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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following infor-
mation is based on that document and is included here for emphasis and for the convenience of the user of the Code. It is
expected that the Code user is fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

ASME Herformance Test Codes provide test procedures that yield results of the highest level of accuracy consistént With
the besf engineering knowledge and practice currently available. They were developed by balanced committees refre-
sentingfall concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.

When tgsts are 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 PerformanceAest Codes do not spe¢ify
means fo compare those results to contractual guarantees. Therefore, it is recommended that the parties to a commerfial
test agree before starting the test, and preferably before signing the contract, on the methodte’be used for comparing the
test resplts to the contractual guarantees. It is beyond the scope of any Code to determifie0r interpret how such compgar-
isons shall be made.

vi
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FOREWORD

ASME Performance Test Codes (PTCs) have been developed and have long existed for determmmg the performance of
heretofore not existed

cently,
ns and
futhire economic scenarios are causing power generation suppliers to develop gasification systems that.can use s¢lid and
liqpid fuels (e.g., coal, biomass, waste, heavy oils). Preparation of an alternative fuel suitable ford gas turbine ihcludes
rerhoval of ash, contaminants, and erodents/corrodents. In response to these needs, the ASME Board on Performance Test
Codles approved the formation of a committee (PTC 47) in 1993 with the charter of developing a-Code for the detgrmina-
tion of overall performance for IGCC power generation plants. The organizational meeting.of the PTC 47 Commifftee was
held in November 1993. The resulting committee included experienced and qualified users, manufacturers, and [general
interest category personnel.

he Committee has strived to develop an objective code that addresses the multiple needs for explicit testing mhethods
and procedures, while attempting to provide maximum flexibility in recognition.ofthe wide range of plant designsfand the
multiple needs for this Code.
This Code was approved by the PTC 47 Committee and the Performance Test Codes Standards Committeg It was
approved as an American National Standard by the American National Standards Institute (ANSI) Board of Standards
Reyiew on December 14, 2017.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus of concerned inter-

ests, As such, users of this Code may interact with the Committee by requesting interpretations, proposing revisi

nsora

cage, 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

Rroposing Revisions. Revisions are made periodically to the Code to incorporate changes that appear nece
degirable, as demonstrated by the experience gained from the application of the.Code. Approved revisions
published periodically.

The Committee welcomes proposals for revisions to this Code. Such proposals'should be as specific as possibl
thg paragraph number(s), the proposed wording, and a detailed description ofthe reasons for the proposal, includ
petftinent 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]
Codle and the paragraph, figure, or table number(s), and be'written as a Question and Reply in the same format as
Cages. Requests for Cases should also indicate the applieable edition(s) of the Code to which the proposed Case

sary or
will be

p, citing
ingany

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

ffective

tify the
pxisting
hpplies.

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

Codle. Interpretations can only be rendered inutesponse 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.arg/InterpretationRequest. Upon submittal of the form, the Inquirer will re
aufomatic e-mail confirming receipt;

If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PTC St3
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:

ndards

'm. The
eive an

ndards
her rec-

Supject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two|words.

Edjtion: Cite the applicable edition of the Code for which the interpretation is being requésted.

Quiestion: Phrase the question as a request for an interpretation of a specific requirement suitable for
general understanding and use, not as a request for an approval of a proprietary dgsign or
situation. Please provide a condensed and precise question, composed in such a waly thata
“yes” or “no” reply is acceptable.

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

entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Comm

ittee 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.

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.
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Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Code 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
Committee or Subcommittee. ASME does not “approve,” “
device, or activity.

NG

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

Atterjding Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contactthe
Secretafy of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the'Gommittee
Page aff 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 Power Ge
Plants, is used for testing the overall performance of an IGCC plant. If a plant passes the ASME PTC 47 test,fio
tesfing is required. If a plant does not pass the ASME PTC 47 test, one or more secondary subsystems may.be t
isolate the problem(s), using the following PTCs:

a) ASME PTC 47.1, Cryogenic Air Separation Unit of an Integrated Gasification Combined Cycle*Power P
tesfing the performance of the air separation unit (ASU)

NO[E: If the physical IGCC plant includes an ASU, the inclusion of the ASU within the overall test envelgpe,is recommended
required.

b) ASME PTC 47.2, Gasification Block of an Integrated Gasification Combined Cycle Power Plant, for tes
thegrmal 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

d) ASME PTC 47.4, Power Block of an Integrated Gasification Combined €ycle Power Plant, for testing the
performance of the gas turbine combined cycle power block

is recommended that the overall plant and various subsystems betested separately rather than simultane
acdommodate any boundary constraints and valve isolations and linetips that may be needed for subsystem te
highly integrated IGCC plants, the entire plant may need to be.opérating during a subsystem test, even if
performance parameters being measured are those of the subsystem.

est results can be used to determine the fulfillment of centract guarantees. Test results can also be used by
owper to compare plant performance to a design number,0r to track plant performance changes over time. Howe
regults of a test conducted in accordance with this Code shall not provide a basis for comparing the thermoeg
eff¢ctiveness of different plant designs.

APPLICATIONS AND LIMITATIONS. Air separation units that separate air into oxygen, nitrogen, and/o
streams are included within the scope of this*Code. Although primarily intended for application to cryogeni
thg Code may also be used for noncryogeiic processes such as adsorption-based systems. The Code applie
following types of ASUs:

a) Nonintegrated ASUs in which:the primary product is oxygen for use in an oxygen-blown gasification sy
nitrogen for use as a diluent in the power block’s gas turbine. Air and nitrogen may also be produced for use wi
general facility.

b) Air-integrated ASUs-that obtain all or a part of the required ASU compressed air supply from the power bl
turpine or other source-and in which the primary product is oxygen for use in an oxygen-blown gasification sy
nitfogen for use as adilieént in the power block’s gas turbine. Air and nitrogen may also be produced for use wi
general facility.

) Nonintegkated ASUs in which the primary product is nitrogen for use in an air-blown gasification system.
nitfogen may-also be produced for use within the general facility.

d) Air-intégrated ASUs that obtain all or a part of the required ASU compressed air supply from the power blo
turpin€or-other source and in which the primary product is nitrogen for use in an air-blown gasification system.
nitfogen may also be produced for use within the general facility.

eration
further
psted to

ant, for
but not

ing the
testing
hermal

busly to
ting. In
he only

a plant
ver, the
onomic

I argon
c ASUs,
b to the

ktem or
thin the

ck’s gas
Ktem or
thin the
Air and

ck’s gas
Air and

There are many types of cryogenic ASUs employing different combinations of product compression, product liquid
pumping, and “cold box” processes. This Code provides procedures for the determination of ASU performance when
electrically driven compressors and/or pumps are employed in any process configuration. While not specifically
excluded, no explicit procedures are provided for determining the performance of equipment within the ASU test
boundary driven by gas turbines, steam turbines, non-ASU process stream expanders, or other non-motor drivers.
Other PTCs may be of use in determining the performance of non-motor-drive equipment in conjunction with the proce-

dures described in this Code for analyzing ASU compression power performance.

Xi


https://asmenormdoc.com/api2/?name=ASME PTC 47.1 2017.pdf

INTENTIONALLYSLEFT BLANK

Xii



https://asmenormdoc.com/api2/?name=ASME PTC 47.1 2017.pdf

ASME PTC 47.1-2017

Section 1
Object and Scope

1-1

seqd
corj
acq

1-1

AS

Sed

1-1
§

po)
’

OBJECT

The object of this Code is to provide uniform test methods and procedures for conducting performance tes

hbined cycle (IGCC) facility. This Code provides test procedures that can yield results giving the highest
uracy consistent with engineering knowledge and practice.

.1 Accuracy

'he accuracy of a particular test may be affected by factors within the discretion ofthe'operator. A test is consid
ME Code test if the following conditions are met:
a) Test procedures comply with the procedures and variations defined in this Code.

tion 7 of this Code.

