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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following

informatj
is expeq
Code.
ASME
the best

When

Performance Test Codes provide test procedures thatyield results of the highestlevel of accuracy con§istent with
engineering knowledge and practice currently available. They were developed by balanced committees regre-
sentinglall concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.

testsare run in accordance with a Code, the test results themselves, without adjustment for uncertainty, yield the

bestavailable indication of the actual performance of the tested equipment. ASME PerformanceéPest Codes do not spe¢ify
means fo compare those results to contractual guarantees. Therefore, it is recommended thatthe parties to a commerfial
test agree before starting the test and preferably before signing the contract on the methad\to be used for comparing the
test resplts to the contractual guarantees. It is beyond the scope of any Code to determine/or interpret how such comgar-

isons s

all be made.
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FOREWORD

ASME Performance Test Codes (PTCs) have been developed and have long existed for determlnlng the performance of

nng the
b awide
5 for gas
rations,

poyver generation suppliers are developing gasification systems that can use solid and liquid fuels (coal, biomasq, waste,
hegvy oils, etc.). Preparation of an alternative fuel suitable for a gas turbine includes removal,0fiash, contarpinants,
erddents, and corrodents. The ASME Board on Performance Test Codes approved the formation-of the PTC 47 Corhmittee
in 1993 with the charter of developing a code for the determining overall power plant performianee for gasification power
generation plants. The organizational meeting of the PTC 47 Committee was held in November 1993. The r¢sulting

Ccor

prd

apjy

T

T

hmittee included experienced and qualified users, manufacturers, and general interest personnel.

he Committee has striven to develop an objective Code that addresses the need\for explicit testing meth¢ds and

cedures while attempting to provide maximum flexibility in recognition of.the’ wide range of plant desighs.

roved as an American National Standard by the ANSI Board of Standards Review on July 17, 2019.

his Code was approved by the PTC 47 Committee and the PTC Standards Committee on April 16, 2019. It was then

vii
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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, pr
reviisions 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

or {lesirable, as demonstrated by the experience gained from the application of the Stanidard. Approved revision
published periodically.

he Committee welcomes proposals for revisions to this Standard. Such propdsals should be as specific as p
citing the paragraph number(s), the proposed wording, and a detailed deSeription of the reasons for the pi
incJuding any pertinent documentation.

an ppproved revision when the need is urgent, or to provide rules.not covered by existing provisions. Cases are €
immediately upon ASME approval and shall be posted on the, ASME Committee web page.
equests for Cases shall provide a Statement of Need and Background Information. The request should ider]
Standard and the paragraph, figure, or table number(s), and be written as a Question and Reply in the same fo
exipting Cases. Requests for Cases should also indicatethe applicable edition(s) of the Standard to which the pr
Cage applies.

posing

roposing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear necessary

will be

ossible,

oposal,

roposing a Case. Cases may be issued to provide alternative ruleswhen justified, to permit early implementation of
ffective

tify the

rmat as

oposed

Interpretations. Upon request, the PTC Standards Committee will render an interpretation of any requirement of the

Standard. Interpretations can only be rendetedin response to a written request sent to the Secretary of the PTC St
Committee.

equests for interpretation should, preferably be submitted through the online Interpretation Submittal Fo
form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will re
auffomatic e-mail confirming receipt.

the Inquirer is unable te-use the online form, he/she may mail the request to the Secretary of the PTC Stz
Committee at the above address. The request for an interpretation should be clear and unambiguous. It is furt
ended 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 twqg
Edjtion: Cite the applicable edition of the Standard for which the interpretation is being reg

Qugstion: Phrase the question as a request for an interpretation of a specific requirement suit]
general understanding and use, not as a request for an approval of a proprietary d
situation. Please provide a condensed and precise question, composed in such a ws

ndards

'm. The

eive an

ndards

ler rec-

words.
uested.

able for
psign or
y thata

“Yvac! or Yoo’ panly o accantalhla

¥ e OO Py 1oatee prootes

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as ne

eded. 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.


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

Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
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.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME

» o« » o«

Committeeor Subcommittee ASME doesnot “npprn\m certify

device, |or activity.

rate” or “endorse” anvitem construction propriet; ry
I I

Atterjding Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephorne’confer-
ences tlLat are open to the public. Persons wishing to attend any meeting and/or telephone conference should contact the
Secretafy of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the Committee
Page afj 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 power plant, ASME P 4 ntegrated Gasification Combined e Powe
Plants, is used for testing the overall performance of an IGCC plant. If a plant passes the ASME PTC 47 test,mo
tesfing is required. If a plant does not pass the ASME PTC 47 test, one or more secondary subsystems may bet
isolate the problem(s), using the following PTCs:
a) ASME PTC 47.1, Cryogenic Air Separation Unit of an Integrated Gasification Combined Cycle |RPower P
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 tes
thgrmal performance of the gasification equipment
) ASME PTC 47.3, Syngas Conditioning Block of an Integrated Gasification Combined‘Cycle Power Plant, for
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
pefformance of the gas turbine combined cycle power block
It is recommended that overall plant and subsystems be tested separately rather than simultaneously to accom|
any boundary constraints and valve isolations and lineups that may be needed.for subsystem testing. In highly int
IG(QC plants, the entire plant may need to be operating during a subsystem-tést, even though only subsystem perfo
patameters are being measured.
Plant owners can use test results to determine the fulfillment of centract guarantees. Plant owners can also use
regults to compare plant performance to a design number or to track’plant performance changes over time. Howe

egeration

further
psted to

ant, for
ing the
testing
hermal
modate
pgrated

'mance

the test
Ver, test

results conducted in accordance with this Code will not providé“a basis for comparing the thermoeconomic effectiveness

of flifferent plant designs.

APPLICATIONS AND LIMITATIONS. Gasification uhits that convert hydrocarbon feed into a combustible
(sylngas), usually composed primarily of hydrogen,“carbon monoxide, and methane, are included within th

fuel gas
P scope

of this Code. This Code applies to the followirig-types of gasifiers, some of which are depicted in Nonmandatory

Appendix C.

a) Moving-Bed (or Fixed-Bed) Gasifiers-These are gasifiers in which hydrocarbon and ash particles move slow
thrpough 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
carpon feed at a superficial gas velogity either slightly less or greater than the terminal velocity of most of the in
pafticles.

) Entrained-Flow Gasifiers) These gasifiers are characterized by cocurrent flow of the hydrocarbon feed and o
medium.

d) Oxygen-Blown Gasifiers. These gasifiers use relatively pure oxygen as the oxidizing agent for partial com

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 nonagglor
soljd.

y down

hydro-
lividual

kidizing
bustion.

herated

g) Agglotmerating-Ash Gasifiers. These gasifiers contain hot zones where ash particles are agglomerated info small

pellets for-removal.
)sDry-Ash Gasifiers. These are gasifiers from which ash leaves as either agglomerated or nonagglomerate

H solids

n) . 1
rathrer—tmamas—motten Stag:

Xi
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ASME PTC 47.2-2019

Section 1
Object and Scope

OBJECT

he object of this Code is to provide uniform test methods for determining the performance and effectivej
duction of an integrated gasification combined cycle (IGCC) gasification block. These test protedtres yiel
rate results consistent with current engineering knowledge and practice.

.1 Accuracy

test if the following conditions are met:

) Test procedures comply with the procedures and variations defined inthis’Code.

) The uncertainty values of the test results determined in accordance with Section 7 do not exceed the unc
limiits 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 performatice goals, including
(1) specified fuel consumption
(2) specified oxygen consumption
(3) specified syngas sensible and chemicalk 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 performmrance of the equipment after modifications

1-2 SCOPE

This Code applies togasifiers that convert liquid or solid feedstock into syngas by means of an oxygen- or ai
gadification process.ltican be used to measure the performance of a gasifier in its normal operating condition,
equipment in new,_condition.

blojck that significantly affect its thermal performance (see Figure 3-2.2-1). This Code provides methods to meaj
quality andhgaantity of product (e.g., syngas) and by-product (e.g., slag and ash), feedstock consumption rates,
corjsumption, steam consumption and production, water consumption, inert gas consumption, and power use. T
includes methods for calculating cold gas efficiency and carbon conversion as examples, but these calculations

syngas
highly

he accuracy of a test may be affected by factors within the discretion of the operator,Atestis considered an ASNIE Code

prtainty

-blown
with all

The Code addresses the boundaries of the gasification block and the principal streams moving through the gasification

ure the
oxidant
he Code
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) Ameansshallbeavailable for determining, through direct or indirect measurement, the composition and condition

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.
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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%

Testdaddressing other performance-related issues are outside the scope of this Code. These include but are not limj
to the following:

(a) dmissions tests

(b) dperational 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

ted

The ¢xplicit measurement methods and procedures to be used for an IGCC gasification block have been developed to

providg guidelines for test procedures that yield results of the highest level of accuracy:based on current engineer
knowlefdge, taking into account test costs and the value of information obtained from te§ting. The uncertainty of perf
mance fest results shall be calculated in accordance with ASME PTC 19.1.

The fest results for different types of gasifiers will have different levels of un¢ertainty.

A prétest uncertainty analysis shall be performed to establish the expected level of test uncertainty. Most te
condudted in accordance with this Code will result in uncertainties’that are lower than those shown

Table 1-3-1. If the pretest uncertainty analysis indicates that the ungertainty is greater than the values showr i

ing

Table 1-3-1, the test shall be redesigned to lower the uncertaintyjor the parties to the test may agree, in writjng,

to accept higher uncertainty. A post-test uncertainty analysis shall be completed to validate the test. If the pq
test unfertainty analysis is higher than the previously defined ‘maximum expected uncertainty, then the test is
valid. Bxamples of test uncertainty analysis are provided intNonmandatory Appendix B.

The largest expected overall test uncertainties are given’' in Table 1-3-1. These values are not targets. A prim
philosophy underlying this Code is that the lowest achievable test uncertainty is in the best interest of all part{
to the fest. Deviations from the methods recommended in this Code are acceptable only if they can demonstry
equal or lower uncertainty.
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Publisher: The American Society of Mechanical Engineers, Two Park Avenue, New York, NY 10016-5990 (www.asme.o

Annual Book of ASTM Standards, Section 5: Petroleum Products, Lubricants, and Fossil Fuels, Vol. 05.01-05.05
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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 Ceal and Coke

ASTM D3180, Standard Practice for Calculating Coal and Coke Analyses from As-Determined to Different Ba

ASTM D3228-19, Standard Test Method for Total Nitrogen In Lubricating Oils and.Fuel Oils By Modified Kjeldahl

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 Uti
fProcesses

ASTM D4052, Standard Test Method for Density, Relative Density,;and API Gravity of Liquids by Digital Densit|

ASTM D4057-95, Standard Practice for Manual Sampling of Petreleum and Petroleum Products

ASTM D4239-18e1, Standard Test Method for Sulfur in the Analysis Sample of Coal and Coke Using High-Temp

ube Furnace Combustion

ASTM D4294-03, Standard Test Method for Sulfur in Petroleum and Petroleum Products by Energy-Dispersiy
fluorescence Spectroscopy

ASTM D4809-18, Standard Test Method for Heatof Combustion of Liquid Hydrocarbon Fuels by Bomb Calo|
(Precision Method)

ASTM D5291-16, Standard Test Methods for{Instrumental Determination of Carbon, Hydrogen, and Nitrogen i1
leum Products and Lubricants

ASTM D5373-16, Standard Test Methods for Determination of Carbon, Hydrogen and Nitrogen in Analysis Sample
gnd 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 (]
(alculation of Kinematie\Viscosity)

AS
AS

AS

M D7582, Standard Test Methods for Proximate Analysis of Coal and Coke by Macro Thermogravimetric 4
M D7833, Standard“Test Method for Determination of Hydrocarbons and Non-Hydrocarbon Gases in (
ixtures by Ga$ Ghromatography

M E1137/E1187M, Standard Specification for Industrial Platinum Resistance Thermometers

ASTM MNL/12, Manual on the Use of Thermocouples in Temperature Measurement
Publisher:'American Society for Testing and Materials (ASTM International), 100 Barr Harbor Drive, P.0. Box C7(
(onshehocken, PA 19428-2959 (www.astm.org)
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Section 2
Definitions and Descriptions of Terms
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fired fuel: fuel in«<hé condition in which it enters the unit boundary.

DEFINITIONS

'his Section contains technical definitions used in this Code.

formance criteria, permitting the purchaser to accept it from the supplier.
uracy: the closeness of agreement between a measured value and the true value.

itive: a substance added to a gas, liquid, or solid stream to cause a chemical or /mechanical reaction to 4
ection efficiency.

lomerating-ash gasifier: atype of fluid-bed gasifier that contains a hotzone in which the ash particles are agglor
b small pellets for removal.

corrected theoretical: theoretical air adjusted for unburned carbon and the additional oxygen required to c
er reactions (e.g. the sulfation reaction).

theoretical: the amount of air required to supply the exact amountof oxygen necessary for complete combus
en quantity of fuel. Theoretical air and stoichiometric air are 'synonymous.

blown gasifier: a type of gasifier in which the gasification ptocess uses air rather than oxygen as the oxidizin|

bient air: this Code recognizes that significant differences in both the measured and corrected performar
bact the physical location(s) used to represent the cositract, design, and test ambient-air conditions. Because (
| language may notalways resolve the meaning of aitbient, this Code requires that, before the test, the parties to

sidered to be the average of conditions atseveral different locations within the boundary of the site or maj
ditions at the air inlet of equipment sucli-as’the gas turbine or the cooling tower. Once the parties have agree
resentative location(s), the word ambiént as used in the Code shall mean the physical properties of the ai

lysis, proximate: laboratory analysis of a fuel sample providing the mass percentages of fixed carbon, volatile
isture, and noncombustibles (ash). Proximate analysis is done in accordance with the appropriate ASTM st

lysis, ultimate: laboratory analysis of a fuel sample providing the mass percentages of carbon, hydrogen,
fogen, sulfur, moisture,-and ash. Ultimate analysis is done in accordance with the appropriate ASTM stan|

: the noncombustible mineral matter constituent of fuel that remains after complete burning of a fuel sa
ordance with-appropriate ASTM standards.

bottom:all residues removed from the gasification chamber other than that which is entrained in the flu
udesslag from an entrained gasifier, the ash that is rejected in a fluidized-bed gasifier for being too large in

eptance test: the evaluating action(s) used to determine ifa new or modified piece of equipment satisfactorily meets its

nhance

herated

mplete

ion of a

o agent.
ce may
ontrac-
the test
may be
 be the
l on the
r at the

matter,
hndard.

pxygen,
dard.

mple in

P gas. [t
particle

b, ‘'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 a given
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 at which the test cone has deformed to a shape whose 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.

bia

S error: see error, systematic.


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

ASME PTC 47.2-2019

British thermal unit (Btu): the amount of heat required to change the temperature of 1 1b of water by 1°F at sea level. A unit
of energy defined by the relationship of 1 Btu/lb being equal to 2.326 k] /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.

calciumwtilization:the percentage af calcium in the saorbentthatreacts with sulfurina gaciﬁpr toform calcium sulfate or

calciung sulfide. It is sometimes called sorbent utilization.

calibration: a set of operations that establish, under specified conditions, the relationship between values indicated iy a
measurfing instrument or system and the corresponding reference standard or known values derived from-thelreference
standai|d. Calibration enables the estimation of errors of indication of the measuring instrument or measuring system, or
the assignment of values to marks on arbitrary scales. The result of a calibration is sometimes expressed as a calibratjon
factor gr a series of calibration factors in the form of a calibration curve.

calibrafion, field: the process by which calibrations are performed under conditions that are less controlled (by measyre-
ment of test equipment) than laboratory-grade calibration. Field calibration measurementdnd test equipment requires
calibra:lizon 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 undercontrolled conditions with highly
specialized measuring and test equipment that has been calibrated in a manner thatprovides traceability to NIST, another
recognized international standard organization, or a defined natural physical constant.

calorie:|a unit of energy equal to 4.1868 ] exactly and called the International Table calorie.

capacity: the maximum flow rate from an individual equipment item.errgrouping of equipment items that is capabl¢ of
being pfroduced on a continuous basis under specified conditions. This is also frequently referred to as maximum contin-
uous rdting (MCR).

carbon [conversion efficiency: an indicator of the degree to which the fuel carbon compounds are converted to carbpn-
containfing gaseous components. These components include carbon monoxide (CO), carbon dioxide (CO,), methane
(CH,), ¢arbonyl sulfide (COS), and hydrocarbon (CxHy) (CxHy includes organic gaseous compounds such as ethdne,
propang, and butane, and cyclic organic compounds such as benzene). Carbon conversion efficiency can also be defer-
mined gs 1.0 minus carbon energy loss (the amount of energy in carbon compounds exiting the gasification system as s¢lid
and ligpid streams, divided by the fuel carbonyenergy input).

char: the solid residue remaining after thetremoval of moisture, volatile matter, and possibly some fixed carbon from cpal.
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 rapk: a classification of ¢oal’based on fixed carbon, volatile matter, and heating value. It is an indication of the
progregsive alternation, or‘coalification, from lignite to anthracite: lignite, subbituminous coal, bituminous coal, gnd
anthradite.

coke: thle hard, porousmaterial produced when volatile constituents have been driven off by heat, so that the fixed carlpon
and ashjare fused together. In the steel industry, coke is made from bituminous coal or blends of coal. Petroleum cokefis a
similar|material<hat is derived from oil refinery operations and usually contains a high sulfur content.

combusgor:@heat source consisting of one or more chambers in which fuel burns or otherwise reacts with its working fluid
to incrgase 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 the defined envelope thatis separate from the chemical energy in the as-fired fuel. Credits include
sensible heat (afunction of specificheatand temperature) in the fuel in the entering air, and in the atomizing steam, as well
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 type of gasifier in which the ash leaves as either agglomerated or nonagglomerated solids rather than as

molten slag.

energy balance method: a method 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 oxidizing medium.

Flouvwrmav be upward or downward
I

errpr, random: error resulting from the fact that repeated measurements of the same quantity by the same me
sygtem operated by the same personnel do not yield identical values. It is a statistical quantity that is.€xpecte
normally distributed. Also called precision error.

errpr, systematic: the difference between the average of the total population and the true value, which characteriz
member of any set of measurements from the population. Sometimes called bias error.

errpr, total: the difference between the true value and the measured value, which includes bethrandom and sys
errpr.

fi

fixdd carbon: the carbonaceous residue less the ash remaining after the volatile-matter has been driven off.

~

eld calibration: see calibration, field.

flate: equipment used for combusting vent gas, off-gas, or tail gas from the gasification process prior to emission
atmosphere.

fluldized bed: a bed of combustible and noncombustible particles through which a fluid (predominantly air or oxy|
stepm in fluidized-bed generators) is caused to flow upward at a velo€ity sufficient to suspend the particles and
thgm with a fluid-like motion.

fluldized bed, bubbling: a fluidized bed in which the superficial gas velocity is less than the terminal velocity of mo
individual particles. Part of the gas passes through the bedxds bubbles. This results in a distinct bed region beca
flujdizing gases carry an insignificant amount of the bed\away.

fluldized bed, circulating: a fluidized bed in which the\fltidizing gas velocity exceeds the terminal velocity of mo
individual particles, so that they are carried fronrthe combustion chamber and later reinjected.

freg moisture: in coal, the portion of total moisture (see ASTM D3302) that is in excess of inherent moisture in ¢
ASTM D1412). It is not to be equated with'weight loss upon coal air-drying. Free moisture is sometimes referr
surfface moisture in connection with coal.or coke.

fuef gas contaminants: compoundsthat are either potentially deleterious to the gas turbine and power block in ge
arg precursors to stack emissions. Examples of fuel gas contaminants include

a) compounds contaiping-/sulfur [e.g., hydrogen sulfide (H,S) and carbonyl sulfide (COS)]

b) compounds containing nitrogen [e.g., ammonia (NH3) and hydrogen cyanide (HCN)]

) compounds centaining chlorine [e.g., hydrogen chloride (HCI)]

d) tarsand condensables (i.e., organic compounds designated as CxHy, which may either be long-chain hydro
or yclic compounds)

) partieulates (i.e., inert ash and potentially corrosive components for the gas turbine including vanadiu
calfium, andvhickel)

violatilized alkali metals (i.e. sodium and potassium)
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gasification: the partial oxidation of a hydrocarbon feed into a combustible fuel gas (syngas), usually comp
hydrogen, carbon monoxide, and methane.

gasifier: a vessel in which gasification reactions take place.

osed of
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gross heat of combustion at constant volume®: 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 M]/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.

overy gasification process: a process employing one or more heat exchangers to transfer the heat (radiantandl/ or

heating|value: the energy released when a fuel and oxidant, normally at 25°C (77°F), are burned to completion and fthe
products of combustion are cooled to a specified temperature, normally 25°C (77°F). Although the units of heating vallue
may be pnergy per unit mole [M]/kg-mol (Btu/Ib-mol)] or energy per unit volume [M]/Nm? (Bt /scf)], the units of heatfing
value used in this Code are energy per unit mass (M]/kg or Btu/lbm). Heating value may-be reported as either lower (rfet)
heatingvalue or higher (gross) heating value, as long as all fuels, product gases, and syngases are reported using congis-
tent terms. Lower heating value (LHV) is calculated as if all water in the combustign products remains in the vapor stjte.
Higher heating value (HHV) is calculated as if all water in the combustion products is condensed and includes the hleat
releasefl by that condensation, including any moisture initially present in'the fuel and oxidant. Moisture in the fijel-
oxidanfmixture evaporates during combustion, consuming the same amount of energy as it releases during post-combus-
tion condensation, so the net calculated condensation energy represents only the H,0 formed from the combustioz of
hydrogen.

higher heating value: see heating value.

hotgas{lesulfurization: a process to remove sulfur compoundsfrom the syngas at elevated temperatures. Methods incljide
direct ipjection of calcium-based sorbent into the gasifier\or direct contact between syngas and a metal oxide sorbént.

hot gas|particulate removal system: a system that remeyves particulate matter from the hot syngas by means of a barrjer-
type filter, such as the following:
(a) deramic candle filter
(b) fiber filter
(c) sfreenless granular bed filter
(d) dross-flow filter

inert gds: a stable gas that typically‘eontains less than 0.1% oxygen by volume. Examples include nitrogen and carlpon
dioxide
inertgaps generator: an IGCCplant system that generates an inert gas that is used for purging equipment or piping in which
the presence of excess.0xygen is undesirable.

inert mptter:
(a) donstituents-of coal or gas that decrease its efficiency in use [e.g.,, mineral matter (ash) in coal and moistur¢ in
combugtion fuel.
(b) ronreactive gases such as nitrogen or argon that may be contained in the air or oxygen used for the gasificatjion
procesq, in-the transport gas for moving coal in dry gasifier processes, in the purge and blanketing gas used in the

e - 1 1 1 1 Al £ 1 1. =1 1 11 1 .
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inherent moisture: in coal, moisture that exists as an integral part of the coal seam in its natural state and includes water 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.

