 MW nominal rating
(c) Gasifier. Oxygen-blown, entrained-flow, slurry-fed, slagging gasifier
(d) Syngas LHV. 10.12 MJ/kg at 25°C (4,349 Btu/lb at 77°F)

A-3 BASIS FOR EXAMPLE CASE

A commercially available thermodynamic modeling tool was used to calculate gasification block performance using
data available in the public domain. Site conditions and design data for the coal and oxidant are shown inTable A-3-1, and
the block flow diagrams of the power plant and the gasification island are shown in Figures A-2-1 and A-2-2.

A-4 TEST BOUNDARY

The gasification block test boundary is shown in the grey highlighted area of Figures A-2-1 and A-2-2. All energy
streamsenteringorexiting thishighlightedarea caneasilybe identified. Physicalpropertiesof all input andoutput energy
streams must be determined with reference to the point at which they cross the test boundary.

A-5 TEST CORRECTIONS

Table A-5-1 lists the additive andmultiplicative correction factors applied to the measured parameters in this sample
calculation, and Figures A-5.5-1, A-5.6-1, A-5.8-1, and A-5.9-1 show the corresponding correction curves. These curves
and fitted equations are based on this specific plantmodel and should not be used generically for anyASMEPTC47.2 test.
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Additive correction factors are set equal to 0 if they are not applicable to the measured results for the specific type of
plantbeing tested, or to the test objectives.Multiplication correction factorsare set equal tounity if theyarenot applicable
to the measured results for the specific type of plant being tested, or to the test objectives.

A-5.1 Syngas Energy Correction for Heat Recovery Duty, AS2
The additive correction AS2 is based on the heat recovery duty (HRD).

=
×
×

W

W W W
AS

HRD

HRD /2
tst pg,tst

sg,tst ref pg,ref sg,tst
(A-5-1)

= ×
= × =

W H hHRD ( )

69.82 kg/s (2 716.72 kJ/kg 1 443. 03 kJ/kg) 88 933 kW(t)
ref fw,ref stm,ref fw,ref (A-5-2)

= ×
= × =

W H hHRD ( )

67.02 kg/s (2 716.72 kJ/kg 1 451.87 kJ/kg) 84 775 kW(t)
tst fw,tst stm,tst fw,tst (A-5-3)

=

=

×
×

AS

4 163 kW(t)

2
84 775 kW(t) 47.109 kg/s

47.820 kg/s 88 933 kW(t) 49.997 kg/s / 50.712 kg/s

Table A-3-1 Reference Design Data for the Tampa Electric Polk Power Station

Parameter Value, SI Units (U.S. Customary Units)
Site Conditions
Ambient temperature 15oC (59oF)
Relative humidity 60%
Elevation 38.1 m (125 ft)
Ambient pressure 1 009 mbar (14.63 psia)

Properties of Coal as Received [Note (1)]
Carbon 69.36% wt
Hydrogen 5.18% wt
Nitrogen 1.22% wt
Oxygen 5.41% wt
Sulfur 2.89% wt
Ash and chlorine 9.94% wt
Moisture 6.00% wt
Higher heating value 29 751 kJ/kg (12,791 Btu/lb)
Lower heating value 28 474 kJ/kg (12,242 Btu/lb)

Oxidant Composition
Oxygen 95.9% mol
Nitrogen 1.43% mol
Argon 2.66% mol

NOTE: (1) Coal properties and related values are for Pittsburgh No. 8 coal.
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A-5.2 Auxiliary Power Correction for Coal Receiving and Handling, AP3crh
The auxiliary power correction for coal receiving and handling, AP3crh, is determined from the following equation:

= ×B W WAP ( )3crh ax pf,ref pf,meas (A-5-4)

where
AP3crh = additive fuel flow correction, kW

Bax = auxiliary power sensitivity to coal flow, kWs/kg (kWs/lb)
Wpf,ref = reference primary fuel flow, kg/s (lb/s)

Wpf,meas = measured primary fuel flow, kg/s (lb/s)

= × =AP 3.946 kWs/kg (22.50 kg/s 25.20 kg/s) 11 kW3crh (A-5-5)

A-5.3 Auxiliary Power Correction for Slurry Preparation and Feed, AP3prep
The auxiliary power correction for slurry preparation and feed, AP3prep, is determined from the following equation:

= × =AP 35.522 kWs/kg (22.50 kg/s 25.20 kg/s) 96 kW3prep (A-5-6)

A-5.4 Auxiliary Power Correction for Slurry Recycle Pump, AP3rc
The auxiliary power correction for slurry recycle pump, AP3rc, is determined from the following equation:

= × =AP 3.946 kWs/kg (22.50 kg/s 25.20 kg/s) 11 kW3rc (A-5-7)

Table A-5-1 Additive and Multiplicative Corrections

Correction
Factor
Number Parameter

Correction Factor for
Product Syngas

Energy Primary Fuel Energy
Secondary
Fuel Energy Auxiliary Power

Additive
1 Sorbent feed rate AS1 = 0 [Note (1)] AF1 = 0 [Note (1)] 0 AP1 = 0 [Note (1)]
2 Heat recovery duty AS2 [Note (2)] 0 0 0
3 Primary fuel flow 0 0 0 AP3 [Note (3)]