.2 Performance Characteristics

'his Code is used to determine the production rate and effectiveness of an ASU. The ASU effectiveness is defineg
wver consumed per mass flow of pressurized product.

'his Code provides procedures for the determination of*the following performance characteristics:

a) corrected net ASU power input

b) corrected ASU production rate (mass flow oflpressurized oxygen)

c) corrected ASU effectiveness

These performance characteristics are typically required for comparing actual performance to guaranteed
nce or to a reference, and for determining the performance of the equipment after modifications.

SCOPE

'his Code applies to ASUs of any size, in either a single-train or multitrain configuration. It can be used to meaj
formance of an ASU in its normal operating condition, with all equipmentin a new, clean, and fully functional co
his Code provides methods and procedures explicitly for ASUs employing electric-motor-drive compressioj
nt, with or without the.use of steam and/or electric power for internal regenerative processes. There is no i
trict the use of this\Code for non-motor-driven compression equipment, nor for ASUs that use other heat in

brnal regenerative.processes, provided the explicit test procedures can be met.
a) Test Conditions. To test a particular ASU, the following conditions shall be met:

(1) Ameansshall be available to determine, through either direct or indirect measurements, all of the electri
uts entering the test boundary, as well as any electric power outputs leaving the test boundary.

s of air

aration units (ASUs) supplying products to a gasification block and/or power block within an integrated gasification

level of

ered an

b) The uncertainty of the test results does not exceed the uncertainty limit given in Table 1-3-1 and determined in

d as the

perfor-

ure the
hdition.

equip-
htent to
buts for

C power

(2)-*A-means shall be available to determine, through either direct or indirect measurements, the purity and

(4) The test uncertainties shall be less than or equal to the uncertainty limits specified in Table 1-3-1.

| condi-

eters to

(b) Tests Outside the Scope of ASME PTC 47.1. Tests addressing performance-related issues other than those specified in

(a)

are outside the scope of this Code. These include, but are not limited to, the following:
(1) emissions tests
(2) operational demonstration tests pertaining to non-steady-state or off-design conditions

(3) liquid production tests conducted to determine the capability of producing liquefied products from the ASU at
rates other than the specified design flows

(4) reliability tests conducted over extended periods of time beyond the required testing period
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Table 1-3-1 Largest Expected Test Uncertainty

Measurement Result Expected Uncertainty Limit, %
Power input 3
Production rate 3
Effectiveness 3
Specific power 3

GENERAL NOTE: The uncertainty limit will be affected by the number and choice of product streams.

1-3 THST UNCERTAINTY

Many types of ASUs are available for use in IGCC facilities. The uncertainty levels achievable from testing in a¢cordahce
with thiis Code depend on the type of ASU and its degree of integration with other blocks within the, JGCC facilfity.
Uncertdinty limits have been established and are listed in Table 1-3-1.

The Jargest expected overall test uncertainties are given in Table 1-3-1. These values are not targets. A primpry
philosaphy underlying this Code is that the lowest achievable uncertainty is in the best interest of all partieq to
the tesf. Deviations from the methods recommended in this Code are acceptable only if/it can be demonstrafed
that the¢y provide equal or lower uncertainty.

1-4 REFERENCES

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

ANSI/IEEE Standard 120, Master Test Guide for Electrical Measurements in‘Power Circuits
PublisHer: Institute of Electrical and Electronics Engineers, Inc. (IEEE)y’445 Hoes Lane, Piscataway, N]J 08454
(wwyv.ieee.org)

ASME
ASME
ASME
ASME
ASME
ASME
ASME

FC-3M, Measurement of Fluid Flow in Pipes Using Orifice, Flow Nozzle, and Venturi

PTC 1, General Instructions

PTC 2, Definitions and Values

BTC 19.1, Test Uncertainty

PTC 19.2, Pressure Measurement

BTC 19.3, Temperature Measurement

FTC 19.5, Flow Measurement

ASME RBTC 19.22, Digital Data Acquisition Systents

ASME RTC 47, Integrated Gasification Combined Cycle Power Generation Plants

Publisher: The American Society of Mechanical Engineers (ASME), Two Park Avenue, New York, NY 10016-5990
(wwyv.asme.org)

1137/E1137M-08 (R2014), Standard Specification for Industrial Platinum Resistance Thermometers
anual Series: MNL 12;"Manual on the Use of Thermocouples in Temperature Measurement
er: American Society for Testing and Materials (ASTM International), 100 Barr Harbor Drive, P.0. Box C700, West

., Measurement Uncertainty, Methods and Applications, fourth edition, 2007
er: Interpdtional Society of Automation (ISA), 67 T. W. Alexander Drive, P.0. Box 12277, Research Triangle Park,

NISF Technical Note 1265, Guidelines for Realizing the I al Temperature Scale of 1990

D
t1 5

Publishler-Natiena
(www.nist.gov)

- 016 5
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Section 2
Definitions and Description of Terms

2-1 INTRODUCTION
his Section contains technical definitions of terms used in this Code, and of symbols and subsgripts use
equations.

equipment testing and analysis.

2

add
air
air
fro
suj
air
str
deg
the
air
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pre
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ote that ASME PTC 2 contains definitions of terms and values of physical constants and conversien factors con

AIR SEPARATION UNIT EQUIPMENT DEFINITIONS

| in the

hmon to

addition to the definitions in ASME PTC 47, subsection 2-1, the following definitions specific to ASUs apply:

fitive: a substance added to a process to cause a chemical or mechanical, reaction.
compressor: see booster air compressor or main air compressor (MAC).

integrated air separation unit: an air separation process unit that rec€ives all or a part of the ASU air-feed requ
n a source external to the ASU block. An example is extraction of a pertion of the compressed air from a gas turj
ply to the ASU.

pretreatment: the removal of water, carbon dioxide, and some hydrocarbon contaminants from the compre
bam prior to processing in the cryogenic sections of the ASU. Pretreatment is usually based on a cyclical adsg
orption-based (molecular sieve-based), near-ambientitemperature process using heated dry nitrogen prod
ASU for regeneration of the adsorbent.

separation unit (ASU): a process unit that separates air-feed source(s) into primary gaseous product streams €|
pxygen and/or nitrogen. Secondary product stfeams enriched in argon or liquid streams may also be pro

J effectiveness: the net power consumed within the ASU test boundary divided by the total flow of pressurized
bams exiting the ASU test boundary.

iliary load: an electrical load within ‘the ASU that is not consumed in the compression of air or product s
imples include cooling tower,(pumps, mechanical chilling equipment, and power-producing expansion equ|

ster air compressor: a compressor that takes a pressurized air stream as feed and compresses it to the of
ssure of the ASU. The comipressor may supply all or a part of the air requirement of the ASU.

 box: an enclosure{containing cryogenic equipment that is part of the ASU.

in air compressor,(MAC): a compressor or series of compressors that takes ambient air as feed and compresses
rating pressuré.of the ASU. The compressor(s) may supply all or a part of the air requirement of the AS

integrateduair separation unit: an ASU that uses an air separation process that is notair-integrated with the gas
pther souirCes of air, i.e., it has its own supply of feed air.

ssurized product: a product stream exiting the ASU test boundary for use in the IGCC facility that is above atmd

rement
bine for

Esed air
rption/
liced by

hriched
duced.

product

treams.
pment.

erating

it to the
U.

turbine

spheric

ssure. Included are all streams that have been compressed or pumped inside the ASU test boundary as well as

product

streams withdrawn from the ASU at pressures above atmospheric without additional compression. The total flow of
pressurized product streams represents the ASU production rate. The pressurized product may be gaseous oxygen (GOX),
liquid oxygen (LOX), pumped liquid oxygen (PLOX), gaseous nitrogen, or liquid nitrogen (LIN).

product compressor(s): compressors that take oxygen or nitrogen products from the ASU and compress them to the
pressures required by IGCC units.