L This definition is adapted from that in ASTM D121.


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

ASME PTC 47.2-2019

integrated gasification combined cycle (IGCC) power plants: facilities that convert (partially combust) hydrocarbon fuel(s)
into a gaseous stream of combustible components (hydrogen, carbon monoxide, 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.

Jjoule:the work done when a force of 1 N acts on an object and the object is displaced a distance of 1 m in the direction of the
force.

laboratory-grade calibration: see calibration, laboratory-grade.

lock hopper: amechanical device that permits the introduction or withdrawal of bulk solid material into an envifonment of
different pressure. A lock hopper usually consists of a pressure vessel with valves to contain and depressuriz¢ solids.

losges: the energy that exits an equipment envelope other than the energy in the output stream(s). Examples df losses
include

a) heat lost to the atmosphere

b) energy loss caused by mechanical inefficiency
c) heat loss from the steam turbine condenser

low-Btu gas: a synthesis gas produced by gasification with air. It has a higher heating valuébelow 7 MJ/Nm? (180 Btu/scf).
lower heating value: see heating value.

majin air compressor (MAC): a compressor that uses ambient air as feed and compresses it to the operating pressufre of the
airfseparation unit (ASU) or gasifier. The compressor may supply all or part ofthe air requirement of the ASU or gasifier.

meflium-Btu gas: synthesis gas produced by gasification with oxygen. It hasd higher heating value between 7 MJ/Nm?® and
20[MJ/Nm? (180 Btu/scf and 500 Btu/scf).

mefh: measure of the fineness of a screen by the number of openings per inch.
mojisture: see free moisture and inherent moisture. Moisture in fuel is determined by appropriate ASTM stanglards.

moping-bed gasifier: a type of gasifier in which hydrocarbonand ash particles move slowly down through a bed while
reacting with gases moving up through the bed.

nef| heat of combustion at constant pressure': the heatproduced by combustion of a unit quantity of a solid or ligjuid fuel
whien burned at a constant pressure of 0.101325 MPa (1 atm), under conditions such that all the water in the pfoducts
rerhains in vapor form. (Note that the net calorific value is a lower heating value that can be calculated from the gross
calprific value by making a correction for the difference between a constant volume process and a constant pressure
prqcess, and a deduction for the water vaponization in the combustion products, including both the water initially present
as moisture and that formed by combustion.)

ordanic sulfur: sulfur that is chemically bonded to coal hydrocarbons rather than to the inorganic ash constituentd of coal.

ox)jgen-blown gasification: a type 6f gasification in which relatively pure oxygen (usually above 85% volumetric pprity) is
the oxidizing agent for the (partial combustion of the gasifier feed(s).

prdcision: the closenessof'agreement between repeated measurements, usually measured by the precision indgx of the
megsurements.

prdcision error: seg. error, random.
prdssure: seesstandard pressure.

primary measurement: measurement that is used in the calculation of test results.
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product syngas: for the purposes of this Code, the product syngas comprises the syngas components thatare in the fuel gas
thatis ultimately delivered to the power block, after contaminants such as hydrogen sulfide (H;S), carbonyl sulfide (COS),

and ammonia (NH3) have been removed.

Ar
CcoO Ar
CO, co
cos co, Ar
H, H, co
H,0 H,0 Y2
H,S H,S e o
N N> Ni
Sour pyngas &» NHs Acid gas Product syngas
hydolysis removal

——> Sulfur product

— > Ammonia product

NOTE: Ar = argon; CH, = methane; CO = carbon monoxide; CO, = carbon dioxide; H, = hydrogen;'\Hs0 = water; N, = nitroge
pulse cleaning gas: high-pressure gas, such as nitrogen, steam, or cleaned syngas, uséd’ for cleaning the hot gas fi
elemenfs by dislodging the accumulated filter cake.

purge: o introduce air, nitrogen, or another fluid into a piece of equipment in sich'volume and in such a manner that
new fluid completely replaces the air or gas-air mixture contained therein.

quenchpasification process: a process employing cool liquid or gas in direct contact with a hot synthesis gas as a mean
reducing the temperature of the synthesis gas exiting the gasificationyvessel.

randonl error: see error, random.
rank: s¢e coal rank.

reactivity: a measure of a hydrocarbon’s susceptibility to chemical change such as gasification. The higher the reactiv
the fasfler the rate of reaction at a given temperature.

recycle ate: the mass flow rate of material being reinjected into a piece of equipment, such as a furnace or combust
chambqr, to reprocess unconverted material.

redundqnt instruments: two or more devices.nieasuring the same parameter.

regenenable sorbent: sorbent used for removing impurities, such as sulfur compounds, from the syngas and hav
properfies of being regenerated frgmyan inactive (e.g., sulfided) form to an active (e.g., non-sulfided or oxi
form. The regeneration process may jbe of the online or off-line type.

regenenator: vessel in which the'sulfided sorbent is regenerated to its active form. For metal oxide sorbents in a hot
clean-up system, the regenerator converts the sorbent from the sulfide to oxide form.

reinjectjon: the return or recycle of material back to a piece of equipment, such as a furnace.

repeatdbility: dgreement between two or more sets of results by the same laboratory, using the same operator :
equipment/Wwithin specified limits.

e
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reprodycibility: agreement between results from two or more laboratories (different equipment, operators, test da
and different portions of the same sample) within specified limits.

es,

residue: the solid material remaining after gasification. Residue consists of materials that are normally discarded, such as

fuel ash, spent sorbent, inert additives, and unburned matter.

run: a complete set of observations made over a period of time with one or more of the independent variables maintained

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: ash material that has been heated above its melting point and then solidified into an amorphous, glass-like form as it
is cooled. An opening at the bottom of the gasifier (slag tap) is provided to allow the slag to exit from the gasifier. The slag is
separated from water in an accumulator, where the slag settles and is subsequently depressurized.

slaggtmg gosifter—a type ot gasiiter i wiitr the asiT Ieaves a5 a Mo telT Siag Tatier tiamm a5 a nonaggiomeratgd solid.
slufry: a mixture of liquid with solid particles, usually for enabling the solid to flow as if it were a liquid:
sorpent: a constituent that reacts with and captures another constituent.

sorpent transport system: amechanical or pneumatic transport system for transporting the regenerated sorbent ffom one
vegsel to another.

spdnt bed material: the bed drain residue removed from a fluidized bed.
stapdard atmospheric conditions: defined as 101.325 kPa (14.696 psia), 288.5 K (59°F);and 60% relative hymidity.
stapdard deviation: in this Code, standard deviation refers to sample standard deviation.

stapdard pressure: typically, a reference to standard atmospheric pressure at seadével, 0.1013245 MPa = 1.01825 bar
(14.696 psia).There is no single universally accepted value for standard pressur& or temperature, but there are|several
prgvailing reference sets used as standards. There is no inherent advantage®o ‘using a particular standard, but{perfor-
majnce calculations are simpler and less susceptible to error if a single’set of standards is used for all calculations.

stapdard temperature: one of anumber of commonly used standard tefapeétratures, including 15.55°C (60°F) for infustrial
gades, 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.

stapdard volume of fuel gas (dry): the standard volume is based on a temperature of 15.5°C (60°F) and a pregsure of
101.325 kPa (14.696 psia). In cases where gases being measured are partially saturated, corrections shall be applied to
gaq volume measurements to correct for actual watersvapor content in the as consumed gas.

staftup burner: aburner firing an auxiliary fuel (e.g., natural gas, propane, or light oil) used to preheat an equipmént item
to |ts near-normal operating temperature.

sulfidation: the exothermic chemical reactionthat takes place when a metal oxide or other sorbent reacts with fu¢l sulfur
to form metal sulfide.

sulfur retention: the fraction of sulfurthat enters the gasifier with the gasifier fuel and does not leave as hydrogen sulfide
(H4S) and carbonyl sulfide (COS):

syrthesis gas (syngas): the gas ‘produced by partial oxidation of the hydrocarbon feed. Raw syngas is gas that fhas not
unglergone contaminant remoyal. Clean syngas has had the bulk of impurities removed. The primary use of syngas is to
fuell a gas turbine. Also.called fuel gas.

systematic error: see.grror, systematic.

temperature: see~standard temperature.

test boundary:~the imaginary line that surrounds the system or specific equipment to be tested.
test reading.va single recording of all required test instrumentation for determining performance characterigtics.

tesf runta group of test readings taken while the facility is operating at steady state at a specified operating copdition.

R 1 - . c . . P .. . . A A
teb . d blllglc T'Uull U UITC CUIITDIIIAdUUIT Ul d STI'IES Ul TUILS TUI UCLET luuuug lJ!:l TUTIIIAIICT CIIdI dUCLETISUILS. A LESL lleraHy
consists of two runs.

thermal efficiency: the ratio of the energy output to the energy supplied to the gasification section, expressed as a percent.

thermodynamic enthalpy: integrated specific heat-temperature relation between the reference temperature (at which 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 random errors. It is usually quantified by the standard deviation of the mean
for a set of test data.

uncertainty, systematic: numerical estimate of the systematic error.
uncertainty, test: a combination of random and systematic uncertainties.

volatile matter: the portion of mass minus water vapor driven off in a gaseous form when solid fuel is heated in accordance
with the applicable ASTM standard.

12


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

ASME PTC 47.2-2019

Section 3
Guiding Principles

INTRODUCTION

his Section provides guidance on the conduct of gasification block testing, and outlines the stepsyequired to plan,
duct, and evaluate a Code test for gasification block performance. The Code recognizes thrée different fypes of
ifiers: fixed bed, fluidized bed, and entrained flow, in both air-blown and oxygen-blown varieties. The meth¢dology
d in the Code can be used to test other gasifier designs.
ersons planning a test shall use Section 3 to define the test and secure agreements fromall parties to the test; then use
tion 5 to select the appropriate equations; then use Section 4 to select the instruments and methods of measyrement
ded to provide the values for the selected equations. The equations in Section 5 arexused to calculate perfornjance to
port specific test goals. The equations in Section 7 are used to determine test reSultuncertainty. Section 6 outljines the

of the final test report.
he 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.

co

ga
us
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ne
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for

3-2 TEST BOUNDARY AND REQUIRED MEASUREMENTS
aragraphs 3-2.1 through 3-2.4 describe the general methodelogy of this Code.
3-2.1 Defining the Test Boundary

he test boundary is an imaginary line that surroufids the system or the specific equipment to be tested. The test
boyindary is used to identify the energy streams that must be measured to calculate correct results. Parties to a t¢st shall

.2 Identifying Streams Related to-Test Result Calculations

1l streams entering or exiting the testboundary shall be identified. Energy streams can consist of fluid or solid thaterial
s having chemical, thermal, or potential energy. They can also consist of pure energy flows such as thermal radiation,
rmal conduction, and electrical current.
hysical properties of all energy streams required for test calculations shall be determined with reference to the point
hich they cross the testboundary. Energy streams that exist only within the testboundary (e.g., slurry concengration)
d not be determined~inless they verify base operating conditions or relate functionally to conditions outgide the
ndary.
ypical streams required for a gasification block within an IGCC plant are shown in Figure 3-2.2-1. The solid lines
icate streams for which mass flow rate, thermodynamic conditions, chemical composition, and/or other prperties
st be determiined to calculate the results of an overall plant performance test. The dashed lines indicate other gtreams,
h as blowdown and wastewater, whose properties are notrequired for a Code test, even though they may be ne¢ded for
enefgy~and mass balance.
heractual gasification block being tested is likely to include energy streams other than the typical streams idenftified in
Figure 3-2.2-T. These other streams, which shallalso be measured, may include char, coal-drying fuel, cooling duty, 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; and product stream properties that indicate performance. Corrections are
needed to account for uncontrollable and controllable stream property variations that cause product stream properties to
deviate from their reference values.
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Figure 3-2.2-1 Gasification Test Boundary
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ctions are only required for measured parameters that haverelative sensitivity coefficients greater than 0.002
d in Section 7. The relative sensitivity coefficient of a measured parameter is the percent change in the corred
hused by a unit change in the measured parameter. Relative sensitivity coefficients are calculated for all measu
ters during the pretest uncertainty analysis.

dentifying Required Measurements and Measurement Accuracy

all energy streams have been identified, a pretest uncertainty analysis, as described in Section 5, shall
hed to identify the primary energy flows whose physical properties must be measured and inputted i
results calculation. The pretest uncertainty analysis is also used to determine the level of measurement accur
d to maintain the accepted ovenall test uncertainty.

urement locations are selected to provide the lowest level of measurement uncertainty. The preferred locatio
tion closest to the equipment being tested.

Fmeasurements mayberequired, such as those used in the application of correction factors for off-design ambi
ns or those needed\to ensure that the process does not exceed emissions or safety limits.

Equa
(either
same d

ions used in thecalculations of results shall be reviewed to verify that all heating value references are consist]
1l lower or all'higher heating value) and that all correction curves and heat balance programs are based on
finition of-heating value.

, as
ted
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be
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hcy

h is

ent

ent
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Thermodynantie property values of all streams shall be based on an identical set of reference conditions (temperatyre,
e, and state).

pressu

3-2.4

Primary measurements are those that are required for calculating the corrected input and output energy streams of the
IGCC plant’s gasification block. Additional measurements may be required to determine that the plantis operating within
environmental regulations and within limits established by the parties to the test or recommended by equipment
suppliers. Secondary measurements are those that are not required for calculating test results. Secondary-measurement
methods are not considered in this Code.
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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.

3-3:2Objectof Test

he object of the test shall be agreed to by the parties to the test and shall be defined in writing before the test

begins.

IIn addition to documenting all prior agreements, the test plan shall include the schedule of test activities, Fespon-

sibjlities 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 testinig,"\Descriptions, drawings, or
graphs may be used to give a permanent, explicit record. Instrument location shall be predetermined, agreed t
paffties to the test, and described in detail in test records. Redundant, calibratedsinstruments shall be provided f
insfruments susceptible to service failure or breakage.

3-4.2 Agreements

Before any tests, the parties to the test shall agree on the exaetunethod of testing and the methods of measu
incJuding the following:
a) object of test
b) location and timing of test
") 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‘tfequired
) data to be recorded and method of recording and archiving data
i) values of measurement uncestainty and method of determining overall test uncertainty
(/) method of operating the equipment being tested, including that of any auxiliary equipment (the perforn
whiich may influence the test result)
) methods of maintaining constant operating conditions as near as possible to those specified
) method of determihing duration of operation under test conditions before test readings are started
Im) system alignment’or isolation
n) organization)of personnel, including designation of engineer in responsible charge of test
0) duration @nd number of test runs
p) frequency of observations
q) base feference conditions
) methods of correction and values used for corrections for deviations from specified test conditions
Jiniethods of computing results

photo-
by the
r those

Fement,

ance of

method of comparing te Fesu Witht Specified performarnce
(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 atleast as accurate as instrumentation identified in the pretest uncertainty analysis. This instrumentatio
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 correct mean value and departure from allowable
operating conditions may 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 to minimize 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 callection

3-4.3.3 Location and Identification of Instruments. Transducers shall be located to minimize the effect of anibient
conditipns, e.g., temperature or temperature variations, on uncertainty. Care shall be used in routing lead wireste the data
collectipn equipment to prevent electrical noise in the signal. Manual instruments shall be located so that they can be read
with precision and convenience by the observer. All instruments shall be marked uniquely and unmistakably for iden-
tificatigqn. Calibration tables, charts, or mathematical relationships shall be readily available to all parties of the tpst.
Observers recording data shall be instructed on the desired degree of precision for readings.

All tgst instruments used to calculate the test results in Table 1-3-1 shall be calibrated before the test, and if is
recommended that they be recalibrated or calibration-checked following the test. The time between 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 shallinclude 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 ormiere devices measuring the same pargm-
eter. Fgr each primary measurement, redundant instruments shall be cofisidered and applied unless it can be dempn-
stratedpy pretest uncertainty analysis that the overall uncertainty of théfinal result will be incrementally reduced by less
than 0.p5%.
Redundant instrumentation might not be available for certain primary measurements, such as primary fuel flow. The
pretestjuncertainty analysis determines the ability of single or,redundant instrumentation to meet the total uncertaipty

Additional independent instruments in separate locations; such as a temperature grid, can also provide assuranc¢ of
instrunjent integrity and reduce uncertainty due to spatial variation, and should be considered by the parties to the tpst.
Howev¢r, this is not a requirement.

3-4.3.5 Equipment Inspection. Before a test,the condition of the equipment shall be determined by inspectior] or
review |of operational records, or both.

In prieparation for acceptance testing ‘and other official tests, the manufacturer or supplier shall have reasonable
opportinity to examine the equipment)correct defects, and render the equipment suitable to test. The manufactufrer,
howevdr, is not permitted to alter or adjust equipment or conditions in such a way that regulations, contract, safety} or
other stlipulations are altered or Yoided. The manufacturer shall not adjust the equipment for the test in any way that may
preventimmediate, continuous, and reliable operation under all specified operating conditions. The manufacturer sr]lall
documgnt any actions taken and immediately report them to all parties to the test.

3-4.4 Preliminary-Testing

3-4.4.1 Timing:Itis recommended that preliminary testing be conducted sufficiently in advance of the official perfor-
mance fest to allow time to calculate preliminary results and perform an uncertainty analysis using the standard deyia-
tions obsenved during the test. Results from the preliminary testing shall be calculated and reviewed to identify any
probler]zs with the quantity and quality of measured data. The test equipment can be adjusted, if necessary, based on these
preliminary testing results.

Before testing, all parties to the test shall agree on the validity of all computer models, corrections, and curves to be used
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 and Monitoring. The parties 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
coqrdinator. Complete written records of the test, including even seemingly irrelevant details, shall be reported, (ontrols
by prdinary operating (indicating, reporting, or integrating) instruments, preparation of graphical logs, and ¢los¢ super-
vis|on shall be established to ensure that the equipment under test is operating in substantial accord with-the iftended
corjditions. Ifitis a commerecial test, accredited representatives of the purchaser and the manufacturer 6t supplierfshall be
prgsent at all times to assure themselves that the tests are being conducted in accordance with thé\test Code and prior
agileement.
b) Operating Philosophy. The tests shall be conducted as closely as possible to specified.operating condifions to
mihimize 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 rdach the
intended test conditions (e.g., steady state). Agreement on procedures for and timingof the testing shall be reached before
beginning the test.

.1 Valve Lineup/Cycle Isolation

cycle isolation checklist shall be developed to the satisfaction of dllparties to the test. The checklist is a list f all the
valves that should be closed during normal operation. These are théwalves that affect the accuracy or results of the test if
are notsecured. These valve positions shall be checked beforéand after the test. All automatic valve positionsfshall be

o valves that are normally open shall be closed for the-sole purpose of changing the performance of the plant.

.2 Proximity to Design Conditions

he equipment being tested shall be operatedwithin the boundaries of permissible fluctuations and specifiedl devia-
tions. To maintain compliance with test Code requirements, the actual test shall be conducted within the criteria given in
Talble 3-5.2-1 or other mutually agreed-on-0perating criteria thatlimit overall test uncertainty to the values referg¢nced in
Talple 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 ah increase in test uncertainty. For this reason, the variation during the t¢st shall
be maintained with the limits givén‘in the first column of Table 3-5.2-1. Parties to the test shall conduct a semsitivity
anglysis to determine which parameters in the table need to be monitored.
he purpose of the correcation procedure is to correct the tested performance to that at design conditions, resylting in
mipimum practical uncertainty. The following are two methods of correcting the tested performance to that af design
corjditions:

a) the use of coertection curves (whether in hard copy or electronic form)
b) the use of-a‘validated thermodynamic model

orrection.curves have some uncertainty that generally increases with the magnitude of change of the input viariable.
The magnitude of the changes allowed by the correction curve method shall be restricted to minimize the uncgrtainty
intfoduced by the curves themselves. If the deviation from design conditions is maintained within the ljmits of
Ta
givenin Table 3.5.2.1 or for test-run-durations-shorter thanthose reco ded ars aynotbeconsidered
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 to achieve the required steady state will depend on previous operations, 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 hgating value, LHV +2% +5%
Syngas tgmperature +6°C (£10°F) +28°C (+50°F)
Combustible constituents +20% +20%
Liquid hyjdrocarbons flow +5% +10%
Heat recqvery water flow +5% +5%

Thermal|Input

Import s§eam for process heat, flow +5% +5%

Import s§eam temperature +6°C (£10°F) +28°C (+50°F)
Import sfeam 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 cpntent +2% 2%

Sorbent {ctive ingredients flow *5% +5%

Inert gas|flow +5% +5%

Flux flow +5% +5%

Boiler feddwater temperature +6°C (+10°F) +11°C (¥20°F)
Gasificatipn steam flow +5% 5%

Water cohsumption 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% C
+3% H +10% H
+3%\N +25% N
+3%)S +10% S
+3% moisture +30% moisture
*3% ash +10% ash
Secondayy Fuel Input
Coal-dryihg fuel, HHV *5% +5%
Constitugnts including moisture +5% +5%

Electrical Parameters
Auxiliary|power +5% +5%

NOTES:

(1) Spedifi-either syngas flow or primary flow.
7 i=) r 4

(2) Each value is the percent of the fractional amount of each constituent.
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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) Operation and Configuration. The unitshall be in the proper configuration and shall be operating in accordance with
the agreed-on test requirements.