Multiplicative
1 Fuel composition MS1, Figure A-5.5-1 MF1, Figure A-5.8-1 MF21 = 1

[Note (4)]
1

2 Primary fuel supply temperature 1 MF2 = 1 [Note (5)] 1 1
3 Secondary fuel supply temperature 1 1 MF23 = 1

[Note (4)]
1

4 Sorbent input properties MS4 = 1 [Note (1)] MF4 = 1 [Note (1)] 1 1
5 Slurry concentration (for slurry-fed

systems)
MS5, Figure A-5.6-1 MF5, Figure A-5.9-1 1 MP5 [Note (3)]

6 Oxygen concentration 1 MF6 = 1 [Note (6)] 1 1
7 Oxidant temperature 1 MF7 = 1 [Note (6)] 1 1
8 Syngas demand MS8 [Note (7)] MF8 [Note (7)] 1 1

NOTES:
(1) Sorbent is not used in this example; therefore AS1, AF1, AP1, MS4, and MF4,are not relevant to the sample calculations.
(2) The heat recovery duty correction is a direct calculation that does not need a correction curve.
(3) Auxiliary power corrections for primary fuel flow and slurry concentration are direct calculations that do not need correction curves.
(4) Secondary fuel is not used in this example; therefore, MF21 and MF23 are not relevant to the sample calculation.
(5) The primary fuel slurry temperature in the test is the same as in the reference case; therefore MF2 is not relevant to the sample calculation.
(6) Oxidant concentration and temperature are the same as in the reference case; therefore MF6 and MF7 are not relevant to the sample

calculation.
(7) The syngas demand correction is a direct calculation that does not need a correction curve.
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A-5.5 Syngas Energy Correction for Primary Fuel LHV, MS1
See Figure A-5.5-1.

A-5.6 Syngas Energy Correction for Slurry Concentration, MS5
See Figure A-5.6-1.

A-5.7 Corrections for Syngas Demand, MS8 and MF8
Multiplicative corrections MS8 for syngas energy and MF8 for primary fuel energy are both equal to the reference

product syngas energy divided by the test product syngas energy.

=

= =

×
×

= ×
×

MS

1.04108

W

W8
LHV

LHV

MF 49.997 kg/s 9 639.9 kJ/kg
47.109 kg/s 9 827.1 kJ/kg

sg,ref sg,ref

sg,test sg,test

8
(A-5-8)

where
LHVsg,ref = reference LHV of product syngas , kJ/kg (Btu/lb)
LHVsg,test = test case LHV of product syngas, kJ/kg (Btu/lb)

MF8 = multiplicative primary fuel energy correction
MS8 = multiplicative syngas demand correction, dimensionless

Wsg,ref = reference mass flow of product syngas, kg/s (lb/s)
Wsg,test = test case mass flow of product syngas, kg/s (lb/s)

A-5.8 Primary Fuel Energy Correction for Primary Fuel LHV, MF1
See Figure A-5.8-1.

A-5.9 Primary Fuel Energy Correction for Slurry Concentration, MF5
See Figure A-5.9-1.
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Figure A-5.5-1 Syngas Energy Correction for Primary Fuel LHV, MS1

GENERAL NOTE: MS1 shows corrections to product syngas energy for various lower heating values of primary fuel.

= × × + ×MS 7.95957 E 13 (LHV) 2.72815 E 08 (LHV) 0.000315994 LHV 0.2401077881
3 2

where
LHV = lower heating value of primary fuel, kJ/Nm3 (Btu/scf)

Figure A-5.6-1 Syngas Energy Correction for Slurry Concentration, MS5

GENERAL NOTE: MS5 shows corrections to product syngas energy for various values of slurry concentration.

= × × + ×MS 13.60923665 (CinS) 29.10976471 (CinS) 20.94076204 CinS 4.0500489545
3 2

where
CinS = concentration of carbon in slurry, %
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Figure A-5.8-1 Primary Fuel Energy Correction for Primary Fuel LHV, MF1

GENERAL NOTE: MF1 shows corrections to primary fuel energy for various lower heating values of primary fuel.

= – × – × + – × +MF 1.50706 E 14 (LHV) 9.67259 E 10 (LHV) 2.51682 E 05 LHV 0.809193011
3 2

where
LHV = lower heating value of primary fuel, kJ/Nm3 (Btu/scf)

Figure A-5.9-1 Primary Fuel Energy Correction for Slurry Concentration, MF5

GENERAL NOTE: MF5 shows corrections for primary fuel energy for various values of slurry concentration.

= × × + ×MF 1.103559641 (LHV) 3.070774761 (LHV) 3.361905455 LHV 0.1909050665
3 2

where
LHV = lower heating value of primary fuel, kJ/Nm3 (Btu/scf)
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