product oxygen pump(s): pumps that take liquid oxygen from the ASU and pressurize it to the pressure required by IGCC
units.
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2-3 GENERAL DEFINITIONS

acceptance test: the evaluating action(s) to determine if a new or modified piece of equipment satisfactorily meets its
performance criteria, permitting the purchaser to “accept” it from the supplier.

accuracy: the closeness of agreement between a measured value and the true value.

base reference conditions: the values of all the external parameters, i.e., parameters outside the test boundary to which the

test res

ults are corrected.

bias error: see systematic error, f.

calibra
ment r.

influend

instrum

avarialle. These variables may include size, weight, pressure, temperature, fluid flow, voltage, electriccurrent, dens

viscosit
to rem
ammet
determ

losses:

measur,
parties
precisid

primary
Class
Class
Refer t

random
a meml
measur

random
95%).

secondd
sensitiv

serializ
instrun

specific
system(

measu
populat

system(
(usually

ion: the process of comparing the response of an instrument to that of a standard instrument over some measy
nge and adjusting the instrument to match the standard, if appropriate.

e coefficient: the ratio of the change in a result to a unit change in a parameter.

ent: a tool or device used to measure physical dimensions of length, thickness, width, weight, or any other valu

y, and power. Sensors are included that may not, by themselves, incorporate a display but in§tead transmit sigr
te devices for display, processing, or process control. Also included are items of ancillary equipment (e.g.
br shunt) directly affecting the display of the primary instrument, and tools or fixtures used as the basis
Ining part acceptability.

bnergy other than the defined exit streams that exits the test boundary.

ement error, 6: the true, unknown difference between the measured value and the true value.
to a test: those persons and companies interested in the results of a test.

n: see random error, &.

variables: those variables used in calculations of test results. Pritnary variables are further classified as follo
1 primary variables: those variables that have a relative influence coefficient of 0.2 or greater.
2 primary variables: those variables that have a relative.inbfluence coefficient of less than 0.2.

ASME PTC 19.1 for the determination of relative sensitivity coefficients.

error, : sometimes called precision; error due to linditations or repeatability of measurements that characterij
er of a set of measurements. Random error variesin a random Gaussian-normal manner, from measuremen
ement.

uncertainty, 2S: an estimate of the plus/minus limits of random error, with a defined level of confidence (usu

ry variables: variables that are measured but do not enter into the calculation.
ty: see influence coefficient.

p: to assign to an instrument auhique number thatis then permanently inscribed on or to the instrument so that
ent can be identified and tracked.

[power performance{SPP): unit of product per unit of power consumed (e.g., Mg 0,/KW-h or short ton 0,/kKW|

ticerror, B: sometimes called bias; the portion of the total measurementerror, §, that remains constantin repea
ement of the true value in a test process, which characterizes every member of any set of measurements from
ion.

tic uncertainty, B: an estimate of the plus/minus limits of systematic error, with a defined level of confide
r 95%).

b of
ity,
als
an
for

WS

zes
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the
h).
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1ce

test boll

ndary: a control volume that identifies the energy streams required to calculate corrected results.

test rea

ding: one recording of all required test instrumentation.

test run: a group of test readings.

traceable: term used to describe instruments for which records are available demonstrating that the instrument can be
traced through a series of calibrations to an appropriate ultimate reference such as the National Institute of Standards and

Techno

logy (NIST).

uncertainty, U: +U is the interval about the measurement or result that contains the true value for a given confidence level.
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2-4 SYMBOLS

The following symbols are used in this Code:

AOD = additive correction factor to account for irregular or off-design condition, kW
E = ASU effectiveness, P/M, kW-h/short ton of pressurized oxygen
M = ASU production rate, mass flow of pressurized oxygen exiting test boundary, short ton/h
MCWIT = multiplicative correction factors to measured auxiliary power or individual compressor powers to
to base reference cooling water (or air) temperature
MDFR = multiplicative correction factors to measured auxiliary power or individual compressor powers to
to base reference flows
MDP = multiplicative correction factors to measured auxiliary power or individual compressor powets to
to base reference discharge pressure
MEFF = multiplicative correction factors to measured auxiliary power or individual compressorjpowers to,
to base reference machine efficiency
MMC = multiplicative correction factors to measured auxiliary power or individual compressor powers to|
to base reference moisture content
MSP = multiplicative correction factors to measured auxiliary power or individual ¢ompressor powers to
to base reference inlet pressure
MST = multiplicative correction factors to measured auxiliary power or individual compressor powers to
to base reference inlet temperature
P = ASU power input, output, or net ASU power consumption, kW,
SPP = M/P, ASU specific power performance, short ton of pressurizéd oxygen/kW-h

2
§

meas

Aji =
amb
Ci
corr

P

% ABBREVIATIONS USED IN SUBSCRIPTS

'he following abbreviations are used in subscripts in this Code:

a reference to ASU auxiliary power, where i is the idéntification for a discrete auxiliary power
ambient atmospheric

a reference to an ASU compressor, where i is the identification for a discrete compression unit
corrected result to base reference conditions

measured or determined result prior to.correcting to base reference conditions

a reference to an ASU pump, where,i(is the identification for a discrete pump

correct

correct

correct

correct

correct

correct

correct
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Section 3
Guiding Principles

3-1 IN|TRODUCTION

This Section provides guidance on the conduct of overall ASU plant testing and outlines the steps required to p
conduct, and evaluate a Code test of overall ASU plant effectiveness.
The (ode recognizes that the ASU is a part of the larger IGCC facility and may be integrated with thé«gasification {

an,

nd

power blocks. For the relatively short duration of the Code-specified test, base-load operation atthe)design rates of the

ASU is the suggested mode of operation.

The (ode recognizes that there are different types of ASU plants and different modes of operation that will have unigue

test goals, such as the following:
(a) The test can be run at a specified disposition that is set by independent or combified'testing of the gasification §

nd

power blocks. An example of this goal would be a maximum output of one or more, ofithe blocks within the IGCC faciljity.

(b) Thetestcanberunataspecified production rate thatis near the design valueofinterest. An example of this test g

oal

would Be an acceptance test in which the power consumption of the ASU is guaranteed at a specific set of product flpw,

purity, pnd pressure conditions.
Regarldless of the test goal, the results of a Code test will be a corrected.ASU effectiveness that is the corrected 4

SU

power ¢onsumption divided by the amount of pressurized products supplied to the other blocks within the IGCC facility.
The test shall be designed with the appropriate goal in mind to ensure that proper procedures are developed and that the

appropfiate operating mode during the test is followed.

3-2 TEST BOUNDARY AND REQUIRED MEASUREMENTS

The general methodology of the Code involves three steps: defining the test boundary, identifying energy streq
related|to the calculation of the test results, and-gonducting a pretest uncertainty analysis.

3-2.1 Test Boundary Definition

The
to calcullate the corrected test results. Allinput and output streams required for test calculations shall be determined W
referenge to the point at which they(cross the test boundary. Streams internal to the ASU need not be determined unl
they verify base operating conditions, relate functionally to conditions outside the boundary, or verify steady-st
operatipn.

The test boundary usually.encompasses all the equipment and systems considered to be a part of the ASU. Howeve
by-products are manufactured for use outside the IGCC facility, the ASU test boundary may be adjusted to exclude it
such as|storage systems; stand-alone liquefaction units, and gaseous product compressors not associated with the I(
facility.

For a|particulaf test, the specific test boundary shall be established by the parties to the test. Figure 3-2.1-1 shows
typical $treamsrequired for a generic ASU. Solid lines indicate the streams crossing the ASU test boundary for which m|
flow rate;thermodynamic conditions, and chemical analysis have to be determined to calculate the results of an ove
ASU peFHermanee-test—The-propertieso eamsndicated-by-dashed-Hresmayberequiredforanoveral-erersy
mass balance but may not have to be determined to calculate test results.

ms

SU test boundary is a control volume that identifies the streams into and out of the system that must be measufed

ith
ess
ate

I, if
ms
cC

the
ass
rall
ind

Figure 3-2.1-2 shows the testboundary of a nonintegrated ASU. Figure 3-2.1-3 shows the test boundary of an integrated

ASU.