(b) Stabilization. The plant shall be operated at testload 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 samples or record data. The data collection system shall be designed to accept multiple instrument inpits-and shall
be fible to sample data from all the instruments within 2 min to 3 min to obtain all necessary data with the plant at the same
corjdition.
Data shall be taken by automatic data-collecting equipment or by a sufficient number of competentobserverg. Auto-
maltic data-logging and advanced instrument systems shall be calibrated to the required accuracysNo observer ghall be
required to take so many readings that a lack of time may result in insufficient care and precision! Consideration ghall be
given to specifying duplicate instrumentation and capturing simultaneous readings at ceftain test points to atfain the
spdcified test accuracy.
d) Readjustments. Once testing has started, any readjustment to the equipment that'could influence the test| results
shdll require repetition of any test runs conducted prior to the readjustment. No adjustments shall be permissibl¢ for the
purpose of a test that are inappropriate for reliable and continuous operation following a test under any and afl of the
spqcified outputs and operating conditions.

3-5.5 Stopping Criteria

ests are normally stopped when the test coordinator is satisfied\that requirements for a complete test run haje been
sat]sfied (see paras. 3-5.6 and 3-5.7). The test coordinator shall verify that methods of operation during the test, specified
in paras. 3-5.1 through 3-5.3, have been satisfied. The test codrdinator may extend or terminate the test if the fequire-
ts have not been met.

3-5.6 Duration of Test Runs
he duration of a test run shall be of sufficient lehgth that the data reflect the average efficiency and performange of the
plaint. This includes consideration for deviations in the measurable parameters due to controls, fuel, and typidal plant

op¢rating characteristics. Recommended test:run duration is between 4 hr and 8 hr regardless of gasifier type. T¢st runs

.7 Number of Test Runs

test shall comprise two.or more testruns. A testrun is a complete set of observations with the unit at stable ogerating
ditions. If the results vary significantly between the first two runs, a third run shall be required.
fter a preliminary\run is complete, it may be declared an acceptable test run if all parties to the test agree|that all
uirements of a‘pegular run have been met.

Cco

.8 Number of Readings

ufficient\readings shall be taken during the test to yield total uncertainty consistent with Table 1-3-1. The|pretest
ung¢ertainty analysis shall be used to determine the necessary number of readings for each measurement. 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
every halfhour, rather than every 5 min, would reduce offsite laboratory costs. Ash or slag quality samples may be 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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Figure 3-5.9-1 Uncertainty Intervals
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3-5.9 Evaluation of Test Runs

When comparing results and uncertainty intervals from two test runs (X;and X), the parties to the test shall consi

the three cases shown in Figure 3-5.9-1 (from ASME PTC 19.1).

(a) dasel.Aproblem clearly exists when there is no overlap between uncertainty intervals. This situation may be du
uncertdinty intervals being grossly underestimated, errors in the measurements, or abnormal fluctuations in

Her

b to
the

measurement values. Investigation to identify bad readings, overlooked or underestimated systematic uncertainty,
etc., is hecessary to resolve this discrepancy.

(b) dase II. When the uncertainty intervals completely overlap, one can be confident that there has been a pro
accounfing of all major uncertainty components. The smaller uncertainty interval, }2 +U,, is wholly contained within

interval x, U

(c) daselll. A case in which there is a partial ovérlap of the uncertainty is the most difficult to analyze. For both the

ber
the

est

run respults and uncertainty intervals to be dorrect, the most probable value lies in the region where the uncertaipty
intervals overlap. Consequently, the larger the overlap, the more confidence there is in the validity of the measurements
and thq estimate of the uncertainty intérvals. As the difference between the two measurements increases, the overflap

region fhrinks.

If a rfin or set of runs follows Case¥or Case III, the results from all runs shall be reviewed in an attempt to explain the
reason [for excessive variation=~If-nio reason is obvious, the user of the Code shall reevaluate the uncertainty band or
conducf more test runs to ealculate the precision component of uncertainty directly from the test results. Conducting
additiopal tests may alse_validate the previous testing.

The results of the validsuns shall be averaged to determine the mean result. The uncertainty of the resultis calculate

accorddnce 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 bala

betwee energy inpnf from fuel and energy output-to thermal anr‘I/nr electrical gnnarnﬁnn The primary uncontroll

lin

1ce

ble

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 are minimized.

(b) Analysis and Interpretation. During a test or the subsequent analysis or interpretation of the observed data, an
obvious inconsistency may be found. If so, reasonable effort shall be made to adjust or eliminate the inconsistency. Failing

this, the test run shall be repeated.
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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 sup

plied 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

withoutapplication of any instrument corrections. The testlog shall constitute a complete record of events, includi

ngeven

defails that may have seemed trivial or irrelevant during the test. Destruction or deletion of any data record, pag
tesf log, or any recorded observation is not permitted. If a correction is required, the alteration shall be entered
expjlanation and in such a way that the original entry remains legible. For manual data collection, the test.obser
shdll be entered on prepared forms that constitute original data sheets authenticated by the observers’ signatul
aufomatic data collection, printed output or electronic files shall be authenticated by the engineer\in.c¢harge an
regresentatives of the parties to the test. When no paper copy is generated, the parties to the test shall agree in adv
thg method for authenticating, reproducing, and distributing the data. Copies of the electronic data files shall bg
onfo tape or disks and distributed to all parties to the test. The data files shall be in a formatthat is easily accessib
pafties. 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 compliance with the test conditionfequirements (see para
Eagh test shall include pretest and post-test uncertainty analyses, and the results dfthese analyses shall fall with
reduirements for the type of plant being tested (see Table 1-3-1).

3-6.2 Causes for Rejection of Test Runs

If serious inconsistencies that affect test results are detected during atest run or during the calculation of the res
rur) shall be invalidated completely, or it may be invalidated only in partifthe affected data is at the beginning or at
ofthe run. A run that has been invalidated shall be repeated if nece$sary to attain the test objectives. The decision
a rhin shall be the responsibility of the designated representatives of the parties to the test.
n outlier analysis of spurious data shall also be performédin accordance with ASME PTC 19.1 on all critical m
ments after the test has ended.

If any measurement influencing the result of a test is\inconsistent with a similar measurement, although either
maly have been recorded in strict accordance with the rules of the individual test Code, the cause of the inconsisten
be [identified and eliminated.

.3 Uncertainty

post-test uncertainty analysis shall be performed as part of the test calculations. The post-test uncertainty
reveal the actual quality of the-test to determine whether the calculated results fall within the required unc
its stated in Section 1.

Proceduresrelating to testuncertainty are based on concepts and methods described in ASME PTC 19.1. ASME P
spdcifies procedures for evaluating measurement uncertainties from both random and systematic errors and thg
of these errors on theduncertainty 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
engrgy and gasification effectiveness by the application of correction methods described in Section 5. These cort
be-applied as additive and multiplicative correction factors for individual variables, as algorithms in mult
cotpputer models, or as a hybrid combination of these two correction methods. These corrections adjust for al

e of the
with an
vations
res. For
d other
ance on

copied
le by all

. 3-5.9).
in Code

hlts, the
the end
oreject

easure-

or both
cy shall
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TC19.1
effects

syngas
ections
variate
owable

va >
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 $ection describes measurement equipment and methods used to calculate the gasifier block performancé in tems

of the 1jesults in Table 1-3-1. This Section is organized as follows:
(a) (eneral Requirements, subsection 4-2
(b) Hressure Measurement, subsection 4-3
(c) Tlemperature Measurement, subsection 4-4
(d) Jolid Flow Measurement, subsection 4-5
(e) liquid Flow Measurement, subsection 4-6
(f) Steam Flow Measurement, subsection 4-7
(g9) Gas Flow Measurement, subsection 4-8
(h) Material Analysis, subsection 4-9
(i) Iput and Output Heat Measurement, subsection 4-10
(j) Apxiliary Electric Power Measurement, subsection 4-11
(k) Data Collection and Handling, subsection 4-12

4-2 GENERAL REQUIREMENTS

4-2.1

ntroduction

This Pection presents the mandatory requirements for\instrumentation used in an ASME PTC 47.2 test. Per the phi-

losophy

of ASME PTC 1 and subsection 1-1, it does so incensideration of the minimum reasonably achievable uncertainty.

The Insfruments and Apparatus Supplements to ASMEPerformance Test Codes (ASME PTC 19 series) outline the dethils
concernping instrumentation and the governing requirements of instrumentation for all ASME Code performance testing.

The usq
specifidg

r of this Code should be intimately familiar with the ASME PTC 19 series as it applies to the instrumentatjon
d and explained in this Section.

For the convenience of the user, thi§iSection reviews the critical highlights of portions of those supplements that

directly

apply to the requirements ofthis Code. This Section also contains details of the instrumentation requirementg of

this Cofle that are not specifically addressed in the referenced supplements. These details include classification of
measurjements for the purpose-efinstrumentation selection and maintenance, calibration and verification requirements,

electricpl metering, and other ihformation specific to an ASME PTC 47.2 test.

If the

technology advances, these requirements will supersede those in this Code.

instrumentation.reqtirements in the ASME PTC 19 series become more rigorous as they are updated dug to

Both Sl units andU.S/Customary units are shown for the equations in this Section. In text, tables, and figures, the S value

is folloyed 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 d el " Il. Il Meg clmen anhe e ce :I_ ecla ‘I‘ .04 alere 0 <l <l _I‘ ne ms
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 instruments may be used to determine a parameter 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
temperature gradient is expected to be insignificant. Typical parameters measured inan ASME PTC 47.2 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 can be 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;

ang-seconda eland nga ompo an-fo he Ca ation of prima and.seconda eland ngas hea gvalue_

gonits
paffameters and variables. Alternatively, secondary parameters and variables do not enter into the-galeulatioh of the

isitivity
codfficientto the results of the test. Class 1 primary parameters and variables have a relative sensitivity coefficientof 0.2%
greater. The primary parameters and variables that have a relative sensitivity coefficientjofless than 0.2% ardg Class 2
ary parameters and variables.

.3 Instrumentation

4-2.3.1 General. Measuring equipment shall be selected to minimize testtuncertainty. Critical parameters fhall be
epsured with instruments that have sufficient accuracy to ensure that target uncertainties will be achieved.[Typical
stafion-recording instruments are designed for reliability and ease of usé.and maintenance, rather than for ag¢curacy.
Therefore, measurements made by station-recording instruments fmay’increase test uncertainty beyond agfeed-on
limfits. All instruments shall be checked to verify that they are the specified type, properly installed, working as d¢signed,
and functioning over the range of expected input.

4-2.3.2 Instrumentation Categorization. The instrumentation employed to measure a parameter will have different
reduired type, accuracy, redundancy, and handling depending on how the measured parameter is used and how if affects
performance result. This Code does not require high-accuracy instrumentation for determining secondary|param-
rs. The instruments that measure secondary parameters may be permanently installed plant instrumentatipn. This
Cogle does require verification of instrumentation:output prior to the test period. This verification can be by calibrption or
by pomparison against two or more independent measurements of the parameters referenced to the same locatjon. The
insfruments shall also have redundant or.ether independent instruments that can verify the integrity during the test
petfiod. Instrumentation is categorized as‘Class 1 or Class 2, depending on the instrumentation requirements defined by

ass 2 instrumentdtion does notrequire laboratory calibrations other 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
insfrumentation (including signal-conditioning equipment) can be demonstrated to meet the overall uncertafinty re-
quirements. Many times this is not the case. In the case of flow measurement, all instrument measurements ?[)rocess
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 particular model 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 associated with 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
established policy, requirements, and objectives of alaboratory quality assurance program. Laboratory calibration appli-
cations shall be employed on Class 1 instrumentation with 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 Field Calibration. Field calibration applications are commonly used on instrumentation measuring secondary
paramdters and Class 2 instrumentation that are identified as out-of-calibration during field verification as describedl in
para. 412.5.

4-2.4.3 Reference Standards. Reference standards are generally of the highest metrological quality available at a
given lpcation from which the measurements made at that location are derived. Reference standards-include|all
measutfing and test equipment and reference materials that have a direct bearing on the traceability and accurpcy
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, andusage in strict compli-
ance with an accredited calibration laboratory quality program. The integrity of reference standdrds shall be validated by
proficigncy testing or inter-laboratory comparisons. All reference standards shall be calibratedat the frequency specified
by the rhanufacturer unless the user has data to support extension of the calibration period:Supporting data is historjcal
calibrafion data that demonstrates a calibration drift less than the accuracy of the reference standard for the desifed

ence standards shall be selected so that the collective uncertainty of the standards used in the calibration cpn-

uncertdinty 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 primpry
paramdters shall be calibrated against reference standards traceable to NIST, another recognized international standard
organization, or recognized natural physical constants with yalies assigned or accepted by NIST. Instrumentation usegl to
measurje 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. Calibratiom of instruments used to measure primary parameters shall/be
performed in a manner that replicates the condition under which the instrument will be used to take test measurements.
As it is|often not practical or possible to perform calibrations under replicated environmental conditions, additional
elemenfal error sources shall be identified\and estimated. Error source considerations shall be given to all process gnd
ambienft conditions that may affect thefmeasurement system, including temperature, pressure, humidity, electromagnetic
interferlence, and radiation.

4-2.4.5 Instrument Ranges-and Calibration Points. The number of calibration points depends on the classificatiof of
the parameter the instrumentwill 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-
trapolafe a calibration/All installed instrumentation shall undergo field verification (see para. 4-2.5) before testing

.4.5.1 Class 1 Instrumentation. The instruments measuring Class 1 primary parameters shall be laboratdry-
librated at 2 points more than the order of the calibration curve fit. This shall be done whether it is necessary to
apply therealibration data to the measured data, or the instrument is of such quality that the deviation between fthe
laboratbry-eatibration—a TS mentreading hasaneghgible-effectonthetestresult How-metering-thatreqtires
calibration shall have a 20-point calibration. Instrument transformers do not require calibration at 2 points more 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 exercise minimizes the possibility of any hysteresis effects. Some instruments are built with a mechanism to
alter the measurement range once the instrument is installed. In this case, the instrument shall be calibrated at each range
that will be used during the test period.

Some devices cannot practically be calibrated over the entire operating range. For example, flow-measuring devices are
often calibrated at flows lower than the operating range and the calibration data is extrapolated. This extrapolation is
described in subsection 4-6.

grade ch
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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, the measuring 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 atimeinte alhetweentheinitiallaborata alibrationandthete neriod eatmentofthe deviceis much
mdre important than the elapsed time since calibration. An instrument may be calibrated one day and mishandled the
next. Conversely, an instrument may be calibrated and placed on a shelfin a controlled environment, and the calfbration
will remain valid for an extended time period. Similarly, the instrument may be installed in the field but valvegl-out of
senvice, or it may be exposed to significant cycling. In these cases, the instrumentation is subject to‘vibration ¢r other
dagnage and shall undergo field verification.

All test instrumentation used to measure Class 1 primary parameters shall be laboratory-grade calibrated priqr 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 perjod. The
quantity of time between the laboratory calibration and the test period should, however/be kept to a minimum t¢ obtain
an ficceptable calibration drift as determined by the manufacturer’s specifications andidemonstrated by field verification.
Similarly, the quantity of time between the field verification and the test period shall be kept to a minimum to mfinimize
insfrument drift. Test instrumentation used to measure Class 2 parameters and secondary parameters does notfrequire
labpratory calibration other than that performed in the factory for certification:It does require field verification before the
test.

following a test, field verifications shall be conducted on instruments nieasuring parameters where there is nd redun-
dancy or for which data is questionable. For the purposes of redundancy, plant instrumentation may be used for field
velfification. If results indicate unacceptable drift or damage, thenfurther investigation is required. Flow element|devices
usgd to measure Class 1 primary parameters that do not have redundancy shall require field verification, irjcluding
nondestructive inspection, following the test. Flow element devices used to measure Class 2 primary pargmeters
donot need to be inspected following the test if the devices have not experienced conditions (steam blow, chemical
clepning, etc.) that would violate their integrity.

By nature, flow-measuring devices and current and potential transformers are not conducive to post-test calibration. In
the case of flow-measuring devices used to measure Class 1 primary variables, the device should be inspected following
thq test rather than recalibrated. Flow element devices used to measure Class 2 primary variables do not peed be
inspected following the test if the devicesjhave 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 figld veri-
ficgtion indicates the drift is lessthan the instrument accuracy, the drift is considered acceptable and the pretpst cali-
brdtion shall be used as the basis for determining the test results. If the calibration drift combined with the reference
stapdard accuracy (the square root of the sum of the squares) exceeds the required accuracy of the instrumgnt, it is
ungcceptable.

(alibration drift can’tesult from instrument malfunction, transportation, installation, or removal of the tes{ instru-
mejntation. When asfield 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 gnd 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
chgckbefore and after the test period can isolate when the drift may have occurred. For example, verify the zero-pjressure
point-en-the-vented-pressure-transmitters-thezero-loadpoint-on-the-watbmeters-or-the-icepoint-on-the-temperature
instrument.

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

4-2.4.9 Loop Calibration. All analog instruments used to measure 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) dalibration technician training

(c) standard calibration records

(d) standard calibration schedule

(e) instrument calibration histories

The duality assurance program shall be designed to ensure that the laboratory standards are calibrated\as.required and
that prgperly trained technicians calibrate the equipment in the correct manner. The parties to the testsshall be alloed
access fo the calibration facility for auditing. The quality assurance program shall also be made available during sugh a
visit.

4-2.5 Instrument Verification

Befote the test, all installed instrumentation shall undergo field verifications of all.secondary measured parameters.
The verjifications shall demonstrate that the instrumentation and systems are withif acceptable limits of error as defihed
in this Pection. Verification techniques may include field calibrations, nondestriictive inspections, and comparison of
redundpnt instruments.

Elemgntal error sources arising from the methods of measurement shall be‘evaluated during the field verification$ to
identify] the uncertainty sources beyond those contained in the calibration or manufacturer’s specification, data acquiisi-
tion, and data reduction that may significantly affect the assessment of'the verification. Some common examples inclfide
vibratign effects, mounting position effects, electromagnetic effectsféxternal temperature and humidity effects, and static
temperpture effects. The errors may be either systematic or random, depending on their effect on the measureme¢nt.

4-2.6 Instrumentation Systematic Uncertainty

Estinpating the systematic uncertainty in a measurement involves evaluating all components of a measurement syst¢m.
The potential systematic uncertainties for various itstruments are listed in Table 4-2.6-1, which is based on ASME PT( 4-
2013, Tlble 4-3.6-1. These uncertainties tend to.be‘conservative and may not be representative of any specific measyre-
ment sjtuation.

4-3 PRESSURE MEASUREMENT

4-3.1 Introduction

This $ubsection presentSiequirements and guidance regarding pressure measurement. The use of electronic pressjire
measurement equipmentis recommended for primary measurements to minimize systematic and random error. Elec-
tronic pressure medsurement equipment provides inherent compensation procedures for sensitivity, zero balarjce,
therma] effect on“sensitivity, and thermal effect on zero. Deadweight gauges, manometers, and other measuremgnt
deviceq 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, linearfity,
hysteresiSyvibration, power supply, stability, mounting position, radio frequency interference (RFI), static pressyre,
water lmW

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.
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Tlemperature gauge

Mercury-in-glass thermometer

Prgssure

(Jauge
Test
Standard

Manometer

Tjransducer and transmitter

+2% of span
+0.5 gradation

Note (5)
+0.25% of span

+1% of span

+0.5 gradation

Venturi
Throat taps
Calibrated and inspected

Uncalibrated and inspected
Uncalibrated and uninspected

Orifice

+0.5% steam
+0.4% water

+1.2% steam
+1.1% water

New plant: see
Existing plant:

Note (9)

Systematic Systematic
Uncertainty Uncertainty
Instrument [Note (1)] Instrument [Note (1)]
Data Acquisition Note (2) S-type pitot tube
Digital data logger Negligible Calibrated +5% [Note (7)]
Plant control computer £0.1% Uncalibrated +8% [Note (7)]
Handheld temperature indicator +0.25% 3-hole probe
Handheld potentiometer (including +0.25% Calibrated +2% [Note (7)]
reference junction) Uncalibrated +49% [Noté\(7)]
Tethperature Note (3) Hot wire anemometer +10%,
Thermocouple Turbometer +2%
NIST-traceable calibration Note (4) Flow (Air and Flue Gas)
Premium Grade Type E Multipoint pitot tube (within range)
0°C-316°C (32°F-600°F) +1.1°C (2°F) Calibrated and inspected (direCtional +5%
316°C-871°C (600°F-1,600°F) +0.4% velocity probe)
Premium Grade Type K Calibrated with S-type or\standard +10%
0°C-277°C (32°F-530°F) +1.1°C (2°F) Uncalibrated and inspected +8%
277°C-1260°C (530°F-2,300°F) +0.4% Uncalibrated and, uninspected +20%
Standard Grade Type E Airfoil
0°C-316°C (32°F-600°F) +1.7°C (3°F) Calibrated +5%
316°C-871°C (600°F-1,600°F) +0.5% Uncalibpated *20%
Standard Grade Type K - \ dw N 8
t t t
0°C-277°C (32°F-530°F) £2.2°C (4°F) ows (Steam and Water) ote (8)
Flow nozzle
277°C-1260°C (530°F-2,300°F) +0.8%
| . ASME PTC 6 (with flow straighteners)
Redistance temperature device (RTD)
. X Calibrated and inspected +0.25%
NIST-traceable calibration standard Note (4) Uncalib dand i d 0.75%
t t +0.
0°C (32°F) +0.03% Uncallbra ed and inspecte ; 20/ ()
ibrat i t +
93°C (200°F) £0.08% ncalibrated and uninspecte o
Pipe taps
204°C (400°F) +0.13%
299°C (570°F £048% Calibrated and inspected +0.5% steam
( ) =CHY +0.4% water
399°C (750°F) *0.23% Uncalibrated and inspected +2.2% steam
499°C (930°F) +0.28% +2.1% water
594°C (1,100°F) +0.33% Uncalibrated and uninspected New plant: see fabove
704°C (1,300°F) +0.38% Existing plant: yariable

above
Fariable

High accuracy
Standard
Aneroid barometer

Weather station

Velocity

Standard pitot tube
Calibrated
Uncalibrated

£0.1% of span
+0.25% of span
+0.05 in. Hg
Note (6)

+5% [Note (7)]
+8% [Note (7)]

Calibrated and inspected

Uncalibrated and inspected

+0.5% steam
+0.4% water

+0.75% steam
+0.7% water

Uncalibrated and uninspected

New plant: see above
Existing plant: variable

Weir

Blowdown valve

Coriolis flowmeter (for liquid)

+5%
+15%
+0.1%
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Table 4-2.6-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

ASME PTC 47.2-2019

Systematic Systematic
Uncertainty Uncertainty
Instrument [Note (1)] Instrument [Note (1)]
L . Solid Fuel and Sorbent Sampling See ASME PTC 4-2013,
Liquid Fuel Flow (Calibrated) Tables 4-3.6-2 and
Flowmeter 4-3.6-3
Positive displacement meter +0.5% Stopped belt +0%
Turbine-meter +0.50, Eull cut 19,
Orif]ce (for larger pipes, uncalibrated) *1% “Thief” probe 22%
Coriolis flowmeter +0.1% Time-lagged 25%
Weigh| tank 1%
Volumje tank +4% Liquid and Gaseous Fuel Sampling See ASMEPTC 4-20/13,
Gaseoug Fuel Flow Note (9) Tables 4-3.6-4 gnd
Orificg #-3.6-5
Caliprated and inspected +0.5%
Caliprated and uninspected 2% Flue Gas Sampling
Unchlibrated and inspected +0.75% Point-by-point traverse See Section 7
Turbofneters Composite grid See Section 7
Nontself-correcting +1%
Self]correcting +0.75% Unburned Carbon (UBC)“in Residue Note (10)
COTiOI flowmeter +0.35% Isokinetic dust sampling +5%
“Thief” prob +2009
Solid Fulel and Sorbent Flow e P %
. . Bottom ash +50%
Gravimetric feeders Bed dral 209
+
Caliprated with weigh tank 2% D" +20%
Caliprated with standard weights 5%
Unchlibrated +10% Fitel Handling and Storage -10% of moisture
. value
Volumletric feeders
Belt Limestone handling and storage +5% of moisture value
e
. . . Residue 0
Cilibrated with weigh tank *3%
Uhcalibrated +15%
Screw] rotary valve, etc. Flue Gas Analysis
Clibrated with weigh tank +5% Oxygen analyzer
Uhcalibrated 15% Continuous electronic analyzer +1% of span
Weigh| bins Orsat analyzer +0.2 points
Weikh scale +50% Portable analyzer +5% of reading
4 +2% of span
Strajn gauges +8% . .
Calibrated on air
Leve¢l +10% .
Calibrated on cal gas
Impacf meters +10% .
Carbon monoxide
Residue|Flow Continuous electronic analyzer +20 ppm
Isokinptic dustisampling +10% Orsat analyzer +0.2 points
Weigh| bins Sulfur dioxide
Weigh'\scale +*5% Continuous electronic analyzer +10 ppm
Strain gauges +8% CEM electronic analyzer +50 ppm
Level +20% Oxides of nitrogen
Screw feeders, rotary valves, etc. Chemiluminescent +20 ppm
Calibrated with weigh tank +5% CEM electronic analyzer +50 ppm
Uncalibrated +15% Hydrocarbons
Assumed split (bottom ash/fly ash) 10% of total ash Flame ionization detector +5%
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Table 4-2.6-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Systematic Systematic
Uncertainty Uncertainty
Instrument [Note (1)] Instrument [Note (1)]
Electric Power Note (11) Wattmeter, Class C +0.5%

Voltage or current

Humidity
Current transformer (CT), Class A/B +0.3% i 2% RH
t +
Voltage transformer (VT), Class A/B *0.3% ygrometer 0
Sling nsvchrometer +05 gradation
Clamp-on measurements +2% o "
Weather station Note (6)
Watts
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 junctien.\Also, the algo
conversion of thermocouple millivolts to temperature may introduce errors.

(3)] See ASME PTC 19.3 for applicability.

(4)] NIST-traceable instruments have a systematic uncertainty equal to the accuracy of the calibration device;jThese systematic uncert
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 ung
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.

Brior to calibration, the pressure transducer range may be\altered to more accurately match the process. Howd
ser]sitivity to ambient temperature fluctuation may increase as the range is altered. Additional points will incre
acduracy but are not required. During calibration, thé’measuring point shall be approached from an increas|
dedreasing manner to minimize the hysteresis effects.
§ome pressure transducers allow the user to change the range once the transmitter is installed. The transmittg
be [calibrated at each range to be used during:the test period.

here appropriate for steam and water processes, the readings from all static pressure transmitters and an
ial pressure transmitters with taps at-different elevations (such as on vertical flow elements) shall be adjy
acdount for elevation head in water légs. This adjustment shall be applied at the transmitter, either automaticall
cortrol or data acquisition system; 0y manually by the user after the raw data s collected. Care shall be taken to ens
adjustment is applied properly, particularly at low static pressures, and that it is applied only once.

en

4-3.2 Required Uncertainty

he required uncertainty depends on the type of parameters and variables being measured. Refer to paras. 4-2
4-2.3.1 for discussion'on measurement classification and instrumentation categorization. Table 4-2.6-1 provide
lings for typical systematic uncertainties for pressure measurements.

lass 1 prithary parameters and variables shall be measured with 0.1% accuracy class pressure transmitters or
lenfts that have a total calibrated uncertainty span of +0.3% or better. Pressure transmitters should be temp
corppenisated. If temperature compensation is not available, the ambient temperature at the measurement I

Fithm for

inties do

hlibrated

ver, the
ase the
ing and

rs shall

 differ-
sted to
y by the
ure this

2.2and
5 guide-

equiva-
erature
ocation

dufing-the test period shall be compared to the temperature during calibration to determine if the decrease in a

ccuracy

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
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 pressur
mitters, as follows, with varying application considerations:
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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

4-3
involve
beaded
to zero

The d
to whid
constar
providg

4-3.3

4-;
obtain
spheric
on mea
absolut]
brate.

4-3
sure ge
areade
notuse
are det
transm

4-3.3

4-;
sure m

4-3
shall bq
describ
para 4-
instrun
method

(a) t
(b) a
(c) o
Diffe

. Absolute pressure transmitters may also be used to measure pressures above atmospheric pressure.

5 connecting the test instrument to a device that develops an accurate vacuum at desired levels. Such a deyice
dweight gauge ina bell jar referenced to zero pressure or a divider piston mechanism with the low side referen
pressure.

econd method uses a suction-and-bleed control mechanism to develop and hold a constant vacuum, i a cham
h the test instrument and the calibration standard are both connected. The chamber shall \be' maintained

d that the same level of care is taken.

.2 Gauge Pressure Transmitters

.3.2.1 Application. Gauge pressure transmitters measure pressure referené¢ed to atmospheric pressure.

pressure shall be measured by an absolute pressure transmitter. Gauge préssure transmitters may be used o
surement locations with pressures higher than atmospheric. Gauge-pressure transmitters are preferred o
E pressure transmitters in measurement locations above atmospheric’pressure because they are easier to ¢

.3.2.2 Calibration. Gauge pressure transmitters can be calibrated by an accurate deadweight gauge. The pt
herated by the deadweight gauge shall be corrected for localgravity, air buoyancy, piston surface tension, pis
flection, actual mass of weights, actual piston area, and working medium temperature. If the above corrections
1, the pressure generated by the deadweight gauge may be inaccurate. The actual piston area and mass of weig
brmined each time the deadweight gauge is calibrated. Other devices may be utilized to calibrate gauge press
tters provided that the same level of care is. taken.

.3 Differential Pressure Transmitters

.3.3.1 Application. Differential pressure transmitters are used where flow is determined by a differential pj
bter, or where pressure drops in‘a duct or pipe must be determined.

.3.3.2 Calibration. Differential pressure transmitters used to measure Class 1 primary parameters and variah
calibrated at line static pressure. Calibration at line static pressure is not required if information is availabl
e the effect of such presstire on the transmitter and demonstrate compliance to the uncertainty requirement
P.2. Calibrations at line-static pressure are performed by applying the actual expected process pressure to
ent as it is being calibrated. Calibrations at line static pressure can be accomplished by one of the follow
s:

wvo highly accurate deadweight gauges

deadweighit'gauge and divider combination

-3.I.2 Catibration. Absolute pressure transmitters can be calibrated using one of two methods. The first metjod

Can
red

ber
at

tvacuum during instrument calibration. Other devices may be utilized to calibrate absolute pressure transmitters

To

bsolute pressure, the test site atmospheric pressure shall be added to the gauge pressure. This test site atno-

nly
ver
ali-

fon
are

lire

les
b to
5 of
the
ing

ne deadweight gauge and one differential pressure standard

"ential pressure transmitters used to measure Class 2 primary parameters and variables or secondary parameters
and vaifiables do not require calibration at line static pressure. They can be calibrated using one accurate deadwe

ight

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 can be utilized 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
errpr.

-3.4.2 Installation. Absolute pressure transmitters used for absolute pressure measurements shall beinstalled in a
staple location to minimize the effects associated with ambient temperature, vibration, mechanical shock, cqrrosive
malterials, and radio frequency interference (RFI). Transmitters shall be installed in the same grientation gs when
thdy were calibrated. If the transmitter is mounted in a position other than that in which it was calibrated, the
zello point may shift by an amount equal to the liquid head caused by the varied mounting position. Impulse
tuling and mounting requirements shall be installed in accordance with manufacturer$\specifications. In general,
the following guidelines shall be used to determine transmitter location and placement{of impulse tubing:
) Keep the impulse tubing as short as possible.

) Slope the impulse tubing atleast 8 cm/m (1 in./ft) upward from the transmittertoward the process connedtion for
liqhiid service.
) Slope the impulse tubing atleast 8 cm/m (1 in./ft) downward from the transmitter toward the process connection
for|gas service.

) Avoid high points in liquid lines and low points in gas lines.

) Use impulse tubing large enough to avoid friction effects and. prevent blockage.
Keep corrosive or high-temperature process fluid out of direct contact with the sensor module and ﬂIlges.

steam service, the sensing line shall extend at least 0.6 m (2ft) horizontally from the source before the downward
slopebegins. This horizontal length will allow condensation tof6fm completely so the downward slope will be co
full of liquid.

he water legis the condensed liquid or water in the sensing line. This liquid causes a static pressure head to dejelop 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 grayity and the density of the liquid in the sensing line.
1l vacuum measurement sensing lines shall slope continuously upward from the source to the instrument. The Code
redommends using a purge system that isolates the purge gas while measuring the process. A continuous purge{system
maly 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 successively with the purge on and then with the purge off to prove that thle purge
air|has no influence.
ach pressure transmitter shall-be installed with an isolation valve at the end of the sensing line upstream of the
insfrument. The instrument sensing line shall be vented to clear water or steam (in steam service) before the instryment is
insfalled. This will clear the-sensing line of sediment or debris. After the instrument is installed, allow sufficient fime for
lighiid to form in the sénsing line so the reading will be correct.
nce transmitters:are connected to the process, a leak check shall be conducted. For vacuum measurements, the leak
chgck is performed/by isolating first the purge system and then the source. If the sensing line is free of leaks, theg instru-
ment reading willnot change. For nonvacuum measurements, the leak check is performed using a leak detection fluid on
impulse’tubing fittings.
mbientpressure transmitters shall be installed in the same general area and at the same general elevation as the gauge
prgssure)transmitters and shall be protected from air currents that could influence the measurements.

pletely

4-3.5 Gauge Pressure Measurements

4-3.5.1 Introduction. Gauge pressure measurements are pressure measurements that are at or above atmospheric
pressure. These measurements may be made with 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 pressure measurements 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)

lnpp the impnlcp hlhing atleast8 r‘m,/m (1 in ,/ﬁ') np\/\mrd from the transmitter toward the process connection

for

liquid gervice.

(c) S

for gas

ope the impulse tubing atleast 8 cm/m (1 in./ft) downward from the transmitter toward the process connectj
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 flangeg.

In stgam service, the sensing line shall extend at least 0.6 m (2 ft) horizontally from the soureé.before the downw

slopeb
full of ]

boins. This horizontal length will allow condensation to form completely so the downward slope will be complet
quid.

The Water legis the condensed liquid or water in the sensingline. This liquid causes a static pressure head to develo

the sen
multipl
Each

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

instrunjent. The instrument sensing line shall be vented to clear water or steam(in steam service) before the instrumer

installe

. This will clear the sensing line of sediment or debris. After the instriment is installed, allow sufficient time

liquid tp form in the sensing line so the reading will be correct.

Once
leak de

4-3.6

transmitters are connected to the process, a leak check shall’be“conducted. The leak check is performed usiry]
tection fluid on the impulse tubing fittings.

Differential Pressure Measurements

4-3.64.1 Introduction. Differential pressure measurements are used to determine the difference in static press

betwee
Typical
elemen

h pressure taps in a primary device. Differential pressure transmitters shall be used for these measureme
differential pressure measurements include'the differential pressure of gas fuel or process return through afl
L or pressure loss in a pipe or duct. Thedifferential pressure transmitter measures the pressure differenceg

pressuile drop that is used to calculate the fluid flow.

4-3.6.2 Installation. Differential pressure transmitters used for differential pressure measurements shall be instal

inasta

ple location to minimize the effects associated with ambient temperature, vibration, mechanical shock, corros

materidls, and RFI. Transmitters shallbe installed in the same orientation as when they were calibrated. If the transmit
ismourjted in a position other thanthatat which it was calibrated, the zero point may shift by an amount equal to the liq|

head ca

used by the varied meunting position. Impulse tubing and mounting requirements shall be installed in accorda

with m3gnufacturer specifications. In general, the following guidelines shall be used to determine transmitter location 3

placem

ent of impulsedubing:

(a) Keep the impulse tubing as short as possible.
(b) Jope the impulse tubing atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection
liquid gervice.

(O

for gas

opethe impulse tubing at least 8 cm/m (1 in./ft) downward from the transmitter toward the process connect]
service.

lon

hrd
ely
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(d)

\vold 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
slope begins. This horizontal length will allow condensation to form completely so the downward slope will be completely
full of liquid. 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 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 reading will 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, aleak check shall be conducted. The leak check is performed using a leak detection
fluid on the impulse tubing fittings. When a differential pressure meter 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.

Thismea emen Qrre Qn eq edunle heuppe ensingline n edagain ceamorwate neinside the

insplation down to where the lower sensing line protrudes from the insulation. The correction for the non-insalated case

for differential pressure transmitters on flow devices, the transmitter output is often an extracted square roqgt value,
unless the square root is applied in the plant control system. Care shall be taken to ensure the square root is appljed only

TEMPERATURE MEASUREMENT

.1 Introduction

his subsection presents requirements and guidance regarding temperature measurement. Recommended tgmpera-
ture measurement devices and their calibration and application are discussed.\Given the state of the art and [general
prdctice, it is recommended that electronic temperature measurement equipment be used for primary measurements to
mihimize systematic and random error. Factors affecting the uncertainty‘of the temperature measurement inclfide, but
arg not limited to, stability, environment, self-heating, parasitic resistance, parasitic voltages, resolution, repeatability,
hygteresis, vibration, warm-up time, immersion or conduction, radiation, spatial variation, and data acquisit{on.

Jince temperature measurement technology changes over time, this Code does not limit the use of other temperature
mepsurement 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
ipment. All signal cables shall be installed away frdm EMF-producing devices such as motors, generators, electrical

.2 Required Uncertainty

he required uncertainty depends on the type of parameters and variables being measured. Refer to paras. 4-2[2.2 and
.3.2 for discussion on measurement classification and instrumentation categorization. Table 4-2.6-1 providep guide-

(lass 1 primary parameters andvariables shall be measured with temperature measurement devices that have an
insfrument systematic uncertainty of no more than £0.28°C (x0.50°F) for temperatures less than 93°C (200°F) and no

(lass 2 primary parameters and variables shall be measured with temperature measurement devices that have an

econdary variables shall be measured with temperature measurement devices that have an instrument systematic

.3 Recommended Temperature Measurement Devices

hermocouples, resistance temperature detectors, and thermistors are the recommended temperature measyrement
deicé onomic, application, and uncertainty facto hall be considered in the selection of the most appriopriate
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 sheath material used. Thermocouples may 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.
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Figure 4-3.6.2-1 Five-Way Manifold
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Figure 4-3.6.2-2 Water Leg Correction for Flow Measurement

<

2RE -

h = difference in
@9 water leg

<

GENERAL NQTE:
For upw hrd flow: Aptrue = Apmeas + (pamb - ppipe)(g/gC)h

For dowhwardftow: APtrue = ‘:‘Pmeas (Vamb Vpipe)(H/IUC)"‘

where

9
gl.'

Apmeas
Ap meas
Pamb
P pipe

local gravitational force per unit mass; approximately 9.81 m/s? (32.17 ft/sec?)
gravitational dimensional constant

= 1.00 (kg-m)/(N-s%) [32.17 (Ibm-ft)/(Ibf-sec?)]
h =

difference in water leg, m (ft)

measured pressure difference, Pa (Ibf/ft?)

true pressure difference, Pa (Ibf/ft*)

fluid density at ambient conditions, kg/m? (Ibm/ft?)

= fluid density at conditions within pipe, kg/m> (Ibm/ft?)
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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

( )] thermocouple specifications
vy I I

4

]
wh
as 4
wil
the
niq

=

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

ASME PTC 19.3 describes the operation of the thermocouple as follows:

The EMF developed by a thermocouple made from homogeneous wires will be a function of the temperatu
difference between the measuring and the reference junction. If, however, the wires are not homogeneou

developed, and the output of the thermocouple will depend upon factors in addition to the temperatu

difference between the two junctions. The homogeneity of the thermocouple wire, therefore, is an importa
factor in accurate measurements.*

All base-metal-metal thermocouples become inhomogeneous with use at high temperatures, however, if 3
the inhomogeneous portions of the thermocouple wires are in a region of uniform temperature, the inh

depth of immersion of a used couple has the effect of bringing previously unheated portion of the wires in

and the inhomogeneity is present in a region where a temperature gradient exists, extraneeus, EMFs will e

mogeneous portions have no effect upon the indications of the th€rmocouple. Therefore, an increase in tle

IS
S,

IS
nt

11

D-

(0]

the region of temperature gradient, and thus the indications of the thermocouple will correspond to t

more inhomogeneous portions of the wire will be brought into the region of temperature gradient, thus givi
rise to a change in the indicated EMF. Furthermeére a change in the temperature distribution along inh
mogeneous portions of the wire nearly always'occurs when a couple is removed from one installation aij
placed in another, even though the measuredimmersion and the temperature of the measuring junction a
the same in both cases. Thus the indicated’EMF is changed.?

'he elements of a thermocouple shall beJelectrically isolated from each other, from ground, and from condu
ich they may be mounted, except at the measuring junction. When a thermocouple is mounted along a conduct
pipe or metal structure, specialcare shall be exercised to ensure good electrical insulation between the therm
es and the conductor to preyentstray currents in the conductor from entering the thermocouple circuit and ¥
readings. Stray currents-may further be reduced with the use of guarded integrating analog-to-digital (A/
ues. To reduce the possibility of magnetically induced noise, the thermocouple wires shall be constructed in a

un

form manner.

hermocouples are\susceptible to drift after cycling. Cycling is the act of exposing the thermocouple to
perature and.mioving back to ambient conditions. The number of times a thermocouple is cycled shall
minimum:

hermocguples can be used effectively in high-vibration areas such as main or high-pressure inlet steam to th
ine. High“vibration measurement locations may not be conducive to other measurement devices. This Code
ds‘that the highest EMF per degree be used in all applications. NIST has recommended temperature ranges

e

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 decreasegd,

g
-
d
G

tors on
pr, such
bcouple
itiating
D) tech-
twisted

process
be kept

P steam
recom-
or each

cific 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 the measuring junction to the connection on the reference junction. These high-accuracy thermo-
couples shall have areference junction at 0°C (32°F) or an ambient reference junction thatis well insulated and calibrated.

L ASME PTC 19.3-1974 (R2004), chapter 9, p. 106, para. 70.
2 A. L. 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 be measured 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 be held atthe ice point or at the stable temperature of an isothermal reference. When
thermofouplereference junctions are immersed in anice bath consisting of a mixture of melting shavedice and water, the
bulb of p precision thermometer shall be immersed at the same level as the reference junctions and in contact with them.
Any deyiation from the ice point shall be promptly corrected.

Each|reference junction shall be electrically insulated. When the isothermal-cold junction reference methodis used], it
shall erthploy an accurate temperature measurement of the reference sink acceptable to the parties to, the test. When
electronpically controlled reference junctions are used, they shall have the capability to control the reference temperatpire
to within £0.03°C (£0.05°F). Particular attention shall be paid to the terminals of any reference junction, since errors fan
be intr¢duced by temperature variation, material properties, or by wire mismatching.

The ¢verall 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 systems may be usediinfaccordance with this Cpde
providgd the accuracy is equivalent to the electronic reference junction. Commercial data‘acquisition systems empldy a
measurjed reference junction, and the accuracy of this measurement is incorporated int6'the manufacturer’s specification
for the flevice. The uncertainty of the reference junction shall be included in the calculation of the measurement under-
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(e) instability
(f) itpmersion
RTD{are considered a morelinear devices than thermocouples. RTDs are more susceptible to vibrational applicatidns.
As such), Code users shall'consider RTD stability when specifying and applying these measurement devices. Field vgri-
fication|techniques shall.be used to demonstrate that the stability of the device is within the uncertainty requirementf of
para. 414.2.