3-2.2 Required Measurements

In general, measurements or determinations are required for the following streams:
(a) Ambient Air Input. The total pressure, dry bulb temperature, relative humidity, and carbon dioxide and hyd
carbon content are required for ambient air where it enters the ASU air compression equipment.

ro-
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Figure 3-2.1-1 Generic ASU Test Boundary
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or pressurized product streams leaving the ASU test boundary are required. In general, streams vented at low pre
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b) Compressed Air Input. The pressure, temperature; dry flow rate, water content (as liquid and vapor), and
xide and hydrocarbon content are required foryany compressed-air streams entering the ASU test bound
c) Product Outputs (ASU Production Rate). The pressure, temperature, total flow rate, and composition of com

atmosphere are not required to be fneasured for ASU performance determination.
d) Electric Power (ASU Power Input)..The electric power input and any outputs crossing the ASU test boung
uired measurements. Points of ineasurement may include ASU step-down transformers, power meters log
cific items of equipment, or-other locations as agreed to by the parties to the test.

Figure 3-2.1-2 Nonintegrated ASU Test Boundary
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Figure 3-2.1-3 Integrated ASU Test Boundary
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eat-Sink Conditions. Corrections to the power input are required for the differences\between the design and fhe
t heat-sink conditions. For open-cycle cooling, the temperature and flow rate ofithe circulating water wherg it
the ASU test boundary are required. For air cooling, the ambient air total pressure, dry bulb temperature, and
humidity are required. For evaporative cooling towers, the total ambient air pressure and wet bulb temperatfire
uired.
psses. In general, losses will not be measured. Typical losses include 'water condensed as a result of cooling
ssed-air streams, compressor-seal losses, purge and seal gasés used within the ASU test boundary, gnd
vented to the atmosphere.

Heat sink

Pretest Uncertainty Analysis

all energy streams have been identified, a pretest uncertainty analysis, as described in Section 7, shalll be
hed to identify the primary energy flows whose _physical properties must be measured and input into the
ults calculation. The pretest uncertainty analysis-is'also used to determine the level of measurement accurpcy
d for each measurement to maintain the agréed-on overall test uncertainty.
urement locations are selected to provide thelowest level of measurement uncertainty. The preferred locatiop is
st boundary, but only if the measuremént location is the best location for determining required parametegrs.
' measurements may be required, such'as'those used in the application of correction factors for off-design ambient
ns to confirm test point stability, ér those needed to ensure that the process does not exceed emissions or safety

ST PLAN

piled test plan shouldbe-prepared prior to conducting a Code test to document agreements on all issues affecting
Huct of the test and to.provide detailed procedures for performing the test. The test plan should be approved, piior
bst, by authorized-signatures of all parties to the test. It shall reflect any contract requirements that pertain to the
pctives and performance guarantees and provide any needed clarification of contract issues. The test plan should
ude the schedule of test activities, responsibilities of the parties to the test, test procedures, and report of resylts.

bchedule of Test Activities

Ates
parties

to the test, test plan preparations, test preparation and conduct, and preparation of the report of results.

3-3.2 Responsibilities of Parties to the Test

The parties to the test shall agree on individual responsibilities required to prepare, conduct, analyze, and report the
testin accordance with this Code. This includes agreement on the organization of test personnel and designation of a Test
Coordinator who shall be responsible for executing the testin accordance with the test requirements and coordinating the
setting of required operating conditions with the plant operations staff. Each of the parties to the test should designate a
representative who shall observe the testand confirm that it was conducted in accordance with the test requirements. The
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representatives should have the authority to approve, if necessary, any agreed-on revisions to the test requirements

during the test.

3-3.3 Test Procedures

The test plan shall include test procedures, such as the following, that provide details for the conduct of the test:
(a) objectives of the test and method of operation. The object of the test shall be agreed to by the parties to the test and

shall be defined in writing before the test(s) commence.
(b) test acceptance criteria for test completion.

(o) base Teference conaditions.

) defined test boundaries identifying inputs and output and measurement locations.

) the intent of any contract or specification as to operating conditions and performance guarantees;
completed pretest uncertainty analysis, with bias uncertainties established for each measurement.

frefluency of data acquisition.

) sample collection, handling, and analysis method, and frequency of sampling, for product purities.

i) method of operating the plant.

) required operating disposition or accounting for all auxiliary power consumers and ‘generators having a 1
effect on test results.

) required levels of equipment cleanliness and inspection procedures.

) procedures to account for performance degradation, if applicable.

im) preliminary testing requirements.

n) pretest stabilization criteria.

) required steadiness criteria and methods of maintaining operdting conditions within these limits.

) number of test runs and duration of each run.

) test start and stop requirements.

r) data acceptance and rejection criteria.

) allowable range of ambient and heat-sink conditions(

t) sample calculations or detailed procedures specifying tést-run data reduction and calculation and correctio
Its to a base reference condition.

) the method for combining test runs to calculate final test results.

/) requirements for data storage, document<retention, and test report distribution.

/) test report format, contents, inclusionsi-and index.

TEST PREPARATIONS

easonable precautions should betaken when preparing to conduct a Code test. Indisputable records shall be
tify and distinguish the equipment to be tested and the method of testing. Descriptions, drawings, and/of

or acceptance and other official tests, the manufacturer or supplier shall have reasonable opportunity to exan
ipment, correctdefects, and render the equipment suitable to test. The manufacturer, however, is not thereby ¢
erdd to alter or.adjust equipment or conditions in such a way that regulations or contract, safety, or other stipulat
alt¢red or voided. The manufacturer may not make adjustments to the equipment for test purposes that may

immediate,continuous, and reliable operation at all production rates or outputs under all specified operating con
Any actions taken shall be documented and immediately reported to all parties to the test.

) specific type, location, and calibration requirements for all instrumentation and measurement systems, and

haterial

h of test

made to
photo-
by the
rthose

hine the
mpow-
ons are
brevent
ditions.

Il'parties to the test shall be notified of the test schedule, as defined by prior agreement, to provide the necessz:

ry time

for the parties to respond and to prepare personnel, equipment, or documentation. A testlog shall be maintained a

nd used

to record any occurrences affecting the test. The log should document the time of the occurrence and the observed
resultant effect. This log shall be part of the permanent record of the test. Necessary documentation for calculated or
adjusted data shall be provided by the party conducting the test for independent verification of algorithms, constants,

scaling, calibration corrections, offsets, base points, and conversions.
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3-4.1 Requirements for Agreements

The parties to any test under this Code shall reach definite agreement on the specific objective of the testand method of
operation. This agreement shall reflect the intent of any applicable contract or specification. Any specified or contract
operating conditions or specified performance pertinent to the objective of the test shall be ascertained. Unless alter-
native test procedures are specified, full-scale test procedures shall be used. Omissions or ambiguities about any of the
conditions shall be eliminated or their values or intent agreed on before the test is started. The cycle arrangement,

operating conditions, and testing procedures shall be established during the agreement on test methods.
3-4.1 ngineering-Phase-Agreemer he-followingis-atist-ofbrpicalitems—o

during fthe engineering phase of a new unit or modification of an existing unit:
(a) dbjective of the test and methods of operation

(b) the intent of any contract or specifications as to timing of the test, operating conditions, and guarantees, includji
nition of effectiveness, the method of comparing test results with guarantees, and responsibility for the prep4

the defi
tion of fthe test report(s)

(c) lgcation of, and piping arrangement around, primary flow-measuring device(s) on which thetest calculations

based

(d) lpcation(s) and type of secondary flow-measuring devices and provisions for calibration, including tempor

piping for in-place calibration, if required

(e) the number and location(s) of valves or other means required to ensure that ne-utaccounted-for flow enters

leaves the test cycle or bypasses any cycle component
(f) the means of measuring seal and leakage flows
(g) the number and location(s) of temperature wells and pressure connections

(h) the number and location(s) of duplicate instrument connections required to ensure correct measurement

critical [points
(i) calibration and connection of instrument transformers to be used for measuring the electrical output

hed

are

hry

or

at

(j) where a plant computer is used for data acquisition, provisions'for total-system in-place calibration of the statfion

instrunjentation and computer (Calibration should include compatison of known inputs to the output of the comput

(k) the method of determining gas quality, including the sampling technique, as required
(1) ctiteria for instrument recalibration after the test

br.)