4-4.3.2.1 ‘Class 1 Primary Parameters. Class 1 primary parameters shall be measured with grade A four-wire
platinum RTDS, as shown in Figure 4-4.3.2.1-1, illustration (a), if they can be shown to meet 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
platinum RTDs, as shown in Figure 4-4.3.2.1-1, illustration (b), if they can be shown to meet 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 Signal Measurement. Many instruments are available to measure output resistance. The use of these
instruments in a system to determine temperature requires they meet 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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Figure 4-4.3.2.1-1 Three- and Four-Wire RTDs
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for|the coefficients «, 5, and § shallbe-taken from the calibration coefficients. RTDs shall be calibrated in accordarjce with
thd methods detailed in NIST Technical Note 1265, subsection 4-6.

4-4.3.3 Thermistors. Therrhistors are constructed of a ceramic-like semiconducting material that acts as a thermally
serfsitive variable resistor~This device may be used on any measurement below 149°C (300°F). Above this tempg¢rature,
thesignal is low and suscéptible to error from current-induced noise. Although positive temperature coefficient ynits are
avdilable, most thefmistors have a negative temperature coefficient (TC); thatis, unlike an RTD, their resistance dgcreases
with increasing temperature. The negative TC can be as large as several percent per degree Celsius, allowing thd therm-
istgr circuittd:detect minute changes in temperature that could not be observed with an RTD or thermocouple cifcuit. As
sudh, the thermistor is best characterized for its sensitivity, while the thermocouple is the most versatile and the RTD the
most stable.
easurement errors associated with thermistors typically derive from the following primary sources:

(a) selt-heating

(b) environmental factors

(c) thermal shunting

(d) recalibration

(e) instability

(f) immersion
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Due to the high resistivity of thermistors, the four-wire resistance measurement 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 Thermistor Signal Measurement. Many instruments are available to measure output resistance. The use of
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 accordance with
the mefhods detailed in NIST Technical Note 1265, subsection 4-6.

4-4.4 Calibration of Primary Parameter Temperature Measurement Devices

This Code recommends that primary (Class 1 or Class 2) parameter instrumentation used in temperaturemeasurement
have a [suitable calibration history (three or four sets of calibration data). The calibration history,shall include the
temperpture level the device experienced between calibrations. A device that is stable after being used at low tempdra-
tures may not be stable at higher temperatures. Hence, the calibration history of the device shallbe‘evaluated to dempn-
strate the required stability of the parameter.

During the calibration of any thermocouple, the reference junction shall be held constant/preferably at the ice pojnt,
with ar] 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 bg conducted over the temperature range in which the instrument is used:

The ¢alibration of temperature measurement devices is accomplished by inserting the candidate temperatpire
measurement device into a calibration medium along with a traceable reference standard. The calibration medium
type is pelected based on the required calibration range; it commonly cafisists of either a block calibrator, a fluidifed
sand bath, or a circulating bath. The temperature of the calibration meditum 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 temperatjire
measurement device are sampled to determine the bias of the ¢andidate temperature device. See ASME PTC 19.3 fgr a
more dptailed discussion of calibration methods.

4-4.5 Temperature Scale

The Hrovisional Low Temperature Scale of 2000 (PLTS-2000) is realized and maintained by NIST to provide a standprd
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| T390, Or in terms of International Celsius Temperatures, represented by the symbol t;gg9—. T2000 Values pre
expresded in units of kelvin (K), andt2p¢¢ values in degrees Celsius (°C). The relation between T;q9g9 and t;g0g iS

t2000 = Ta000 — 273.15

Valug¢s of Fahrenheit température, t; in degrees Fahrenheit (°F), are obtained from the conversion formula
9

tr=|—|tgg + 32

5= (2o

The HLTS-2000was designed so that its temperature values very closely approximate Kelvin thermodynamic tempgra-
ture values. PIsTS-2000 temperatures are defined in terms of equilibrium states of pure substances (defining poinfts),
interpojating instruments, and equations that relate the measured property to Toq0. The defining equilibrium states gnd
their agsigned 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 Temperature Measurement of Fluidin a Pipe or Vessel. Temperature measurement of fluid in a pipe 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
extendingto near the tip to facilitate the immersion of a temperature measurement device. Thermowells shall be designed
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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Figure 4-4.6.2-1 Flow-Through Well
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cleprance between the temperature measurement device and the well. Often the temperature measurement dey
d, making insertion of the device difficult.
he bottom of the thermowell bore shall be the same shape as the tip of the temperature measurement devicg

ice can

. 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-p
air|prior to insertion of the device.
nless limited by design considerations, the temperature sensor shallbe€immersed in the fluid atleast 75 mm (3
not less than one-quarter of the pipe diameter. If the pipe is less than100 mm (4 in.) in diameter, the temperaturg
shgll be arranged axially in the pipe by inserting it into an elbow or.tee. If such fittings are not available, the piping
madified to render this possible.

he thermowell shall belocated in an area where the fluidiswell mixed and has no potential gradients. If more t
thgrmowell is installed in a given pipe location, the second‘thermowell shall be installed on the opposite side of {
and not directly downstream of the first thermowell:

hen the temperature measurement device is installed, it shall be spring-loaded to ensure positive thermal
een the temperature measurement device and the thermowell.

or Class 1 primary parameter measuremefts, the portion of the thermowell, or lag section, protruding outside
or yessel shall be insulated, along with thedevice itself, to minimize conduction losses. The locations at which
primary temperature measurements are taken for use in determining enthalpy shall be as close as possible to the g
whiich the corresponding pressureS:are to be measured.

or measuring the temperature of desuperheated steam, the thermowell shall be located where the desuper
fluid has thoroughly mixed with“the steam. This can be accomplished by placing the thermowell downstreamn
elbpws in the steam line,past the desuperheating spray injection point.

be

thgrmowell in a pipe;iif the fluid is at low pressure, the temperature measurement device can be installed
intp the pipe orvéssel, or flow-through wells may be used.

he temperature measurement device can be installed directly into the fluid using a bored-through-type comp
fitting. The fitting shall be an appropriate size to clamp onto the device. A plastic or Teflon-type ferrule is recomme
that the.device can be removed easily and used elsewhere. The device shall protrude through the boundary layg
fluyd<The'device shall not protrude so far that fluid flow causes it to vibrate. If the fluid is a hazardous gas such as

ressure

in.) but
sensor
shall be

han one
he pipe

contact
he pipe
Class 1

oints at

heating
of two

-4.6.2 Temperature Measurement of Low-Pressure Fluid in a Pipe or Vessel. As an alternative to instplling a

Hirectly

ression
hded so
r of the
natural

ga ok bronanethe fittina shall be checked for leaks
i r r 4 i=]

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 low or negative and thermowells or protection tubes are not needed. Along-sheathed thermocouple or an unsheathed

thermocouple attached to a rod is sufficient.
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The number of required measurement points is determined experimentally or by experience from the magnitude of the
temperature variations at the desired measurement cross section and the required maximum uncertainty of the 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 m? (9 ft?) or less, with a minimum of 4
points and a maximum of 36 points.

ASME PTC 19.1 describes the method of calculating the uncertainty of the average of multiple measurements that vary
with time
rcular ducts, the measurement points shall be installed in two diameters 90 deg from each other, as showij in
-4.6.3-1. This figure also shows the method of calculating the measurement-point spacing. The point spacing is

. 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 hgve the closest point spacing.

4-5 SQLID FLOW MEASUREMENT

Solid}fuel, sorbent, and residual flow measurement is difficult because of solid_material variability. ASME PT[ 4
providg¢s recommended methods for measuring solid flow, sampling solids, and €stimating associated systemdtic
errors. pections of ASME PTC 4 have been extracted and modified here for relevance'to gasifier feed and residue measyre-
ment. Numerous methods are referenced in paras. 4-5.1 and 4-5.2 for measurihg flow of solids, sorbent, and residue gnd
ating systematic error for these flow measurements. Solid-fuels,"sorbent-, and residue-sampling methdds,
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) splid-fuel and sorbent flow measurement, including methods»of measurement and of estimating systematic erfror

(b) splid-fuel and sorbent sampling

(c) rpsidue splits (i.e.,, amount of by-product ash and slag), including methods of measurement and of estimatling
systematic error

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

4-5.1 Bolid-Fuel and Sorbent Flow Measurement
Accufate measurement of solid flow is difficult because of solid material variability.

4-5.1.1 Method of Measurement. Nunierous methods are available to measure the flow of solids. Typical methpds
include|gravimetric feeders, volumetric feeders, isokinetic particulate sampling, weigh bins or timed weights, and impgact
metersJReducing uncertainty of any ofithese methods to less than 10% requires extensive calibration against a reference.
The caljbration can involve collécting solid material into a container that can be weighed. For example, the output ¢f 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 gven more difficultto assess the accuracy of volumetric feeders. This assessment requires assumptions about the
volumelof material passed per revolution and the density of the material. The rotor may notbe full, the density may vary as
a result of size distribution or other factors, and all parameters may vary over time.

Calibfation efisolid flow measurement devices shall be conducted just prior to the performance test and at frequent
intervals to-mihimize systematic error.

4-5.1.2\Estimate of Systematic Error. The systematic error from a solid flow measurement device is one of the mjost
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

The methods of solid-fuel and sorbent sampling shall be agreed on by 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
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bquation:

Acmax = maximum area per centroid

= 0.8 m? (9 ft%)
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 r,), m (ft)
r, = distance from center of duct to point p, m (ft)

For example, with 20 total points, the radius of point r3 is

rs = Rx {[2 x (2 x 3 - 1)]/20}'/2

R x 0512
= 0.707R
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The samples shall be representative of the respective solid streams. In addition, the variation in the composition of

solidsd

irectly affects the uncertainty of the result. In this subsection, the methods 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
sample

as near to the gasifier as practical to ensure that samples are representative. If it is not possible or practical to
near the gasifier, a time lag may be incurred between when the sample is taken and when the flowing material is

injected into or removed from the gasifier. This time lag shall be determined based on estimated flow rates between the

sample
injecteq
typicall
whichi
stream

Tocation and the gasifier. It is important that the time-lagged sample be representative of the actual mate}ial
into or removed from the gasifier. Thief sampling, the process of taking a partial cut sample from silos or heppérs,
 results in large associated systematic errors. However, this method may be acceptable for sampling.Sorb¢nt,
homogenous in most cases. Parallel streams, such as coal feed with belt feeders, have the potential for streamito-
variation due to different flow rates, particle sizes, and chemical composition. Therefore, unléss.the chemjcal

constitfients of the samples are shown to be uniform, samples shall be taken from each of the parallel streams gnd

combin
flow-w

Depe
analysi
4-5.2.1

Fuel,
than sa
dure bd

ed. If the flows for the parallel streams are unequal, the sample amount of each parallel stream shalllbe
pighted for the composite sample. The flow for each stream shall be continuous threughout the test.
nding on the costs associated with laboratory analyses and the availability of a historical database, differnt
procedures may be selected for different sample constituents (i.e., coal, sorbent, residue). Tables 4-5.2.1-1 gnd
2 identify the ASTM procedures that may be used for analysis.
sorbent, and residue samples collected upstream of silos, tanks, or hoppers typically have larger systematic errprs
mples collected downstream. Sampling upstream of silos, tanks, and hoppers'is classified as an alternative prdce-
cause of the possibility that the samples will not be representative of‘the fuel fired during the test. Alternative

proceduires shall not be used for acceptance tests. If alternate procedures are.used for other test purposes, the partie$ to

the test
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shall assign appropriate systematic errors.

.2 Sample Size. Sample size is based on several factors, including size distribution, chemical composition vafia-
bed methods, flow capacities, and number of samples. In<¢general, larger samples result in lower varianges.
T, large samples must be reduced to a size suitable for, [aboratory analysis; therefore, as sample size increases,
mple preparation costs. For manual sampling of coal.ox'sorbent, samples typically weighing 1 kgto 4 kg (21b 40 8
collected. For automatic sampling devices, much\larger samples may be collected.
Peight of the individual test sample shall be equatto or greater than the weight of the samples used from a histor]cal
e. Otherwise, the variance of the test data;could be greater than the variance of the historical data.
hted previously, it is important that a sample represent the average composition of the actual stream as closely as
b, In addition, since there is a direct corpélation between the individual sample weight and variance, individual
b shall weigh enough to minimize _the variance.
Fally, a complete cross section isthe best representation of the flowing stream. This criterion, however, can mg¢an
tsample size requirements ferdifferent types of solid streams. For example, a particulate residue stream samfple
obtained from isokinetic particulate sampling. This sample is typically very small. However, assuming it is taken
omplete and controlled-traverse of the duct, the sample is representative. In this case, the small quantity does hot
ply affect the reliability-of the sample.

ent is another material for which a small sample may be acceptable. The size of the samples may vary, but the
hl composition isunlikely to vary across the size range or among differentlots of sorbent. Therefore, a small sample
representative Jof the entire sorbent feed during the test.

arties tothe test shall agree on the sample size. They shall use the previously noted factors, combined with ggod
ring judgment, costs, and desired analytical accuracy, to determine the proper sample size. ASTM D2234, Table 2
s morg information about sample size.

4-5.3

au W u I

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 from mechanical 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
+0-2504H bbittiet Js—with-carbenate

+0.5% for coals with more than 12% ash withgrbonate
and pyrite

ASTM D7582, proximate analysis, automated method

0.07 + 0.115x [Note (4)]

Cafbon ASTM D3172-13, ultimate analysis See ASTM D5373-16 [Note (3)]
ASTM D5373-16 +1.25% (1 - %H,0/100) [Netes (5), (6)]
Chlorine ASTM D2361
Fijed carbon ASTM D3172-13, proximate analysis 100 - (% moisture + %-ash + % volatile mafter)
ASTM D7582, proximate analysis, automated method 100 - (% moistute + % ash + % volatile mafter)
HHV, gross calorific value ASTM D5865 0.16 MJ/kg (69 Btu/lb), dry basis for anthradite/

bituminous
0.14 M]/Ke~(59 Btu/Ib), dry basis for subbituminous/
lignite

Hydrogen ASTM D3172-13, ultimate analysis See ASTM D5373-16
ASTM D5373-16 4£0.15% (1 - % H,0/100) [Notes (5), (6)]
M4gjor and minor elements ASTM D3682-13 Varies

n coal combustion
esidues [Note (7)]

isture

ASTM D3172-13, proximate or ultimate awalysis

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 analysisyautomated method

0.12 + 0.017x [Note (4)]

Nifrogen ASTM D5373-16, method B +0.09% (1 - % H,0/100) [Note (6)]
Oxlgen ASTM D3172-13, ultimate'analysis 100% - (sum of the other components of the hltimate
analysis) [Note (3)]
Sulfur ASTM D3172-13, ultimate analysis See ASTM D4239-18el [Note (3)]
ASTM D4239-18el +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 (U.00022 1bJ.

(7) These elements may include aluminum oxide, calcium oxide, ferric oxide, magnesium oxide, potassium oxide, silicon oxide, sodium oxide, and
titanium oxide.
(8) These estimates are valid for samples with 1% to 21% moisture.
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Table 4-5.2.1-2 Typical Systematic Uncertainties for Limestone Properties Determined From ASTM C25, Test Method 31

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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.1 Method of Measurement. The calculated total residue mass flow rate, which is based on the weight of mate
d over a period of time, is often used because it is typically more accurate than the direct flow-rate measuremg

to determine the residue split between the various locations:
he residue mass flow rate and residue-stream composition shall be measured at eachiloeation.
he residue mass flow rate and residue-stream composition shall be measured at one 6rmore locations (usu
tions with the highest loading), and the quantities at the other locations shall be cal€ulated by difference. Wh
more than one unmeasured location, the split between these locations shall bétestimated, or the residue g
leaving each location may be estimated based on the typical results for the typé.of fuel and gasification meth
e the test, the parties to the test shall agree and document which streams wilkbe measured and what values wil
r any estimated splits.
hass flow rate of residue discharged in a dry state may be determinedfrem weigh bins or timed weights (e.g.,

of rotations of rotary feeders, screw speed, or impact meters). See'Seéction 7 for considerations regarding d
and sources of uncertainty.
mining the mass flow rate of residue discharged from sluice systems (wet ash and slag) is even more difficult t}
Ining the flow rate of dry material. Generally, the total discharge flow must be captured in bins or trucks, the fy
o water drained off, and the bin or truck weighed and compared against the tare weight. Since residue leaves
dry state, moisture content of the sample must be detetmined, and the measured wet mass flow rate corrected
e. The quantity of slag discharged from sluice systemis'and lock hoppers is generally small, so this residue rate
sured every 4 hr.

and negative estimate of systematic errexcan be used. A systematic error that would produce a split of less tl
more than 100% shall not be used. Where mass flow is determined from volumetric devices, considerati
repeatability of the fullness of the volume chamber and density and size distribution of the material.

Residue Sampling

les shall be taken from the various output streams of gasification units that contain ash. These streams typic
slag, particulate, andbottom ash. Obtaining representative samples from each of these streams can be challeng]
t method for obtaining a representative particulate sample is to isokinetically sample the ash in the gas upstré
iny ash collection hoppers as possible. This method provides a sample that has a representative cross sectiof

size and carfbon content. It also ensures that the sample is representative of the testing period.
ning a representative sample of bottom ash is also challenging because bottom ash often contains large, uneve
ted chutks of residue. For example, a single sample may contain a chunk of coal not typically found in ot

ntative results.

rial
nt.

re, the percent of the total residue thatleaves each location shall be determined. One of the following methods may
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.2 Estimating Systematic Error. When splits are estimated, a mean value shall be selected such that the same

lan
pNS

ner

5 or itmay have no carbon content. Multiple samples and several analyses of each sample may be required to obtain

4-5.4.1 Systematic Error for Residue Sampling. There is an associated systematic error for the ash collected from the
bottom ash, slag, or fines, or from any hoppers located upstream of the particulate collection point. If multiple 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-Sampling Methods. For slag, the preferred sample-collection method is to take the sample with a multi-
holed probe extending the width of the sluice stream. EPRI EA-3610 illustrates a multihole probe. Alternatively, a portion
of the slag may be diverted to a collection device where the slag can settle before the sample is taken.
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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
insignificantamounts of sensible heatand unburned combustible material. Alternatively, samples of slag can yield a result
thatis no more certain than using an assumed value. Ifa solid stream is not 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 gujdelines
for|typical systematic errors for liquid flow measurements.

4-6.1.1 Water Flow. Water flows can be measured more accurately than steam flows. Whenever possible, it i§ best to
conffigure the tests so that water flows are measured and used to calculate steam flows. Flow is usually determinefl with a
mafss (Coriolis) flowmeter or with a differential pressure meter using two independent differéntial pressure instriments.

4-6.1.2 Class1Flow-Measuring Devices. The flow section containing a throat tap nozzle as described in ASMEPTC 6 is
redommended for the Class 1 primary flow measurements when the test Reynolds numbér is greater than the mgximum
callbrated Reynolds number.

4-6.1.3 Other Flow-Measuring Devices. Information relative to the construketion, calibration, and installation pf other
differential flow-measuring devices appears in ASME MFC-3M. For meters,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 flow measure-
ments, and can also be used for Class 1 primary flow measurements wheh Reynolds number extrapolation is notrequired.
a) Class 1 primary flow measurement devices require calibration.

b) For Class 2 primary and secondary flows, the appropriate feference coefficient for the device given in ASME MFC-

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 flowshall be suppressed before the beginning of a test by]| careful
adjustment of flow and level controls or by introdueing a combination of conductance (e.g., pump recirculatipn) and
resiistance (e.g., throttling the pump discharge). Hydraulic damping devices on instruments do not eliminate errors due to
pulsations and, therefore, shall not be used,
hile passing through the flow-measuring device, the water shall not flash into steam. To avoid cavitatfon, the
mihimum throat static pressure shall be-higher than the saturation pressure corresponding to the temperature of
thg 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 range expected-during the test using the actual flow. For volume flowmeters, the temperature of the fuel shall also
be pccurately measured 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 recommended without temperature compen-
satjon. Theeffects of temperature on fluid density can be accounted for by calculating the mass flow based on thespecific
gravity at-the flowing temperature.

uel analyses shall be completed on samples taken durlng testing. The lower and hlgher heatlng value and fspecific

alua mpera-
tures that cover the range of temperatures measured durmg testing. The spec1f1c grav1ty 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 testis 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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Table 4-6.2-1 Typical ASTM Standard Test Systematic Uncertainty for Fuel Oil Properties

ASTM Standard Test Systematic Uncertainty

Fuel Oil Property Analysis Procedure [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 DZZ0-19 [Note (4)] U.20 MJ/Rg (86 Btu/Ib)
ASTM D4809-18 0.14 MJ/kg (59 Btu/Ib), all fuels
Hydrogpn ASTM D5291-16 [Note (2)] 0.1157(x°%) [Note (3)]
Nitrogeh ASTM D3228-19, Kjeldahl method 0.095(concentration)®®
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)®®
ASTM D4294-03, X-ray fluorescence 0.02894(concentration. + 0.1691)
Water ASTM D95-13(2018) 0.1% for fuels <1% Wwatér
5% of measuredrvalue for >1% water
NOTES:

(1) All vjalues are standard ASTM procedure repeatability.

(2) AST
(@)
(b)
(¢

(3) x = ean value of concentration measurements.

(4) AST
disti

4-7 STEAM FLOW MEASUREMENT

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

4-7.1 $team Flow Characteristics

In passing through the flow-measuringidevice, the steam must remain superheated. For steam lines with desup
heaterg the flow section shall be installed ahead of desuperheaters. The total flow is determined by the sum of steam fl
and thqg desuperheater water flow.

4-7.2

The ¢
temper
downst]
assume
pressu

4-7.3

M D5291-16 test methods were tested on samples with the following component goncentrations:
arbon: 75% mass to 87% mass

hydrogen: 9% mass to 16% mass

itrogen: 0.75% mass to 2.5% mass

M D240-19 covers the determination of the heat of combustion of liquidthydrocarbon fuels ranging in volatility from that of 1
lates to that of residual fuels.

becondary Steam_ Flow Measurements

hture, and visegSity. To avoid the disturbing influence of a thermowell located upstream of a primary elem
ream pressure’and temperature measurements can be used to determine the enthalpy of the steam, whic
d to be congtant throughout a well-insulated flow measurement section. Based on this enthalpy and the upstre
e, thesdesired upstream properties can be computed from the steam tables.

alculation of steaim-flow through a nozzle, orifice, or venturi shall be based on upstream conditions of pI‘ESS{I‘e

ght

)
nt,
is
am

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 be measured using differential measurement devices in compli-
ance with ASME MFC-3M or other flow devices in compliance with ASME PTC 19.5. The accuracy of these devices shall be
determined by uncertainty analysis. Measurements used to determine the mass flow rate (e.g.,, fuel analysis to determine
density), static and differential pressures, temperature, and frequency (for turbine meters) shall be within an uncertainty
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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 in normal meter cubed per hour (Nm?/h) [standard cubic feet per
minute (scfh)].

Eor definitions of gasequs. fuel hpafihg values see ASTM D3588

4-8.1 Digital Computation of Gas Flow Rate

ass flow rate as shown by flow computer is not acceptable without showing intermediate results and the datp that is
usdd for the calculations. Intermediate results for an orifice include the discharge coefficient, conrected diampter for
thgrmal expansion, expansion factor, etc. Raw data includes static and differential pressures and temperaturg. For a
turpine meter, intermediate results include the turbine meter constant(s) used in the calculation and how it waf deter-
mined from the calibration curve of the meter. Data includes frequency, temperature, and pressure. For both devices, gas
anglysis and the intermediate results used in the density calculation are required. The methods described in ASTM D1945
shdll 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 jused to
me@asure gas purity, but new measurement devices may be used provided the device accuracy is consistepnt with
thg uncertainty requirements of this test Code. Gas purity may be.nteasured with a number of different devjices.
a) Chemiluminescent analyzers are used to determine the oncentrations of nitrogen oxides (NO and Nd,).
b) Fourier transform infrared spectrometry (FTIR) can detect all contaminant species rapidly and simultafeously,
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 carbon monoxide as low as 0 ppm to 10
ppn or concentrations of carbon dioxide as low~as 0 ppm to 5 ppm.
Paramagnetic sensors can measure oxygen concentrations as low as 0% to 1%.
) Plasma detectors exploit the principle-of electroluminescence without the aid of lamps in an electromagnetic field.
h) A thermal conductivity detector+(TCD) is a bulk property and chemical-specific detector commonly usefl in the
anglysis 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, appfjopriate
sarhpling and analytical techniques shall be selected based on their ability to meet the established precision and apcuracy
requirements of-the performance test. Due to the dynamic and variable nature of most processes and materials, method
selgction cannotrely solely on the precision and accuracy estimates of the analytical method. Consideration shall be given
to the potential'variability of process materials in the system, and in some cases the sample’s stability, to assess thg impact
of fample-collection frequency and handling.
Testing methods and accuracy ranges for fuel, sorbent, and residue solids are presented in Tables 4-5.2.1-1 and #}-6.2-1,

and-the pnfnnfiql sustematic 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.® For most 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

3 Annual Book of ASTM Standards, Section 5; EPA-600/8-83-027; and Handbook of Sampling and Sample Preservation of Water and Wastewater; 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
collectipn pninf with respectto related pracess temperature pressure, and flow measurement devices may affect SS
flow rate determinations. The performance test plan shall address these issues and describe how sampling precision,
accurady, and representativeness will be assessed.

4-9.2 Analytical Techniques

Analytical techniques shall be selected based on the performance test criteria for measurement dataquality. For any
given tgst parameter, there may be multiple analytical methods, each with an applicable concentration range, sensitivfity,
detecti¢n limit, and susceptibility to interference. Process analytical chemists or other individuals familiar with bpth
chemical analysis methods and the characteristics of the samples shall direct the selection of test methods. All partie$ to
the test|shall agree upon the methods. The compatibility of each method with the sample matrix and its ability to meetfhe
data qyality objectives for precision and accuracy are critical if useful data are to b&-obtained.

Sincg most analytical methods do not provide performance specifications, the test plan shall provide specifications|for
laboratpry quality control parameters that are necessary to meet the test objegtives.

A thqrough analytical plan provides the necessary data to validate and défend 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 fuel mass flow rate and the fuel’s higher heatingvalue (HHV). The mass flow rate is typically measured with
gravimetric weigh belt feeders upstream of the coal prepdration equipment. HHV is determined post-test in a bojmb
calorimeter according to ASTM D5865-01 or other acceptable technique. Fuel samples shall be taken throughout the fest
period 4nd either combined to yield a composite sample for analysis or analyzed individually and averaged arithmetically
to reprgsent the test period.

An alfernative measurement technique for(dry feed gasifiers may be available with measurements from load cell§ on
the loc hoppers. By tracking the difference between the full and empty weights of each lock-hopper cycle, one will haye a
better measurement of the total mass of‘coal fed to the gasifier. Refer to subsection 4-4 for more details on measuringthe
mass flpws of solid fuels.

4-101.2 Fuel Slurries. In a typical slurry configuration, the solid fuel is finely ground in rod or ball mills. In ordef to
produce the desired slurry solids)concentration, the solid fuel is placed on a weigh belt feeder and fed to the wet mills with
treatedwater thatis recycled from other areas of the gasification plant. A fluxing agent may be added to the mills. Prepafed
slurry if stored in an agitated tank. The tank capacity is sufficiently large to supply slurry without interrupting gasifier
operatipns when the-wet mills undergo planned maintenance.

In th¢ direct meastirement of slurry, the fuel’s heating value is determined by ASTM laboratory techniques. Magnétic
flowmeters arecthe preferred flow measurement devices for high-pressure slurries. If the solids are suspended in a
relativdly uniferm fashion, the flow can also be measured with calibrated orifices. If the solids can settle out, then
flow cah b measured with an eccentric orifice, a segmental orifice, or an eccentric venturi.

Durin 3 atlea : a ak 3 iswi awn,weig ind
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 direct measurement of fuel flow and the laboratory or on-line chromatograph-determined
heating value. Consistentheatinput from liquid or gaseous fuels may also be determined by calculation, as is done 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 be measured
by an on-line analyzer such as a gas chromatograph or mass spectrometer, or by sampling the stream periodically (atleast
three samples per test) and analyzing each sample individually in the laboratory. An evaluation of the variability of gas
heating value shall be made to determine the impact on the test uncertainty. The number of auxiliary gas samples required
during the test is dependent upon minimizing the test uncertainty. The analysis of gas, by either on-line chromatography
or the sampling method 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 hpnfing values shall be calculated in accordance with ASTM D3588

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

-10.1.5 Liquid Hydrocarbon Feeds. If liquid fuel is used, the quantity that is burned shall be détermined. Liquid fuel
floyvs can be measured using a flow orifice installed in accordance with ASME MFC-3M or 6ther measurement(devices
sudh as positive displacement flowmeters or turbine flowmeters calibrated in accordance with ASME PTC 19.5. The
flojvmeters 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 samplifigipoint shall be located as flose as
pogsible to the test boundary, upstream of the metering station, such that the liquid fuel sample represents the liquid fuel
floying through the flowmeter device. Fuel oil and natural gas typically have more consistent composition thar| coal or
other solid fuels, and therefore require fewer samples. Liquid fuel analyses shall be completed on samples taker} during
the test. The lower and higher heating values and the specific gravity.of the fuel shall be determined from thse fuel
sarhples. The heating value of each fuel sample shall be determined in@¢cordance with the procedures specified in ASTM
D4B09 or equivalent standard.

4-10.1.6 Methods of Solid Fuel Analysis. For solid-fuel-fired gasifiers, the minimum fuel information reqyiired to
detlermine efficiency is the ultimate analysis, proximate analysis, and the higher heating value. Table 4-5.2.1-1 identifies
thg ASTM procedures to be used for analysis. ASTM D3180 defines the procedures for converting the analysis fijom one
bagis to another. The latest versions of these procedure§shall be utilized. If ASTM adds a new or revised procedurg that is
agrjeeable to both parties to the test, that procedure may be used.
The determination of other solid fuel qualities'sueh as fusion temperature, free-swelling index, grindability, ash chem-
istty, and fuel sizing is important to judge the-equivalence of the test fuel and the specified fuel and may be requiired for
other test objectives.

4-10.1.7 Methods of Sorbent and Residue Analysis. The minimum information needed to determine th¢ sulfur
capture efficiency is the sorbent ultimate analysis (calcium, magnesium, moisture, and inert). Table 4-5.2.1-2 identifies
theg 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 fhe test
objectives.

4-10.2 Indirect Measurement Method

The indirect measurement method of fuels is based on a carbon balance of the gasification system, in which thg carbon
in fhe input fuélis’calculated as the sum of the carbon in the untreated syngas plus the carbon contained in the gsh. The
carpon flow.in'the untreated syngas is determined from gas chromatography and flow measurement of the urtreated
syrgas. Thecarbon flow in the ash is determined from the ash analysis and flow measurement of the ash. The mass flow
ratp of the primary input fuel is calculated from its calculated carbon flow and ultimate analysis, and the HHY of the
primary fuel is determined as described in para 4-1 01

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 be measured 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 input power to an electricload can be estimated by taking RMS voltage and current measurements. The measure-
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:

J3 X VX IXPF
1000

Aux =

1000 = conversion factor from watts to kilowatts

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

= power factor, as a decimal

= average phase-to-phase voltage, V

NOTE: Dp notattempt to make direct voltage measurements above 600 V RMS. If the motor supply voltage is higher than 600 V,a voltage
transforfner shall be used. The three-phase input power, Pt (in kilowatts), to the motor can be calculated from the same equatiof as
used forfauxiliary power. Measurement of all three phases shall be made and the average value used,for the calculation. This appligs to
the voltdge, current, and power factor measurements, all of which can usually be made at the motorstarter box. Refer to ASME PTC 1P.6,
subsectipns 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-hpur
meters)Single- or polyphase metering equipment may be used. However;, if polyphase equipment is used, the output fom
each phase shall be available or the meter shall be calibrated three*phase. These meters are described in paras. 4-11J2.1
through 4-11.2.3.

4-11.p.1 Wattmeters. Wattmeters measure instantanegus 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 (kilowafts)
during the test. If the total active electrical energy (kilowatt-hours) isneeded, the average power shall be multiplied by the
test dufation in hours.

Wattineters measuring a Class 1 primary variable shall have a bias uncertainty equal to or less than 0.2% of the readjng.
Meterirnjg with an uncertainty equal to or less-than 0.5% of the reading may be used for the measurement of Clags 2
primary variables. There is no metering acesuracy requirement for measurement of secondary variables. The output fom
the wattmeters shall be sampled with@ frequency high enough to attain an acceptable precision. This is a function of the
variatign 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-hoursshall be divided by the test duration in hours to determine average active power (kilowafts)
during fthe test period.

Wattthour 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 Clags 2
primary variablés:There are no metering accuracy requirements for measurement of secondary variables.

The jlesolution+of watt-hour meter output is often so low that high inaccuracies can occur over a typical test perjod.
Often wattthour meters have an analog or digital output with a higher resolution that may be used to increase the
resolutjon/Some watt-hour meters also have a pulse-type output that may be summed over time to determine an accurfate
total energy value during the test period. For disk-type watt-hour meters with no external output, the disk revolutions can
be counted during a test to increase resolution.

4-11.2.3 Wattmeter and Watt-Hour Meter Calibration. Wattmeters and watt-hour meters, collectively referred to as
power meters, are calibrated by simultaneously applying power through the test power meter and a standard wattmeter
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 power measurement data from the test. For test points between the calibration power levels, a curve fit or
linear interpolation shall be used. The selected power levels shall be approached in an increasing and decreasing manner.
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-hour meters, the output from the wattmeter standard shall be measured 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).

AMattmeter standards shall be allowed ta have power flows t‘hrnngh them prinr to calibration ta ensure the device is

ad¢quately 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
poyver loss for these transformers is difficult to measure in the field, it may be necessary to use the resulty of the
trapsformer’s factory performance tests. Normally the factory tests for determining poweryloss are condycted at
0% and 100% of the transformer’s rated load at various voltages. In order to calculate the transformer| power
losp, 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~dgcquisition and handling of test data| It also
degcribes the fundamental elements that are essential to a comprehensive data acquisition and handling syqtem.

This Code recognizes that technologies and methods for data acguisition and handling will continue to change and
improve. If new technologies and methods become available and‘are’shown to meet the required standards stated within
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 ir] a form
suifable for processing or presentation. Systems may beZas simple as a person manually recording data or as complex as a
digiital computer-based system. Regardless of its complexity, a data acquisition system shall be capable of re¢ording,
sarhpling, 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
redognized that this type of system introduces additional uncertainty in the form of human error, and such uncertainty
shdll be accounted for accordingly. Further, due to their limited sampling rate, manual systems may requird longer
periods of time or additional personnel for a sufficient number of samples to be taken. A test period duration
sh3ll be selected that allows enoqugh time to gather the number of samples required by the test. Data collection
shdets shall be prepared prior-to the test. The data collection sheets shall identify the test site location, dat
andl type of data collected,’and shall delineate the sampling time required for the measurements. Sampling
shgll be clocked using adigital stopwatch or other appropriate timing device. If it is necessary to edit datd sheets
during the test, all edits shall be made using black ink, and all errors shall be marked through with a sin|
and initialed and {ated 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
shdll beZvecorded in its uncorrected, uncalculated state on both permanent and removable media to permit pjost-test
applicati 3 i and pri aving i

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, or modified. If photocopying is not available, manual replication of the data collection sheets shall be made
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 Data Acquisition System Requirements. Prior to selection of a data acquisition system, it is necessary to have
the tesfprocedure In ptace that dictates the SyStem reqUITements. 1 Ne test procedure sna garty dictate the typg of
measurements to be made, number of data points needed, the length of the test, the number of samples required,jand the
frequer]cy of data collection to meet the target test uncertainty set by this Code. This information shall serve as'a guid¢ in
the selgction of equipment and system design.

Each|measurement loop shall be designed with the ability to be loop calibrated and checked for contjnuity and poyer
supply [problems. To prevent signal degradation due to noise, each instrument cable shall be desighed with a shield
around|the conductor, and the shield shall be grounded on one end to drain any stray induced _currents.

4-123.2 Temporary Automated Data Acquisition System. This Code encourages the usefof temporary automated
data acpuisition systems for testing purposes. These systems can be carefully calibrated{and their proper operation
confirnjed in the laboratory and then transported to the testing area, thus providing traceability and control of the
complefe system. Temporary systems limit the instruments’ exposure to the elements.and’avoid the problems associated
with cdnstruction and ordinary plant maintenance.

Site layout and ambient conditions shall be considered when determining the' type and application of temporpry
systems. Instruments and cabling shall be selected to withstand or minimjze the impact of any stresses, interference,
or ambjent conditions to which they may be exposed.

4-123.3 Existing Plant Measurement and Control System. This Codédoes not prohibit the use of the plant measyre-
mentard control system for Code testing. However, the system shallmeet the requirements set forth in this Code. Furt?:r,
users shall recognize the limitations and restrictions of these systems for performance testing, including the following:

(a) Nlostdistributed plant control systems apply threshold or dead-band restraints on data signals. This results in data
that ard reported only when change in a parameter exceeds@;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) Nost plant systems do not calculate flow ratesdin’accordance with this Code, but instead use simplified relatipn-
ships. This includes, for example, constant dischargeleoefficient or even expansion factor. A plant system indication of flow
rate shall not be used in the execution of this.Code, unless the fundamental input parameters are also logged, and fthe
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 conyversion
andl fuel utilization and to ensure that all stream conditions are converted to a common basis. Most.Streams Within a
gadification block of an IGCC system contain thermal energy (sensible heat) and chemical energy (heating value). To
prqperly specify thermal-chemical properties of an energy stream in the power plant, this Code/defines enthalpjy as the
of thermodynamic enthalpy [integrated specific heat-temperature relation between the reference temperajture (at
ich the heat of formation is based) and stream temperature] and heat of formation. This,definition avoids incongistency
nergy calculation for different types of flows, and unifies mass—energy balance calculdtions between the subgections
systems.

he test boundaries for the gasification block are shown in Figure 3-2.2-1. Selected properties of these streams|need to
easured separately as described in this Section to evaluate the performance of an IGCC gasification block. The first
e input streams — primary fuel, secondary fuel, and coal-drying fuel —<are chemical inputs into the IGCC gasification
k test boundary. Syngas is the primary energy output, and measureinents of some or all of the remaining strepms are
d to determine corrections.
he calculations in this Section cover the most common energy'streams crossing the test boundary, but the [specific
ification block undergoing the test is likely to include other energy streams that shall be measured and ysed for
rections. The selection of the stream properties to be measured depends on their sensitivity coefficients as deffined in
tion 7.

mbient conditions are assumed to have a negligible effect on the gasification block performance.

DATA REDUCTION

ollowing each test, all completed test logs-and records shall be examined to determine if the permissible deviations
specified operating conditions have'exceeded those prescribed by the individual test code. Adjustments of gny kind
shdll 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 haveto be repeated. Inconsistencies in the test record or test result may require|tests to
be fepeated in whole or in part/inerder to attain test objectives. Corrections resulting from deviations of any oflthe test

FUNDAMENTAL EQUATIONS

his subsectiongrovides the equations necessary for evaluating whether a gasification block’s performance cpmplies
with the vendor{s guarantees. The equations are exemplary in nature and are subject to change based on the needs of the

.1 Nomenclature

)XSymbols 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/Ibm)
B = coefficient
Eff = gasification effectiveness, dimensionless
H = enthalpy, k]J/kg (Btu/lbm)
HRD = heat recovery duty, kJ/s = kW (Btu/sec)
LHV = lower heating value, k]/Nm?® (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, Nm?/kg (scf/lbm)
P = pressure, kPa (psia)
PW = power, KW
Q = energy flow, k]/s = kW (Btu/sec)
Rsv = normal-to-actual specific volume ratio of syngas at temperature and pressure, Nm*/m? (scf/acf)

SG =—specific gravity _dimensionless water = 10
I (=] 4

sv|= specific volume, m*/kg (ft*/lbm)

T|= temperature, °C (°F)
U|= uncertainty, dimensionless
V|= normal volumetric flow, Nm*/s (scfm)
W|= mass flow, kg/s (Ib/sec)
XM|= moisture content, kg/kg (lbm/lbm)

XS|= solids concentration in slurry, kg (Ib) solids/kg (Ib) slurry, volume fraction, dimenS$ionless

(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

Equaltion (5-3-1) is thefundamental performance equation for corrected product syngas energy. Product syngas
energy |does not include“sensible heat or contaminants such as H,S, COS, or NH3. The corrected value is calculated
based gn its measuredivalue with additive and multiplicative corrections. Sensible heat is not included in the corrected
product syngas enexgy.

- _ . 5-§-1
Qpgcorr = (Vpg X LHVpg + ). As,) x TIMS; -1

where
AS; = additive correction, k]J/s = kW (Btu/sec)
i = individual additive correction of n corrections
=1,n
j = individual multiplicative correction of m corrections
=1 m
LHV,, = product syngas lower heating value, kJ/Nm? (Btu/scf)
MS; = multiplicative correction, dimensionless
Qpgcorr = corrected product syngas energy, k]/s = kW (Btu/sec)
Voe = product syngas volumetric flow, Nm?/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,
Eff.,r, is adjusted by additive and multiplicative corrections.

Q
Effeorr = Pyt (5-3-2)
(pr,corr + st,corr + Pwax,corr)
where
Eff.,rr = corrected gasification effectiveness, dimensionless
PWoy corr = corrected auxiliary power, kW
Qpfcorr = corrected primary fuel input energy, kJ/s = kW (Btu/sec x 1.05506)
Qpgcorr = corrected product syngas energy, kJ/s = kW (Btu/sec x 1.05506)
stcorr = corrected secondary fuel input energy, kJ/s = kW (Btu/sec x 1.05506)
The parameters within the performance test criteria equations are calculated as follows:
Qpgeore = (Wt X LHVy¢ + 3 AR) x TIME, (5-3-3)
whiere
AF; = additive correction, kJ/s = kW (Btu/sec)
i = individual additive correction of n corrections
=1,n
j = individual multiplicative correction of m corrections
=1 m
LHV,; = primary fuel lower heating value, k]/kg (Btu/lb)
MF; = multiplicative correction, dimensionless
Dorcorr = corrected primary fuel input energy, kJ/s = KW- (Btu/sec)
Wpys = primary fuel flow, kg/s (Ib/sec)
Quf conr = (Mo X LHVg + Y AF2;) x TIMF, (5-3-4)

Where
AF2; = additive correction, kJ/s = kW (Btu/sec)
i = individual additive correction of n corrections
=1,n
j = individual multiplicative correction of m corrections
=1, m
LHV,; = secondary fuellower heating value, k]J/kg (Btu/lb)
MF2; = multiplicative correction, dimensionless
Dsscorr = Corrected 'secondary fuel input energy, kJ/s = kW (Btu/sec)
Wy = secondary fuel flow, kg/s (Ib/sec)

If the empirical relationship between primary fuel flow and total auxiliary load is known, eq. (5-3-5) can bejused to
calfulate ¢orrected auxiliary power.

PW. = (pw__+ Y AP x IIMP. (5-3-5)
S W~ .
where
AP; = additive correction, kW
i = individual additive correction of n corrections
=1,n
j = individual multiplicative correction of m corrections
=1 m
MP; = multiplicative correction, dimensionless
PW,x = measured auxiliary power, kW
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PWyy corr = corrected auxiliary power, kW

Ifthe effect of primary fuel flow on total auxiliary load is not known, the corrected power requirement for each auxiliary
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 corr = (PWk + Z APki) X IIMPy; (5-3-6)

Pwax,corr = Z Pwk,corr X k 554-7)

where
APk; = additive correction for element k, kW

“w. _n

i = individual additive correction of “n” corrections

=1,n

j = individual multiplicative correction of “m” corrections
=1 m

k = individual auxiliary element of nk elements
= 1, nk

MP,; = multiplicative correction for element k, dimensionless
PW_corr = total corrected auxiliary power for element k
PW, = measured power for auxiliary element k, kW
PW{corr = corrected power for auxiliary element k, kW

5-3.4 Carbon Conversion Efficiency

Althdugh carbon conversion efficiency (CCE) is a widely used gasifier performance criterion, itis not a test criterion|for
the complete gasification block. CCE represents the percentage.of total carbon in the gasifier feedstock (i.e., coal or
biomasgs) converted to product gases, which contain carbon [i.e., carbon monoxide (CO), carbon dioxide (C(,),
methane (CH,4), acetylene (C,H;), ethylene (C,H,4), and _ethane (C,Hg)].