3-4.1,2 Pretest Agreements. The following is a list of‘typical items on which agreement shall be reached priox to

conducting the test:
(a) the object of the test
(b) the location and timing of the test
(c) test boundaries

(d) the procedure for determining the\eondition of the ASU system prior to the test, and requirements for prefest

inspectjons
(e) the location, type, and calibration of instruments
(f) nmjethods of measurement(not established in (e)
(g) iolation of the system\during the test
(h) the means for maintaining stable load and test conditions

(i) the operating conditions at which tests are to be conducted, including the position of manual and automatic val

(j) the frequency(of,ebservations

(k) the number-of copies of original data required

() the length<f time for stable operation before starting a test run

(m) the number of test runs at the same test point

(n) therduration of operation at test load before readings are commenced

ves

t 4 Aot i 4 . ) £, 4+ it i pu 1 H H | ) 4 f
0] TCCOIITPUTCT OTUata aCquTSTTIOIT S y STCTIT tO- DT US TUTOT eSS T Uata aCquIS IO airaarrary STS, TITC ra i TgC arroT atroTl (0]

the data acquisition system
(p) the organization of personnel, including designation of the engineer in responsible charge of the test
(q) the procedures and format for recording data
(r) the organization and training of test personnel and the responsibilities for the test
(s) procedures for calculating test results
(t) curves to correct for deviations from specified conditions
(u) corrections for deviation of test conditions from those specified
(v) curves to correct specified system conditions
(w) the method of comparing test results with specified performance

10
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(x) the method of conducting test runs to determine the value of any correction factors
(v) the confidentiality of the test results

(z) pretest inspections

(aa) the methods for deviations from test arrangements and procedures

(bb) the methods to account for degradation

3-4.2 Test Apparatus

3-4.2.1 Location and Identification of Instruments. Transducers shall be located to minimize the effect of ambient
COYdITIONS, €.3., Temperature or temperature variations, on uncertainty. care snall be used In routing lead wires 1o he data
collection equipment to prevent electrical noise in the signal. Manual instruments shall be located so that they.canfbe read
with precision and convenience by the observer. All instruments shall be marked uniquely and unmistakably fpr iden-
tification. Calibration tables, charts, or mathematical relationships shall be readily available to all partiés to fhe test.
Obgervers recording data shall be instructed on the desired degree of precision of readings.
est instruments are classified in Section 4. Instrumentation used for data collection shall be ‘at least as acciirate as
insfrumentation identified in the pretest uncertainty analysis. This instrumentation may bé either permanent plant
insfrumentation or temporary test instrumentation.
ultiple instruments should be used as needed to reduce overall test uncertainty. The frequency of data collgction is
dependent on the particular measurement and the duration of the test. Automated_data‘acquisition systems shiould be
usdd to facilitate acquisition of sufficient data. All instruments shall be calibrated oradequately checked prior to ahd after
thq test.

-4.2.2 Frequency and Timing of Observations. The timing of instrument observations shall be determined by an
anglysis of the time lag of both the instrument and the process so that a correct and meaningful mean value and dejparture
from allowable operating conditions may be determined. Where steady?state conditions are required, sufficient observa-
tions shall be recorded to prove that steady-state conditions existed during the test. A sufficient number of obsefvations
shdll be taken to reduce the random component of uncertainty to an acceptable level.

3-4.3 Test Personnel

here shall be a sufficient number of test personnel with the necessary expertise to support the execution of the test.
Opprations personnel shall be sufficiently familiarwith the test operating requirements to operate the eqyipment
acdording to the test plan.

3-4.4 Equipment Inspection and Cleanliness

All parties to the test shall have reasonable opportunity to examine the plant and agree that it is ready to test. The plant
shquld be checked to ensure that equipment and subsystems are installed and operating in accordance with their design
pafameters. This Code covers testing of new and clean machinery. If testing is performed after the facility has been
op¢rated over a period of time, correction factors for machinery performance degradation and compressor infer- and
after-cooler fouling shall be applied to the test results, or the machinery and equipment shall be cleaned to return if to new
and clean conditions. Measurements internal to the ASU to determine the degree of machinery degradation and|fouling
arg outside the scopeyof/this Code.

3-4.5 Preliminary Testing

Preliminary fest runs, with records, serve to determine if equipment is in suitable condition to test, to checH instru-
ments and\rethods of measurement, to check adequacy of organization and procedures, and to train personnel. All
paftiesitothe test may conduct reasonable preliminary test runs as necessary. Observations during preliminary test runs
shquldbe carried through to the calculation of results as an overall check of procedure, layout, and organization. |f such a
preliminary test run complies with all the necessary requirements of the appropriate Code test, it may be used as an
official test run within the meaning of this Code.

Preliminary testing should be conducted sufficiently in advance of the start of the overall performance test to allow time
to calculate preliminary results, make final adjustments, and modify the test requirements and/or test equipment. Results
from preliminary testing should be calculated and reviewed to identify any problems with the quantity and quality of the
measured data. The parties to the test shall mutually agree before the test to any test modifications determined during the
preliminary test. Reasons for a preliminary test run include the following:

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

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

(d) to ensure that the target uncertainty can be obtained by checking the complete system

(e) to ensure that the facility’s operation can be maintained in a stable steady status of performance

(f) to ensure that sufficient power quantity and quality and utility flows and conditions are available so as to not
require interruption of the test

(g) to ensure that process boundary inputs and outputs are not constrained other than those identified in the test
requirements

(h) to familiarize test personnel with their assignments
(1] to_retrieve sufficient data to tune the control system if necessary

3-5 CONDUCT OF THE TEST

The farties to the test shall designate a person, hereafter called the Test Coordinator, to direct the test. Comniunication
arranggments between all test personnel and all test parties and the Test Coordinator should be established. Complete
written|records of the test, including details that at the time may seem irrelevant, should be kept. Controls by ordinpry
operatipg (indicating, reporting, or integrating) instruments should be established, graphical logs prépared, and the fest
closely pupervised to give assurance that the equipment under test is operating in substantial@ccord with the intengled
conditipns. Ifitis a commercial test, accredited representatives of the purchaser and the manufacturer or supplier should
be present at all times to assure themselves that the tests are being conducted in compliance with the Code and ptior
agreement.

3-5.1 Methods of Operation Prior to and During Tests

All equipment necessary for normal and sustained operation at the test contditions shall be operated during the tesf or
accounfed for in the corrections. Intermittent operation of equipment within'the test boundary should be accounted fof in
a mannler agreeable to all parties.

3-5.1.1 Valve Lineup/Cycle Isolation. A Cycle Isolation Checklist:should be developed to the satisfaction of all parties
to the Ialest. The checklist should be divided into the following three categories:

(a) Manual Valve Checklist. This checklist shall note all of.the manual valves that should be closed during norinal
operatipnso as notto affect the accuracy or results of the test/These valve positions should be checked before and afterthe
test.

(b) Automatic Valve Checklist. This checklist shall note all of the automatic valves that should be closed during norinal
operatipn so as not to affect the accuracy or results.ofthe test. These valve positions should be checked before, during, and
after thle test.