CCE = IZYdrygaS % (CO + C02 + CH4) + 2(C2H2 + C2H4 + C2H6) (5-3-8)
22.4C
where
C = carbon in the dry.feedstock, %wt
CCE = carbon convepsion efficiency, %
(O, CO,, CHy,
Czl‘ 2, C2H4_, and
C,Hg = percent of the gas, in %vol = %mol
Yary gas = dry<gas yield per kilogram of dry feedstock, Nm?/kg

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

5-3.5 Gasifier ‘Energy Efficiency

Althdughgasifier energy efficiency is a widely used gasifier performance criterion, it is not a test criterion for the
Compl(—" e g;\ciﬁ(‘nfinn block Gasifier energy efficiency can he PYprpccpd using two efficiencies: cold gas efficiency ((‘ ‘,E)

and hot gas efficiency (HGE) per the following formulas:

e CE X Yry gas X 100 (5-3-9)

DBE + SE

(CE + PE) X Ygpygas X 100
DBE + SE

HGE = (5-3-10)
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where
CE = chemical energy of dry gas, M]/Nm?® (Btu/Ib)
CGE = cold gas efficiency, %
DBE = energy content of dry feedstock, MJ/kg (Btu/Ib)
HGE = hot gas efficiency, %
PE = sensible energy of dry gas, MJ/Nm® (Btu/Ib)
SE = sensible energy of oxidizing agent, MJ/kg (Btu/lb)
Yary gas = dry gas yield per kilogram of dry feedstock, Nm?®/kg

CORRECTIONS

ypically, the parties to the test agree upon a set of reference conditions at which the gasification block is expgcted to
op¢rate during the performance test. These conditions include the following:
a) ambient conditions such as air pressure, temperature, and humidity; fuel temperaturé\and composition; joxidant
temperature, pressure, and composition; and cooling water temperature
b) secondary, controlled operating conditions such as grind quality (particle size distribution), slurry concerjtration,
andl quantity and quality of various recycled gaseous, water, and solid streams
f ambient and secondary operating conditions are within accepted limits but the contracted reference conditjons are
nof, itis necessary to adjust or correct test results (e.g., gasification block input,Qutput, and effectiveness) calculatpd from
the test measurements. Corrections distinguish the effects of the off-referénce ambient and gasification block ofjerating
conjditions from the effects of deficient design and equipment.
est results shall be reported as calculated from test observations, corrected for instrument calibration gnd test
deyiations from reference conditions, but shall have no other adjustments.
he calculation of the uncertainty of the performance test results shall be based on the uncertainty of measuilements
malde during the test as applied to the tested performance andthe performance correction procedure. It shall notfinclude
any uncertainty attributed to either the correction curves or the modeling method used to calculate the perfofmance
colfrections.
Paragraph 5-4.2 identifies the parameters that influence the performance of an IGCC power plant gasification bllock and
degcribe appropriate correction methods that may be used to compensate for variations in those parameters.

4.1 Gasification Block Model

he gasification block model is a model 6f the thermal systems contained within 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 tept. Each
cotfrection is calculated by running the heat balance model with a variance in only the parameter to be corrected ¢ver the
pogsible range of deviation fromthe reference conditions. The correction curves thus developed are incorporated finto the
spqcific test procedure document.
his Code permits the-parties to the test to input test data into a heat balance computer program so that the cdrrected
petformance can be éalculated using data from a single heat balance run.
he main functional requirements of the gasification block model are completeness, flexibility, and accurdcy.

3-4.1.1 Model-Completeness. The model shall be able to predict changes in the gasification block perfornfance in
gponse ta’chianges in the test boundary conditions. These include ambient conditions such as temperature, pfessure,
andl fuel eamposition; process steam and water flow conditions; and secondary thermal and electrical inputs and ¢utputs.

3-4;1:2 Model Flexibility. The normal range of the model is expected to be at base load with the expected varigtions in
ambie OTTAItioNS armd o g 0 ctestboundary o O aImd outpu 0 cTIode aitimctude 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
property methods, convergence techniques, and engineering models, 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 the primary purpose of the model is to correct plant performance to reference conditions. This means that the ability
to accurately predict changes in performance due to a change in a test boundary condition (A) 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.

The basic gasification block model 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

. L, .
equipment. cnpphpr IS prpdlr‘fpd pprfnrmnnr‘p

The limit of the model’s use and accuracy is restricted to the limit of the components used as inputs to the plant moglel.

be
t it

{fer
ray

the
be

ng,
and tunjing of the model. Limits are those operating regions where the accuracy‘f the model is reduced or is unacceptable
for the |[purposes of testing. The model cannot be used for testing plant.eperation beyond the validated limits.

5-4.2 Additive and Multiplicative Corrections

Influgncing variables are all of the variables that are deviations frém reference conditions during the test and that affect
the performance of the gasification block. They include variables\that cause deviations from design and operating conjdi-
tions, input and output streams, and control equipment and.instrumentation. Some of these variables can have mdjor
impactg on the syngas flow, fuel consumption, and oxygen‘eonsumption, while others may have insignificant impafts.
These yariables can be quantified by modeling the plant in detail.

To cqrrectly calculate test results, Code users shall adjust measured parameters to correct for allowable variation§ in
both cqntrollable operating parameters and uncontrollable external effects, such as ambient temperature. Stregms
crossing the test boundary are measured during the test, and their deviations from reference values are used as
the basjs for additive and multiplicative corrections. These corrections are applied to the measured performance egua-
tions td 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 if an
additive¢ correction for vatiations in sorbent feed rate if the sorbent is added to the gasification process.

5-4.2.1.2 AdditiveCorrection to Heat Recovery Duty. The syngas cooler cools the syngas by heating feedwatef to
producg hot water orsteam for the steam turbine cycle. In most cases, the product is saturated steam. The heat recovery
duty (HRD) is_calculated from the feedwater flow, feedwater inlet temperature, and saturated steam exit pressyre.
Variati
the steg
excessi
syngas energy performance parameter

HRD = Wi, X (hes — hgy) (5-4-1)

where
hes = export steam enthalpy determined as a function of pressure and temperature, kj/kg (Btu/lbm)
hgy = feedwater enthalpy determined as a function of temperature, kj/kg (Btu/lbm)
HRD = heat recovery duty, kJ/s (Btu/sec)
We = feedwater flow, kg/s (Ib/sec)
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Table 5-4.2-1 Additive and Multiplicative Corrections

Correction Factor for

Correction Factor Product Syngas Primary Fuel Secondary Fuel
Number Parameter Energy Energy Energy Auxiliary Power

Additive [Note (1)]

1 Sorbent feed rate ASq AF, 0 AP,
2 Heat recovery duty AS, 0 0 0
3 Primary fuel flow 0 0 0 AP3
Multiplicative [Note (2)]
1 Fuel composition MS; MF, MF24 1
2 Primary fuel supply temperature 1 MF, 1 1
[Note (3)]
3 Secondary fuel supply temperature 1 1 MF23 1
[Note (4)]
Sorbent input properties MS, MF, 1 1
Slurry concentration (for slurry-fed MSs MFs 1 MRs
systems)
Oxygen concentration 1 MF¢ 1 1
7 Oxidant temperature 1 MFg 1 1
Syngas demand MSg MFg 1 1
NOTES:
(1) | Additive corrections are set equal to zero if they do not apply to the measured restlts for the specific type of plant being tested or tp the test
objectives.
(2) | Multiplication corrections are set equal to unity if they do not apply to the méasured results for the specific type of plant being tested or to the

(3)
4)

tio

\!

I

test objectives.
The primary fuel is the fuel-water slurry for slurry-fed systems andthe fuel itself for all other types of gasifiers.
The secondary fuel is the pilot fuel used in gasifiers that are notJined with refractory material.

HRDyegr X ng,test

ASZ =
I/ng,test — HRDyef X ng,ref / I/ng,ref

vhere

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

HRD,.s = heat recovery dutyjin reference case, kJ/s (Btu/sec)
{RDes: = heat recovery(duty in test case, kK] /s (Btu/sec)
Wherer = reference product syngas flow, kg/s (Ib/sec)
Wietest = test product syngas flow, kg/s (Ib/sec)

Wegrer = reference sour syngas flow, kg/s (Ib/sec)

Wisgtest = testsour syngas flow, kg/s (Ib/sec)

5-4.2,1.3  Multiplicative Correction to Primary Fuel Properties. Primary fuel properties can affect syngas c
. Thisiis a multiplicative correction for variations in primary fuel input properties.

(5-4-2)

mposi-

5-4.2.1.4 Multiplicative Correction to Sorbent Input Properties. Sorbent properties can affect syngas comp

osition.

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.

ng, ref X LHVpg, ref

ng,test X LHVpg,test

MSg =

where

LHV ¢ = reference product syngas LHV, k]/kg (Btu/lb)
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LHVg st = test case product syngas LHV, k] /kg (Btu/lb)
MSg = multiplicative syngas demand correction, dimensionless
Wogrer = reference product syngas mass flow, kg/s (Ib/sec)
Wogtest = test case product syngas mass flow, kg/s (Ib/sec)

5-4.2.2 Corrections to Primary Fuel Input. The primary fuel is the principal source of energy for the gasification block.
Ifablend of solid fuels is used, the combined properties of the blended fuel are used to define the primary fuel. Corrections
for prirhary fuel input are described below.

5-4.2.2.2 Multiplicative Correction to Primary Fuel Composition. A computer model based on 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.

affected by ambient water temperature and residual heat from coal grinding, so itis considered an uncontrollable variable
for whith correction curves are needed. Slurry temperatures do not typically vary-by more than 3°C (5.4°F). In fuel-only

sorbent input properties.

5-4.2.2.5 Multiplicative Correction to Slurry Concentration:Slurry concentration can be measured butis difficull to
control] so it is considered an uncontrollable variable for which a correction curve is needed. The dry (moisture-free)
portionjof the fuel shall be considered the solids concentratien, since the moisture in the fuel is part of the water portiof of
the sluyry.

5-4.2.2.6 Multiplicative Correction to Oxygen Concentration. The composition (purity) of oxygen product enterjing
the gasffication block is considered an uncontrollable variable for which a correction curve is needed.

5-4.2.2.7 Multiplicative Correction to Oxidant Temperature. The temperature of air of oxygen product entering the
gasification block is considered an uncentrollable 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
ambienft air pressure and temper@ature, resulting in part-load operation for the gasifier. The oxygen product flow from the
air separation unit (ASU) can also be limited by ambient air pressure and temperature. Gasifier part-load operation
betweeh 75% and 100% load’is expected to affect the gasifier inlet and exit flows but have negligible effects on other

5-4 3 Multip ative Correctionto-Secondary-Fuel Compesition—\computermodelbased-onfuelconstituents 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,
coal milling, sour water slurry recycle pump, slag handling, quench water pump, and scrubber pumps used for particulate
removal.

5-4.2.4.1 Additive CorrectiontoSorbent Feed Rate. Thisis an additive correction for variations in sorbent fee

a sorbent is added to the gasification process.

ad

drateif

5-4.2.4.2 Additive Correctionto Primary Fuel Flow. Variations in primary fuel flow affect the power requirements of
some auxiliaries while others have relatively constant power requirements regardless of operating conditions. The

itive correction in eq [(5-4-4) is the change in auxiliarv nower resulting from the change in primary fu
T— + & >t & & T

1 flow.

Th

wh

slu
gra

wh

4

indicated in<lable 5-4.2.4.3-1. Typical items are listed in the table, but the list is not all-inclusive. Note that a

ele

s relationship can be approximated as a linear function when operating near reference conditions.
APy = By X (Wpf,ref - Wpf,meas)

ere
B.x = change in auxiliary power, kWs/kg (kWs/lb)
= dPW/dWy
dPW = change in auxiliary power, kW
dWy¢ = change in primary fuel flow, kg/s (Ib/sec)
Vptmeas = measured primary fuel flow, kg/s (Ib/sec)
Whperer = reference primary fuel flow, kg/s (Ib/sec)

5-4.2.4.3 Multiplicative Corrections to Slurry Concentration. The power requirement of slurry-handling
nt is roughly proportional to the specific gravity of the slurry. Multiplicative corrections to the power requiren
I'ry mixers, slurry pumps, and slurry recycle pumps are based on the'ratio of reference specific gravity to test
vity. The approximations below can be used if empirical power €orrections are not available.

SGref i
MPs ; ——

SGmeas,j
[(1- Xsref,j) + XSef j X SGpf ref,]
[(1 - Xsmeas,j) + Xsmeas,j X Spr,meas,j]

ere
Jj = equipment identifier

= 1 for slurry mixture
= 2 for slurry pump
= 3 for slurry recycle pump

MPs = multiplicative corre€tion to slurry concentration, dimensionless

SG = specific gravity of slurry, referred to water, dimensionless
SG¢ = specific gravity of ‘primary fuel, referred to water, dimensionless

= 0.64, typically,/for ground coal

XS,. = reference concentration of solids in slurry, kg (Ib) solids/kg (Ib) slurry, volume fraction, dimen

(Smeasj = measured concentration of solids in slurry, kg (Ib) solids/kg (Ib) slurry, volume fraction, dimen

Al auxiliary-systems in the gasification block shall be included in the analysis and their performance corrg

ments that are not affected by test conditions do not need corrections.

(5-4-4)

equip-
hents of
specific

(5-4-5)

ionless
ionless

cted as
Lxiliary

5-5PARAMETERS USED IN-THE FUNDAMENTAL EQUATIONS

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

Correction for Slurry Correction for Primary

Auxiliary Equipment Concentration Fuel Flow
Coal-handling equipment AP3
Coal conveyors AP;
Coal-milling equipment AP3
Grinders AP3
Pneumatic feed system (compressors, etc.) AP3
Quench yater pump
Scrubbey| pumps (if a water scrubber is used for environmental control)
Slag-hanglling equipment
Slurry mijixers MPs APy
Slurry pymps MPs AP3
Slurry recycle pump MPs AP3

Vacuum pumps

5-5.1 Primary Fuel Input Calculations

The primary fuel thermal input is the fuel flow multiplied by its heating value.

Qpf = Wpr X LHVp¢ (5--1)
wherle
LHV{s = primary fuel lower heating value, k]/kg (Btu/Ib)
Qdr = primary fuel thermal input, kW(t) (Btu/s)
Wys = primary fuel flow, kg/s (Ib/s)

Heating value is determined from the ultimate analysis of\thé 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-wdter
slurry, the carbon balance method and the slurry measutement method shall be used. For all other feed systems, the
carbon palance method and the direct measurement method shall be used. Agreement between the two primary fuel flow
measurements requires overlapping uncertainty bahds (as shown in Section 7), and the flow will be the weighted averpge
of the two measurements, with the weight of‘€ach measurement being inversely proportional to its uncertainty.

5-5.1.1 CarbonBalance Method. The carbon-balance method is based on the fact thatall 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 agh/
slag cagbon, divided by the carbon weight fraction in the ultimate analysis.

Wyg X XCgq + Wy X XC,

Wy = (5-3-2)
P XCPf
where
Wye|= primary fuelflow, kg/s (Ib/s)

W, |= syngas<flow, kg/s (Ib/s)
W, |= slag.0r ash flow, kg/s (Ib/s)
XC,¢|= primary fuel carbon content in ultimate analysis, kg/kg (1b/Ib)
XCsg |=vsyrigas carbon content, kg/kg (Ib/1b)
] £

XC L 1 £ L] £ /110
X StagOT - ast Car oo COTITCTIG, K7 g (107 107

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

_ (Vvsy X Xssy) - (erc X Xsrc)

pf 1 — XM (559)

pf

where
Wpye = primary fuel flow, kg/s (Ib/sec)
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W, = recycle slurry flow, kg/s (Ib/sec)

Ws, = CWS flow, kg/s (Ib/sec)

primary fuel moisture content, kg/kg (lb/1b)
XS,c = recycle slurry solids concentration, kg/kg (Ib/Ib)
XSsy, = CWS solids concentration, kg/kg (Ib/lb)

5-5.1.3 Solid Flow Direct Measurement. The solid flow direct measurement method is used for dry-fed gasifiers. Solid

fue

1 flow can be measured with 2% uncertainty using a calibrated gravimetric feeder.

e

the

wh

5-%.2 Heating Value, LHV

]
tes
]

wh

i
of

-5.1.4 Weighted Average Primary Fuel Flow. The fuel flow is the weighted average of the flows calculated.b
methods above, with the weight of each flow being inversely proportional to the square of its uncertdin

2 2
(W1 X [Ui] ]+ Wy X (UL] ]
Wf — 1 2

N

ere
Wpe = weighted average primary fuel flow, kg/s (Ib/hr)
Vor1 = primary fuel flow calculated by first method, kg/s (Ib/hr)
Vor2 = primary fuel flow calculated by second method, kg/s (1b/hr)
U; = uncertainty of first method, percent
U, = uncertainty of second method, percent

'he heating values of the primary and secondary fuels entering the gasification block are determined from lab
[s of the fuels as described in Section 4.

'he heating value of the product syngas, LHV,, is calculated by eq. (5-5-5).

LHV,g = (ypy, X LHVE) + (pg X LHVCO) + (cprs X LHVCH4)

ere
LHVcys , LHV o,
LHVy,

YcH4 Ycor YH2

lower heating value*of methane, carbon monoxide, and hydrogen, respectively
mole fraction of methane, carbon monoxide, and hydrogen, respectively

broduct syngas) that, if present, would contribute to the syngas heating value at the power block.

5-

boyindary before-gas conditioning occurs. It does not consider sensible heat in the gas.

.3 Product Syngas Energy Flow, Q4

roduct syngas ehergy flow represents usable chemical energy in particle-free syngas that is exiting the

QPg = VPg X LHVpg

re

 two of

ty.

(5-5-4)

oratory

(5-5-5)

quation (5-5-1) shall be modified to include other combustible species (e.g., ethane, ethylene, and other components

gasifier

(5-5-6)

HV;, = product syngas lower heating value, kJ/Nm? (Btu/scf)

<
1

bg = Product syngas normal volumetric 110w, NT=/5 (SCI/5ec)
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Section 6
Report of Results

6-1 GE

At a
(a) €
(1

@)

(3)

(4)

(b) i
(1

the nar
@)

the test
3
conditi
(c) ¢
(1)

@)

3

the tesft]
identifi
proprie

tested plant. Documentation of any model used shall be included in the test report.

(4
(5

applied|

(6
(d) i
(e) ¢

(1)

2
(f) a

(1

2

3

ENERAL REQUIREMENTS

minimum, the test report shall include the following distinctive sections:

xecutive summary (see subsection 6-2), containing

a brief description of the object, result, and conclusions reached

signature of the test director(s)

signature of the reviewer(s)

approval signature(s)

htroduction (see subsection 6-3), containing

authorization for the tests, the object of the tests, contractual obligations and gliagantees, stipulated agreeme
he of the person directing the test, and the representative parties to the test

a description of the equipment tested and any other auxiliary apparatussthe operation of which may influe
results

ns, and a complete description of methods of measurement not‘prescribed by this Code

hlculations and results (see subsection 6-4), containing

a summary of measurements and observations.

methods of calculation from observed data and calculdtion of probable uncertainty.

correction factors to be applied because of deviations,\if any, of test conditions from those specified. If partie
agree to use a plant integrated thermal model to.¢alculate correction factors, the report shall contain sped
ration of the model used and copies of all input and output data (in lieu of correction curves). If the modd
tary to one party to the test, that party shall be-required to retain a version of the model configured for the

primary measurement uncertainties;-including method of application.
the test performances stated under ‘the following headings:
-a) testresults computed on the basis of the test operating conditions, instrument calibrations only having b

tabular and graphical presentation of the test results.

hstrumentation (see subsection 6-5)

pnclusions (see subsettion 6-6), containing

discussion andydetails of the test results and uncertainties

discussion ef\the test, its results, and conclusions

bpendices«(see subsection 6-7), containing

furthef\description and illustrations to clarify the circumstances, equipment, and methodology of the te
a desgription of methods of calibrations of instruments

an_outline of details of calculations, including a sample set of computations, descriptions, and stateme

depictilhg

nce

method of test, including arrangement of testing equipment, insttuments used and their locations, operating

5 to
ific
l is

Pen

-b) testresults corrected td specified conditions if test operating conditions have deviated from those specified

g enacial facting anmparatc
peciar

TEapporore

(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
) any agreements among the parties to the test that allow any major deviations from the test requirements,elg., if the
tesf requirements call for three test runs, and all parties agree that two are sufficient

INTRODUCTION

he introduction to the test report gives general background information necessary for the redder to understand the
cireumstances leading up to, and the reasons for, the test. This section of the test report inclades the following topics:
) any additional general information about the plant and the test not included in thie\executive summapy
) an historical perspective, if appropriate
) one or more diagrams showing the test boundary and streams (refer to the diagram’s for specific plant typ¢ or test
gogl)
) a list of the representatives of the parties to the test and their involverient and responsibilities in the| testing
prqcess

) any pretest agreements that were not listed in the executive summary
the organization of the test personnel, including number and typ€ of personnel supplied by each organization and
thq tasks for which each organization was responsible during the test
) test goals per Sections 3 and 5 of this Code

CALCULATIONS AND RESULTS

he goal of the calculations and results section of the-test report is to describe all calculation procedures used in the
anglysis phase of the test. By using the detailed description and sample calculations, the reader should be able td under-

) the format of the general performance equation that is used, based on the test goals and applicable corrgctions.
) tabulation of the reduced data necessaryjto calculate the results, and a summary of additional operating conditions
are not part of the reduced data.
) step-by-step calculation of test results from the reduced data. Refer to Nonmandatory Appendices A and B for
exdmples of step-by-step calculations*for each plant type and test goal.
) detailed calculation of primary flows from applicable data, including intermediate results, if required.
) detailed calculations of stream properties, i.e., density, purity, enthalpy, and heating value. Values of conptituent
prgperties used in the detailed calculations shall be shown.

any calculations showing elimination of data for outlier reason, or for any other reason.
) comparison of the'repeatability of test runs.