(c) Tlest Valve Isolation Checklist. This checklist is the list of those valves that should be closed during the performapce
test. These valves should be limited to those that must be closed to accurately measure the plant performance during the
test. Fof example, valves connecting aSource of stored product external to the test boundary limits should be closed.{No
valves that are normally open or closed should change position for the sole purpose of changing the maximum perfor-
mance pf the plant. The valves on the Test Valve Isolation Checklist should be closed prior to the preliminary test. The
valves nay need to be opened between test runs.

3-5.112 Operating Mode: The operating mode of the plant during the test should be consistent with the goal of the tpst.
The corrections used ifithe general performance equation and the development of correction factors will be affected by
the opefrating mode bf the plant. If a specified corrected or measured flow is desired, the plant control system should be
configured to maintain that flow during the test. The plant equipment should be operated in a manner consistent with the
basis of|design or'guarantee, and in a manner that will permit correction from test operating conditions to base referehce

3-5.1% guipment-Operation—Al-equipmentsystems-shall-befunctional-and-operatingprope as-agreed-on-bythe
parties to the test, before the performance test. Any equipment that is not functional before the test shall be repaired and
proven operable before the performance test begins.

3-5.1.4 Proximity to Design Conditions. It is desirable to operate the plant during the test as closely as possible to the
base reference performance conditions, and within the allowable design range of the plantand its equipment so as to limit
the magnitude of correction factors. Excessive corrections to plant performance parameters can adversely affect overall
test uncertainty. Limits of operation should be agreed to by the parties to the test prior to beginning a test run.
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3-5.1.5 Stable Operation. Stable plant operation with respect to production rates, purities, and discharge pressures
shall be achieved prior to the start of the test. Once steady-state operation is achieved, atleast 1 h of stable operation shall
be completed before commencing the test.

Stable operation has been achieved when all oxygen and nitrogen product streams have exceeded the required design
purity, can be produced at flows that vary by no more than #2.5%, and can be maintained throughout any disturbance
from external conditions, such as changing ambient conditions, or system changes, such as reversals of the temperature
swing adsorber beds.

3-5.1.6 Plant Output/Input. A test may be conducted at any product flow condition, as required to satisfy the goals of
thetest. Under this test condition, the power and utility supply to the plant shallnotbe constrained. [fatestunder donstant
poyver input is specified, the control system should be set up to change production rates to minimize fluctuation| of total
poyver demand.

-5.1.7 Plant Thermal Energy. Thermal energy may be required to operate certain subsystems within the ASU test
boyindary limits, exclusive of mechanically driving significant power consumers. Thermal energy is consiflered a
sedondary measurement that is not included in the calculation of plant performance. If steam turbine drivers are
us¢d within the ASU boundary limits, the performance equations and measuring techniques shall be modified
acdordingly.

3-5.1.8 Fuel. Fuel may be required to operate certain subsystems within the ASU'test boundary limits, exclpsive of
mechanically driving significant power consumers. Fuel is considered a secondarymeasurement that is not included in
thg calculation of plant performance. If gas turbine drivers or significant steam-gefierating equipment is used wifhin the
ASY boundary limits, the performance equations and measuring techniquesyshall be modified accordingly.

3-5.1.9 Online Cleaning. Online cleaning of equipment such as air eompressors should be explicitly addresped and
agieed to by the parties to the test.

3-5.2 Starting and Stopping Tests and Test Runs

cceptance and other official tests shall be conducted as promptly as possible following initial equipment ogeration
andl preliminary test runs. The equipment should be operated for sufficient time to demonstrate that intended test
corjditions, e.g., steady state, have been established, Agreement on procedures and time should be reached before
cotnmencing the test.
The Test Coordinator is responsible for ensuringthat 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.

3-5.2.1 Starting Criteria. Prior to stafting each performance test, the following conditions shall be satisfigd:
a) Operation, configuration, and disposition for testing shall be reached in accordance with the agreed-on|test re-
quirements, including

(1) equipment operation and method of control

(2) unit configuration, including required process influx and efflux flows

(3) availability and guality of power and utilities within agreed-on limits

(4) plant operationnwithin the bounds of the performance correction curves, algorithms, or programs

(5) equipment operation within allowable limits

(6) for a series-of test runs, completion of internal adjustments required for repeatability
b) Plant operation shall be stabilized for a sufficient period of time at test conditions (see para. 3-5.1.5)]
c) Data eollection, including data acquisition system(s), should be functioning and test personnel should be |n place
and ready‘to-collect samples or record data.

3-5.2.2 Stopping Criteria. Tests are normally stopped when the Test Coordinator is satisfied that the requiremjents for
a complete test run have heen satisfied The Test Coordinator should verify that requirements for methods of ageration
during the test have been satisfied. The Test Coordinator may extend or terminate the test if the requirements have not
been met. The Test Coordinator shall check data logging to ensure completeness.

3-5.3 Adjustments Prior to and During Tests
This subsection describes permissible and nonpermissible adjustments related to the test.

3-5.3.1 Permissible Adjustments During Stabilization Periods or Between Test Runs. Agreement should be reached
before the test on acceptable adjustments prior to the test. Basically, any adjustments may be made to the equipmentand/
or operating conditions, but the requirements for determination of stable operation shall still apply. Typically,
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adjustments prior to tests are those required to correct malfunctioning controls or instrumentation or to optimize plant
performance for the current operating conditions. Recalibration of suspect instrumentation or measurement loops is
permissible. Tuning and/or optimization of component or plant performance is permissible. Adjustment to avoid correc-
tions or to minimize the magnitude of performance corrections is permissible. Following any changes to operation of the
system, reverification of stability is required.

3-5.3.2 Permissible Adjustments During Test Runs

(a) Permissible Deviations. The equipment tested should be operated to ensure its performance is bounded by the

permis thte—fhretuations—amnd per missibledeviations leCLiﬁCL‘l.

(b) Readjustments. Once testing has started, readjustments to the equipment that can influence the results of the 1Iest
requirejrepetition of any test runs conducted prior to the readjustments. No adjustments should be permissible, for the
purpose of a test if they are inappropriate for reliable and continuous operation following a test under any andrall of the
specifigd outputs and operating conditions.

(c) Hermissible Adjustments. Permissible adjustments during tests are those required to corre¢t. malfunctionfing
controlp, to maintain equipment in safe operation, or to maintain plant stability.

3-5.3.3 Nonpermissible Adjustments. Any adjustments that would result in equipment béing operated beyond fthe
manufacturer’s operating limits, design or safety limits, and/or specified operating limits are not permitted. Adjustments
or recalibrations that would adversely affect the stability of a primary measurement duringa test are also not permitfed.

3-5.4 Puration, Number, and Evaluation of Test Runs

Data|shall be taken by automatic data-collecting equipment or by a sufficient number of competent observers.
Automdtic data-logging and advanced instrument systems shall be calibrated-to the required accuracy. No obseryer
shall bg required to take so many readings that lack of time may result in‘insufficient care and precision. Consideration
shall bg given to specifying duplicate instrumentation and taking simultaneous readings for certain test points to attain
the spegified accuracy of the test.

3-5.4.1 Duration of Test Runs. The duration of a test run shall'be of sufficient length that the data reflects the averhge
efficienfy and/or performance of the plant. Typically, data is_eollected over a 2-h test run. The Test Coordinator and the
parties|to the test may determine that a longer run perigd’is required.

>

3-5.4.2 Number of Test Runs. Atestrunisacomplet€set of observations with the ASU at stable operating conditionk.
test is the average of a series of test runs. This Code requires that a minimum of two valid test runs be used as the basip of
the tes§ and recommends that three test runs.be-conducted. Conducting multiple test runs

(a) grovides a valid method of rejecting bad test runs.

(b) Verifies the repeatability of the results..Results may not be repeatable due to variations in either test methodolpgy
(test vdriations) or the actual performance of the equipment being tested (process variations).

3-5.4.3 Evaluation of Test Runs. When comparing results from two test runs (X; and X,) and their uncertaipty
intervals, the three cases shown in‘Figure 3-5.4.3-1 should be considered.

(a) (asel. Aproblem clearly.exists when there is no overlap between uncertainty intervals. This situation may be dug to
uncertdinty intervals being.grossly underestimated, errors in the measurements, or abnormal fluctuations in fthe
measurjement values. Investigation to identify bad readings, overlooked or underestimated systematic uncertainty,
and thq like is necegsary to resolve this discrepancy.

(b) dasell. When-the uncertainty intervals completely overlap, as in this case, one can be confident that there hasbegn a
proper pccountingof all major uncertainty components. The smaller uncertainty interval, X, + U,, is wholly contained in
the intgrval-Xy+ U;.

(c) (aselH: This case, where a partial overlap of the uncertainty exists, is the most difficult to analyze. For both test fun
I'esultS dlld ‘L)Utll UIICTT taiut_y illtUl le) tU 1UU LUllULt, t}lC lllUbt Pl U]UG‘U}C va‘luc }icb ill t}lC lUsiUll VVllClC t}lC UIiccTr tal lty
intervals overlap. Consequently, the larger the overlap, the more confidence there is in the validity of the measurements
and the estimate of the uncertainty intervals. As the difference between the two measurements increases, the overlap
region shrinks.

Should a run or set of runs be a Case I or Case III, the results from all of the runs should be reviewed in an attempt to
explain the reason for excessive variation. Should no reason become obvious, the user of the Code should reevaluate the
uncertainty band or conduct more test runs to calculate the precision component of uncertainty directly from the test
results. Conducting additional tests may also validate the previous testing.

The results of valid runs shall be averaged to determine the mean result. The uncertainty of the result shall be calculated
in accordance with ASME PTC 19.1.
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Figure 3-5.4.3-1 Uncertainty Intervals
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%.5 Constancy of Test Conditions

The primary uncontrollable parameters affecting the steady-state test,conditions are ambient and heat-sin}
tiops. Testing duration and schedules shall be such that changes in ambient conditions are minimized.

3-6 CALCULATION AND REPORTING OF RESULTS

The data taken during the test should be reviewed and rejeeted in part or in whole if it is not in compliance
reduirements for the constancy of test conditions. Each Code test shall include pretest and post-test uncertainty a
andl the results of these analyses shall fall within Code wequirements for the type of plant being tested.

3-6.1 Data Reduction

Following each test, when all test logs and records have been completed and assembled, the test data sh
exdmined to ensure that the test data is withinjthe limits of permissible deviations from specified operating con
Adjustments of any kind should be agréed'on by the parties to the test and explained in the test report. If adju
carjnot be agreed on, the test run(s) may have to be repeated. Inconsistencies in the test record or test result may
tesks to be repeated in whole or ifitpart to attain test objectives.

3-6.2 Rejection of Readings

Jpon completion of thefestor during the testitself, the test data shall be reviewed to determine if data from cert:
petiods should be rejected prior to calculation of test results. Refer to ASME PTC 19.1 for data-rejection criteria. Al
uld be kept to note any plant upsets that cause test data to violate test parameter criteria.
An outlier analysis of spurious data should also be performed in accordance with ASME PTC 19.1 on all critical m
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although either or both of them may have been made strictly in accordance with the rules of the individual test Code, the

cause of the inconsistency shall be identified and eliminated.

3-6.4 Invalid Test Runs

Should serious inconsistencies that affect the results be detected during a test run or during calculation of the

results,

the run shall be invalidated completely. A run that has been invalidated shall be repeated to attain the test objectives. The

decision to reject a test run shall be the responsibility of the designated representatives of the parties to th
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3-6.5 Test Records

3-6.5.1 DataRecords 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 become the property of each of the parties to the test. The original test log and test data are the
only evidence of actual test conditions and shall permit clear and legible reproduction. Copying data sheets by hand is not
permitted. The completed data records shall include the date and time of day the observation was recorded. The observa-
tions shall be the actual readings without application of any instrument corrections.

The test log should constitute a complete record of events, including details that at the time may seem trivial or
irrelevant. Erasures of or destruction or deletion of any data record, page of the test log, or recorded observation
is not germitted. If an entry is corrected, the alteration shall be entered so that the original entry remains legible
and an|explanation for the change is included. For manual data collection, the test observations shall be éentefed
on carefully prepared forms that constitute original data sheets authenticated by the observers’ signatures. Forautomatic
data collection, printed output or electronic files shall be authenticated by the Test Coordinator and other repreSentatiyes
of the parties to the test.

The parties to the test shall agree in advance to the method used for authenticating, reproducing, and‘distributing the
data. Cgpies of the electronic data files shall be distributed to each of the parties to the test. The data files shall be jn a
format [that is easily accessible to all parties. Data residing on a machine should not remaifithere unless a backjup,
permarlent copy is made.

Partips to the test have the right to have copies of all data at the conclusion of the test. Data’shall be distributed by the
Test Cdordinator and approved in a manner as agreed to prior to testing.

3-6.3.2 Analysis and Interpretation. During the conduct of a test, or during the subsequent analysis or interpretatjon
of the opserved data, an obvious inconsistency may be found. If this occurs, reasonable effort should be made to adjust or
eliminatte the inconsistency. Failing this, test runs should be repeated.

3-6.6 [Test Report

Atestreportshall be written in accordance with Section 6 of this Gode by the Test Coordinator and distributed withjn a
time frgme agreed to by all parties to the test. A preliminary reportincorporating calculations and results may be requifed
before the final test report is submitted for approval.
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Section 4
Instruments and Methods of Measurement

4-]1 GENERAL REQUIREMENTS

4-1.1 Introduction

This Section reviews the critical highlights of portions of the ASME PTC 19 series Code supplements that direct|
to this Code. This Section also contains details of the instrumentation requirements of this Code that are not spe
addiressed in the referenced supplements. Such details include classification of data for the,purpose of instrume
selection and maintenance, field verification recommendations once instrumentatiorn is‘removed from a lab
callbration requirements, electrical metering, and other information specific to an ASME PTC 47.1 test.

This Section presents the mandatory provisions for instrumentation used in thedmplementation of an ASME P
test. Using the philosophy of ASME Performance Test Codes, the minimum reasonably achievable uncertainty is t
for|the instrumentation requirements.

The Instruments and Apparatus Supplements to ASME Performance Test Codes (ASME PTC 19 series) out
detjails concerning instrumentation and the governing requirements.6f instrumentation for ASME Code perfo
tesfing. Users of this Code should be familiar with the detailed requirements of ASME PTC 19.1, ASME PTC 19.2, AS
193, ASME PTC 19.5, and ASME PTC 19.22, as well as ASME MFC-3M for differential flowmeters.
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If the instrumentation requirements in the ASME PTC 19 series*Code supplements become more rigorous as fhey are

4-1.2 Measurements

4-1.2.1 Measurement Designation. A measurement may be designated as either a parameter or a variable. Th
“pqrameter” and “variable” are often used interchangeably in the industry, and in some other ASME Codes. Howe
Codle distinguishes between the two.

A parameter is considered a direct meaSurement and is a physical quantity at a location that is determined by
insfrument, or by the average of several Similar instruments. In the latter case, several instruments may be

de.

e terms
Ver, this

A single
used to

delermine 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,
usipg two temperature measurements of the fluid in a pipe in the same plane, where the temperature gradientis e
to pe insignificant. Typical ‘\parameters measured in an ASME PTC 47.1 test are temperature, static and diff
prgssure flow, stream censtituent concentrations (purity), power, voltage, and current.

A variable is considered an indirect measurement and is an unknown quantity in an algebraic equation that i
mined by paramet€rs: The performance equations in Section 5 contain the variables used to calculate the perfo

such as
kpected
brential

5 deter-
rmance

regults, including corrected power consumption, corrected production rate, and gas purity. Typical variables in these
equations areflow, pressure, temperature, correction factors, and electrical power. Each variable can be thought
intermediate fesult needed to determine the performance result.