INSTRUMENTATION

he instiumentation section of the test report contains a detailed description of all instrumentation used during|the test
itsdecuracy, and how each measurement conforms to the Code requirements. The following shall be influded:
)~tabulation of instrumentation used for the primary and secondary measurements, including make and model
nuber

(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) qopies of signed isolation checklists and valve lineup sheets, and other documents and disposition
(e) rpsults of laboratory fuel analysis

(f) ifjstrumentation 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

tesf. Uncertainty calculations provide pretest and post-test estimates of the accuracy expected frdm.the test mhethods
prgposed in this Code. They also help to identify measurements that significantly affect the test results and the rpquired

cotfrection factors. Uncertainty calculations are required for every test carried out in accordance with the te
Prgtest uncertainty calculations shall be included in the test procedure. Post-test uncestainty calculations
included in the test report.

Testuncertainty is an estimate of a test result’s limit of error. It is the interval aboutthetest result that contains
val
technical reference for uncertainty calculations is ASME PTC 19.1, which provides'géneral procedures for determi

t Code.
hall be

the true

e within a level of confidence. The test Code uses a 95% confidence interval foruncertainty calculations. The primary

hing the

ungertainties in individual test measurements for both random and systematicerrors, and for tracking the propagation of

these errors into the uncertainty of a test result. Pretest and post-test unéertainty analyses are indispensable p
perfformance test.
7-1.1 Pretest Uncertainty Analysis

A pretest uncertainty analysis allows corrective action to be taken prior to a test, either to decrease the uncerta
lev]
is
usgful for determining the number of observations re€quired to meet the test code criteria.

.2 Post-Test Uncertainty Analysis
ematic and random uncertainty estimates. It serves to validate the quality of the test results, or to expose pr

A sample calculation for uncertainty is shown in Nonmandatory Appendix B.
est results shall be reported using the following form: R + Up.

OBJECTIVE OF UNCERTAINTY ANALYSIS

he objective of a testiuncertainty analysis is to estimate the limit of error of the test results.
his Code does nat caver nor discuss test tolerances; test tolerances are defined as contractual agreements re

DETERMINATION OF OVERALL UNCERTAINTY

here“are two types of uncertainty that comprise the overall uncertainty, as follows:

of the-trie—va rac ; A 0 atsed-by— ementeh a8 frhre

particular method of measurement, not to a particular plant or test. The estimated value of each systematic

irts of a

ntytoa

1 consistent with the overall objective of the test, or to reduce the cost of the test while still attaining the objective. This
ost important when deviations from Code-specified ifistruments or methods are expected. An uncertainty anplysis is

A post-test uncertainty analysis determines-the uncertainty for the actual test. This analysis should confirm thelpretest

bblems.

parding

a)~Systematic Error. Systematic error is the portion of the total error that remains constant in repeated measyrement

ent to a
error is

obtained by nonstatistical methods, and it has many potential sources. This is usually an accumulation of individual errors

that are not eliminated through calibration.

(b) Random Error.Random error is due to limitations or repeatability of measurements. Random error is the portion of

total error that varies in repeated measurements of the true value throughout the test process. Estimates of rando

merror

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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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%

In geperal, the overall uncertainty of a measurement is calculated as the square root of the sum of the squares (RSS|) of
the sysfematic and random uncertainties. Sensitivity coefficients are used to correct the individual parameter’s under-
tainty fpr the impact on the total uncertainty.

7-4 SQURCES OF ERROR

Codelusers shall identify sources of error that affect the test result to determine if they are randgm.or systematic. Erfror
source§ may be grouped into the following categories:

(a) dalibration error — a residual error not removed by the calibration process

(b) ipstallation error — an error resulting from nonideal instrumentation installatien

(c) data acquisition error — an error typically resulting from analog-to-digital coriversion

(d) datareduction error — an error introduced through truncation, round-off, nonlinear curve fitting, or data storpge
algorithms

(e) spmpling error — an error introduced from sampling techniques

(f) correction methodology error — an error resulting from use of astcosrection formula

(g) ihterpolation error — an error resulting from curve fitting or fromxthe shape of a curve between discrete formila-
tion pojnts
odel error — an error that occurs when equipment and syStem models do not properly account for change$ in

LCULATION OF UNCERTAINTY

The ¢orrected test results for an IGCC gasification'block have the expected uncertainties shown in Table 7-5-1.
The dlements of uncertainty calculations for a complete test can be presented in tabular form, as shown in Table 7-%-2.
Typical| stream measurements for an IGCC gasification block are listed in the table, but they are not all used inall
configufations.
The test uncertainty associated with eath measured parameter includes the effects of its sensitivity, systematic under-
tainty, ind random uncertainty. Eachsystematic and random uncertainty entry in Table 7-5-2 is specified at a 9p%
confidehce interval, as is the overdll combined expanded uncertainty of the results.

Table 7-5-2 Format of Uncertainty Calculations

Systematic Systematic Random
Uncertainty Uncertainty Uncertainty Random Uncertainty
Sensitivity (95% CI), Contribution, (95% CI), Contribution,
Coefficient, B 2 -~ 2
Measurefl Parameter (6 i(bxi) (Hib)_(i) i(sxi) <9isxi)
[Measured
parameter]
[Measured
parameter]
[Measured
parameter]

Correlated Uncertainties

Sum of squares

Combined Expanded Uncertainty of the Results, Ug 95, %
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Table 7-5-3 Measured Parameters Needed for Uncertainty Calculations

Product Syngas Primary Fuel Auxiliary Gasification
Measured Parameter Energy Energy Power Effectiveness

Primary fuel moisture X X
Primary fuel-slurry flow X X
Recycle slurry flow X X
Recycle slurry solids X X
HP poiler-feedwater flow X X X
HP poiler-feedwater temperature X X X
HP kteam pressure (saturated) X X X
HP pteam temperature X X X
Souf syngas mass flow X X X X
Souf syngas composition [Note (1)]

A X X X X

CH, X X X X

cp X X X X

o, X X X X

H, X X X X

H,0 X X X X

N, X X X X
Profuct syngas composition [Note (1)]

CH, X X

cp X

H; X
NOTE: (1) Ar = argon; CH, = methane; CO = carbon monoxide;CO; = carbon dioxide; H, = hydrogen; H,0 = water; N, = nitrogef.

list

rarj

(

'he parameters used to calculate the uncértainty are as follows:

a) measured parameter: the fluid or efiergy stream parameter that crosses the test boundary. See Table 7-5-3
of measured parameters.

b) sensitivity coefficient, 0;: the percent change in a corrected result caused by a unit change in the measy
heter.

c) systematic uncertainty, bx#inherent systematic error for a specific type of measurement.

d) systematic uncertainty-contribution, (eib)—()z: the square of the product of sensitivity and systematic unceg

for the

red pa-

rtainty.

le) random uncertainty, SX;: the standard deviation of the mean that is statistically determined from multiple measure-

nts of the same-Variable.

2
f) random uncertainty contribution, (91.5)—(,) : the square of the product of the sensitivity and standard dey
1

The overall incertainty of a measurement, U¥, is the root-sum-square total of overall systematic and randon
tainties,
Uy = ‘V/(b% + s%)
where

by = the systematic uncertainty of the measurement
sy = the random uncertainty of the measurement

iation.

uncer-

(7-5-1)

The uncertainty of the result is calculated from the test’s overall random and systematic uncertainty terms. Each
systematic and random uncertainty entry in Table 7-5-1 is specified at a 95% confidence interval, so the overall combined
expanded uncertainty of the result, Ug, at 95% confidence is calculated from the sum of systematic and random uncer-
tainty contributions.
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Ur = (bR + %) (7-5

the systematic uncertainty of the result, the sum of systematic uncertainty contributions
the random uncertainty of the result, the sum of random uncertainty contributions

The expanded uncertainty at 95% confidence is given by

Tablg¢ 7-5-3 shows the measured parameters used to calculate uncertainty for test criteria. The same tabular format3
calculation procedures shown in Table 7-5-1 can be used to calculate each uncertainty value.

7-6 SENSITIVITY COEFFICIENTS

tivity coefficients indicate ameasured parameter’s absolute or relative effect on the test result. Relative sensitiyity
bnts, which are calculated during the pretest uncertainty analysis, identify the parameters with the largest impact

Sens
coeffici
on test
influen

UR,95 = 2up (7-5

objectives. A relative sensitivity coefficient shall be calculated for each measured parameter to determine

.2)

-3)

nd

its

Ce on test results. Correction calculations are required for all measured paraméters with relative sensitiyity

coefficient values greater than 0.002. The relative sensitivity coefficient, 6, is calculated’by either of the following equa-

tions:

(a) Rartial Differential Form

6= = — .
x R \ox v
Xavg
where
R [ corrected test result
Xavg F average value of the measured parameter
OR F change (partial differential) in the corrected)test result
0X E change (partial differential) in the measured parameter
(b) Hinite Difference Form
(%)
Y X,
0= R/ _ 2% x(i—i) (7-

where

AR A change (finitédifference) in the corrected test result
AX A change (finite' difference) in the measured parameter, typically 0.01X,,,

7-7 SYSTEMATIC UNCERTAINTY

tlifying systematic error is an important step of the uncertainty analysis. Failure to identify a significant system
error will Iead to underestimating the accuracy of the test. 111e process requires a thorough understanding of the

Iden

R and X, are the.same as in (a) and

-1)

-2)

htic

est

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 by. The individual systematic uncertainties can be combined
into the systematic uncertainty of the result, br. The systematic uncertainty of the result can be calculated according to the

square

root of the sum of squares rule.
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(7-7-1)

where
br = the systematic uncertainty of the result
bx, = the systematic uncertainty of the result of a measured parameter, i
n = the number of measured parameters
0; = the relative sensitivity coefficient for a measured parameter, i

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

oy

7-8 RANDOM STANDARD UNCERTAINTY FOR SPATIALLY UNIFORM PARAMETERS

The standard deviation, sy, is a measurement of the dispersion of the sample measurements, the standard deviation of
thgmean, sg, and a characteristic degree of freedom (v =N - 1). Test measurements shallbereduced to average values and
the standard deviation calculated before the performance and uncertainty calculations can be executed. The fandom
stapdard uncertainty is calculated using the sample standard deviation. For a éorfected test result, R, calculated from
majny measured parameters, there is a combined standard uncertainty for theresult, sg, for the combined measyrement
parameters.

a) Sample Mean. The mean, X, for the sample is calculated from

N
_ 1
X=—Yx (7-8-1)
NZ1 !
iz

whiere

<
1}

number of readings for each set
average value for measurement set i

N
I

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

1 M
X == )_(k (7'8'2)
M
k=1
whiere
{ = number of sets of measurements
X = pooled average, of the sample set
X, = average value‘for measurement set k

c) SamplesStandard Deviation. For measurements that do not exhibit spatial variations, the standard deviatidn, sy, of
an pverageddmeasurement, X, based on statistical analysis is calculated from the N multiple measurements of X according
to the equation

/2
4= 4) J (7-8-3)

[ N

S
X N-1

i—1

where
N = the number of times the parameter is measured

(d) Random Standard Uncertainty of the Mean. The random standard uncertainty of the mean of an averaged measure-
ment, X, based on statistical analysis is calculated from N multiple measurements of X according to the equation
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X=U§ (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

1/2

1
SR = Z (Hisxi) (7-8-5)

6 = pbsolute sensitivity coefficient
| = pounter for correlated sources of systematic error

The felative random standard uncertainty of a result is determined using
1/2
(7-3-6)

1 _2

SR Sx.

= = 0i—"

R Z i
i=1

where
0" =|relative sensitivity coefficient
I =|counter for correlated sources of systematic error

7-9 RANDOM STANDARD UNCERTAINTY FOR SPATIALLY NONUNIFORM PARAMETERS

The gpatial contribution to the systematic standard ungertainty for a given parameter is calculated as follows
S,

spatial
bpatiie= ——— (7-9-1)
patial \/f
where
/ = number of sensors (i.e., spatial measurement locations)
Sspatiyt = standard deviation of the-multiple-sensor time-averaged values

X = grandsaverage for all averaged measurands

X; = average for the sampled measurand i

7-10 QORRELATED SYSTEMATIC STANDARD UNCERTAINTY

For multiple measurements where systematic errors are not independent, systematic errors are correlated. Examples
include measurements 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

) I-1 1
bp =Y (6ibi)* +2) Y O0by (7-10-1)
i=1 i=1 k=i+1
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NONMANDATORY APPENDIX A
SAMPLE CALCULATION: IGCC GASIFICATION BLOCK

A-1 INTRODUCTION

This Appendix provides a sample calculation for how this test Code is applied for the gasification blockofdn IGC
plaint at test conditions that are different than the design reference conditions. The example identifieS how co1
fasEors are used to correct key measurements to design (reference) conditions. (Equations in this example are giv
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-
plaint configuration is based on the original design of the IGCC plant (Tampa Electric:Polk Power Station). In this e

here is a single train throughout the plant, which includes one air/separation unit, one gasification train,
turpine, and one steam turbine. The gasifier is a slurry fed (coal or other solids), pressurized, oxygen-blown, er
floy reactor. A radiant syngas cooler and convective coolers extracthigh-level heat from the syngas exiting the

conjditioning, and power block are outside the scope“of this example.

he IGCC parameters relevant to this example,are described below. All other areas of the IGCC plant are config
support the 192-MW gas turbine and the 136-MW steam turbine.

a) Gas Turbine. 192 MW nominal rating-atiinlet conditions of 15°C, 1 009 mbar, 60% relative humidity (RH|
14463 psia, 60% RH)

b) Steam Turbine. Condensing type, 136 MW nominal rating

') Gasifier. Oxygen-blown, entrained-flow, slurry-fed, slagging gasifier

d) Syngas LHV. 10.12 M]/kg at-25°C (4,349 Btu/lb at 77°F)

A-3 BASIS FOR EXAMPLE CASE

A commercially aydilable thermodynamic modeling tool was used to calculate gasification block performan

[ power
rection
enin SI

p-2. The
kample,
ptionis

bne gas
trained
basifier.
rned by
turbine
the gas
syngas

ured to

(59°F,

e using
B-1, and
D

energy

A-5 TEST CORRECTIONS

Table A-5-1 lists the additive and multiplicative correction factors applied to the measured parameters in this

energy

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 plant model and should not be used generically for any ASME PTC 4
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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

Relative humidity

15°C (59°F)
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 hpating value 29 751 KJ/kg (12,791 Btuy/lb)
Lower he¢ating value 28 474 K] /kg (12,242 Btu/Ib)
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.
Additive correction factors are set equal to 0 if they arelnot applicable to the measured results for the specific typ¢ of
plantbging tested, or to the test objectives. Multiplicatidn correction factors are set equal to unity if they are not applicable
to the measured results for the specific type of plant being tested, or to the test objectives.

A-5.1
The

Byngas Energy Correction for Heat Recovery Duty, AS,

dditive correction AS, is based.on. the heat recovery duty (HRD).

HRDy X ng, tst

AS, =
27w

HRD;f = wa,ref X (Hstm,ref - hfw,ref)

HRDy¢ = wa,tst X (Hstm,tst - hfw,tst)

sgtst — HRDef X Wi:vg,ref/M/sg,tst

= 69.82kg/s X (2716.72k]/kg — 1443. 03kJ/kg) = 88 933 kW(t)

(A-

-1)

.2)

-3)

0/.UZ2Kkg/s X (27/710.72KJ/Kg — 1 4531.8/KJ/Kg) = 84 //5KWI(1)

84775 kW(t) X 47.109kg/s

A82 =

4163kW(t)

76
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Table A-5-1 Additive and Multiplicative Corrections

Correction Factor for

Correction
Factor Product Syngas Secondary
Number Parameter Energy Primary Fuel Energy Fuel Energy Auxiliary Power
Additive
1 Sorbent feed rate AS; = 0 [Note (1)] AF; = 0 [Note (1)] 0 AP; =0 [Note (1)]
2 Heat recovery duty AS, [Note (2)] 0 0 0
3 Primary fuel flow 0 0 0 AP [Note (3)]
Multiplicative
1 Fuel composition MS;, Figure A-5.5-1  MF; Figure A-5.8-1 MF2; =1 1
[Note (4)]
2 Primary fuel supply temperature 1 MF, = 1 [Note (5)] 1 1
3 Secondary fuel supply temperature 1 1 MF23 = 1 1
[Note (4)]
4 Sorbent input properties MS, = 1 [Note (1)] MF, = 1 [Note (1)] 1 1
Slurry concentration (for slurry-fed MSs Figure A-5.6-1 MFs, Figure A-5.9-1 1 MPs [Note (3)]
systems)
Oxygen concentration 1 MFg = 1 [Note (6)] 1 1
Oxidant temperature 1 MF; = 1 [Note 6)} 1 1
Syngas demand MSg [Note (7)] MF;g [Note (7] 1 1
NOTES:
(1) |Sorbent is not used in this example; therefore AS;, AF;, AP;, MS,, and MF,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 concentratiomare direct calculations that do not need correctiop curves.
(4) | Secondary fuel is not used in this example; therefore, MF2; and MF2;%re'not relevant to the sample calculation.

(5)
(6)

(7

»

wh

The primary fuel slurry temperature in the test is the same as in the reference case; therefore MF; is not relevant to the sample ca|
Oxidant concentration and temperature are the same as in the reference case; therefore MFs and MF, are not relevant to th)
calculation.

The syngas demand correction is a direct calculation that does not need a correction curve.

5.2 Auxiliary Power Correction for.Coal Receiving and Handling, AP3,
'he auxiliary power correction for coalreceiving and handling, APz, is determined from the following ed

AP3erhy = Byy X (%f,ref - Wpf,meas)

ere
AP3., = additive fuelflew correction, kW
B.x = auxiliary¢power sensitivity to coal flow, kWs/kg (kWs/Ib)
Whperes = reference primary fuel flow, kg/s (Ib/s)
Vptmeas = medstured primary fuel flow, kg/s (Ib/s)

APy, = 3.946kWs/kg X (22.50kg/s — 25.20kg/s) = —11kwW

culation.
E sample

uation:
(A-5-4)

(A-5-5)

A-

L rusiliaryp c ion for SlurmR .  Feod AP

The auxiliary power correction for slurry preparation and feed, AP3p,.p, is determined from the following equation:

APyprep = 35.522kWs/kg X (22.50kg/s — 25.20kg/s) = —96 kW

A-5.4 Auxiliary Power Correction for Slurry Recycle Pump, AP5,.

(A-5-6)

The auxiliary power correction for slurry recycle pump, APz, is determined from the following equation:

APy = 3.946kWs/kg x (22.50kg/s — 2520kg/s) = —11kwW

77
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Syngas Energy Correction for Primary Fuel LHV, MS,

See Figure A-5.5-1.

A-5.6

Syngas Energy Correction for Slurry Concentration, MSs

See Figure A-5.6-1.

A-5.7

Corrections for Syngas Demand, MSg and MFg

Mult
produc

where
LHV|
LHV{

W
Wy

A-5.8
See H

A-5.9
See H

Hcative ToTTections MSg foT SyNgas energy and MFg for primary fUet energy are botr equat to UIe Tefere
syngas energy divided by the test product syngas energy.

]/ng,ref X LHng,ref
MSg = —o— 8%
ng,test X LHng,test

MFg = 49.997kg/s X 9 639.9 k] /kg
= = 1.04108
47.109kg/s X 9827.11J/kg

(A-

Lorer = reference LHV of product syngas , k]J/kg (Btu/lb)

Ltest = test case LHV of product syngas, k] /kg (Btu/1b)

MFg = multiplicative primary fuel energy correction

MSg = multiplicative syngas demand correction, dimensionless
Lorer = reference mass flow of product syngas, kg/s (Ib/s)

L test = test case mass flow of product syngas, kg/s (Ib/s)

Primary Fuel Energy Correction for Primary Fuel LHV; MF,
igure A-5.8-1.

Primary Fuel Energy Correction for Slurry Concentration, MFs
igure A-5.9-1.
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Figure A-5.5-1 Syngas Energy Correction for Primary Fuel LHV, MS,
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GENERAL NOTE: MS; shows corrections to product syngas energy for various lowerheating values of primary fuel.

MS; = 7.95957E—13 X (LHV) — 2.72815E—08 X (LHV)? 40.000315994 x LHV — 0240107788

whére
LHV = lower heating value of primary fuel, k]/Nm® (Btu/scf)

Figure A-5.6-1 Syngas Energy Correction for Slurry Concentration, MSg
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GENERAL NOTE: MSs shows corrections to product syngas energy for various values of slurry concentration.

74.0%

79

.0%

MSg = 13.60923665 X (CinS)3 — 29.10976471 X (CinS)2 + 20.94076204 X CinS — 4.050048954

where
CinS = concentration of carbon in slurry, %
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Figure A-5.8-1 Primary Fuel Energy Correction for Primary Fuel LHV, MF,
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GENERAL NOTE: MF; shows corrections to primary fuel energy for various lower heati lues of primary fuel.
MF, = 1.50706E-14 x (LHV)> — 9.67259E-10 x (LHV)? + \.ziQsz E-05 X LHV + 0.80919301

where ‘\0

LHV|= lower heating value of primary fuel, k]/Nm? (Btu/scf) @
\$\\Q

Figure A-5.9-1 Primary Fuel Energy Correction for Slurry Concentration, MF5
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GENERAL NOTE: MFs shows corrections for primary fuel energy for various values of slurry concentration.

MF; = 1.103559641 X (LHV)® — 3.070774761 x (LHV)? + 3.361905455 x LHV — 0.190905066

where
LHV = lower heating value of primary fuel, k]/Nm? (Btu/scf)
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