Parameters are therefore the quantities measured directly to determine the value of the variables needed to c

th

of as an

hlculate
sure to

e flow.

4-1.2.2 Measurement Classification. A parameter or variable is classified as primary or secondary, depending on its
usage in the execution of this Code. Parameters and variables used in the calculation of test results are considered primary
parameters and primary variables. Secondary parameters and secondary variables do not enter into the calculation of the

results but are used to ensure that the required test condition was not violated.

Primary parameters and primary variables are further classified as Class 1 or Class 2, depending on their relative
sensitivity coefficient to the results of the test. Class 1 primary parameters and Class 1 primary variables are those that
have a relative sensitivity coefficient of 0.2% or greater. The primary parameters and primary variables that have a
relative sensitivity coefficient ofless than 0.2% are classified as Class 2 primary parameters and Class 2 primary variables.
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4-1.3 Instrumentation

In general, measuring equipment should be selected to minimize test uncertainty. Critical parameters should be
measured with instruments that have sufficient accuracy to ensure that target uncertainties will be achieved.
Typical station recording instruments are designed for process control based on instrument reliability and for ease
ofuse and maintenance, rather than for accuracy. Therefore, measurements made using station instruments may increase
test uncertainty beyond agreed-on limits. Test instrumentation should be selected based on cost versus accuracy re-
quirements to meet the requirements of this test Code.

All instruments shall be checked to verify that they are the specified type, properly installed, working as designed, and
functiofing over the range of the expected input.

4-1.3.1 Instrumentation Categorization. The instrumentation employed to measure a parameter will havedifferent
required type, accuracy, redundancy, and handling depending on the use of the measured parameter and how the
measurjed parameter affects the performance result. This Code does not require high-accuracy instrumentation [for
secondary parameters. The instruments that measure secondary parameters may be permanently \installed plhnt
instrunjentation.

This Code requires verification of instrumentation output prior to the test period. This verification can be performed by
calibration. The instruments should also have redundant or other independent instruments that.can be used to verify the
integritly during the test period. Instrumentation is categorized as Class 1 or Class 2, depending on the instrumentation
requirejments defined by that parameter. Care shall be taken to ensure that the instrumentation meets the requirements
set forth in this Code.

4-1.3.2 Class1Instrumentation. Class 1 instrumentation shall be used to determiinhe Class 1 primary parameters. Class
1 instrymentation requires high accuracy, with precision laboratory calibration, and/or shall meet specific manufac-
turing gnd installation requirements, as specified in the ASME PTC 19 series Code supplements.

4-1.3.3 Class 2 Instrumentation. Class 2 instrumentation shall be used'to determine Class 2 primary parameters. Class
2 instrymentation does not require laboratory calibration other than that performed in the factory for certification, byt it
does require field verification by techniques described in this.Gode.

4-1.3.4 Plant Instrumentation. It is acceptable to use plantinstrumentation for primary parameters only if the plant
instrunjentation (including signal-conditioning equipmentjscan be demonstrated to meet the overall uncertainty |re-
quiremgpnts. In the case of flow measurement, all instrument measurements (process pressure, temperature, differenfial
pressuife, or pulses from metering devices) shall be made available, as plant conversions to flow are often not rigorpus
enough| for the required uncertainty.

4-1.3.5 RedundantInstrumentation. Redundantinstruments are two or more devices measuring the same paramdter
with regpect to the same location. Where experience in the use of a particular model or type of instrument indicates that
the undertainty results would be unacceptable, and no other device is available, redundancy is recommended.
Other independent instruments in-separate locations can also monitor instrument integrity. A sample case would Qe a
constarjt-enthalpy process in which-pressure and temperature at one point in a process line verify the pressure gnd
temperpture at another location~in the line by comparing enthalpy.

4-1.4 |nstrument Calibration

4-1.4.1 Definition-of-Calibration. Calibration is the set of operations that establishes, under specified conditions, the
relatiorjship between values indicated by a measuring instrument or measuring system, and the corresponding referepce
standaild or knowhvalues derived from the reference standard. The result of a calibration permits the estimation of errprs
of indichtion.6fthe measuring instrument or measuring system, or the assignment of values to marks on arbitrary scales.
Therespltofa’calibration is sometimes expressed as a calibration factor, or as a series of calibration factors in the form pfa
calibratien-ecurve-Calibrations-performedinaccordance-with-this-Code-are-categori i i ions
or field calibrations.

4-1.4.1.1 Laboratory-Grade Calibration. A laboratory-grade calibration, as defined by this Code, is a calibration that
is performed under controlled conditions with highly specialized measuring and test equipment that has been calibrated
by approved sources and that remains traceable to the National Institute of Standards and Technology (NIST), another
recognized international standard organization, or a natural physical (intrinsic) constant through unbroken comparisons
having defined uncertainties. These calibrations shall be performed in strict compliance with established policy, re-
quirements, and objectives of a laboratory quality assurance program. Laboratory calibration applications shall be
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employed on Class 1 instrumentation with the exception of fluid-metering devices that strictly adhere to specific manu-
facturing and installation requirements, as specified in the ASME PTC 19 series Code supplements.

4-1.4.1.2 Field Calibration. Field calibration, as defined by this Code, is a calibration that is performed under condi-
tions that are less controlled, either with or without less rigorous measurement and test equipment, than under a
laboratory-grade calibration. Field calibration measurement and test equipment requires calibration by approved
sources that remain traceable to NIST, another recognized international standard organization, or a natural physical
(intrinsic) constant through unbroken comparisons having defined uncertainties. Field calibration applications are
commonly employed on instrumentation measuring secondary parameters and on Class 2 instrumentation that is iden-
tififd as out-of-calibration during field verification.

-1.4.2 Reference Standards. In general, all non-flow-metering Class 1 and Class 2 instrumentation used te measure
primary (Class 1 and Class 2) parameters shall be calibrated against reference standards traceable to INIST, ainother
redognized international standard organization, or recognized natural physical constants with values assigned or
acdepted by NIST. Instrumentation used to measure secondary variables need not be calibrated ‘against a reference
stapdard. These instruments may be calibrated against a calibrated instrument.

4-1.4.3 Environmental Conditions. Calibration of instruments used to measure primagy)parameters (Class 1 pr Class
2) should be performed in a manner that replicates the conditions under which the instrument will be used to njake the
tesf measurements. As it is often not practical or possible to perform calibrations undetréplicated environmentdl condi-
tions, additional elemental error sources shall be identified and estimated. Error source considerations shall be given to
all process and ambient conditions that may affect the measurement system, including temperature, pressure, hymidity,
eleftromagnetic interference, and radiation.

4-1.4.4 Instrument Ranges and Calibration Points. The number of calibration points depends on the classifidation of
thg parameter the instrument will measure. The calibration should haye points that bracket the expected measyrement
rarjge. In some cases of flow measurement, it may be necessary toextrapolate a calibration. Field verifications ghall be
emlployed on all installed instrumentation prior to the test on*all measured primary and secondary parametfers.
a) Class 1 Instrumentation. The instruments measuring.Class 1 primary parameters should be laboratorj-grade
cal]brated at two points more than the order of the calibratien curve fit, whether it is necessary to apply the calfbration
dafa to the measured data or if the instrument is of the guality that the deviation between the laboratory calibrafion and
the instrument reading is negligible in terms of affecting the test result. Flow metering that requires calibration] should
haye a 20-point calibration. Instrument transformers do not require calibration at two points more than the ord¢r of the
caljbration curve fit.
KEach instrument should also be calibratéd ‘such that the measuring point is approached in an increasing and a
deg¢reasing manner. This exercise minitmizes the possibility of any hysteresis effects. Some instruments afe built
with a mechanism to alter the range ohce the instrument is installed. In this case, the instrument shall be calibrated
at each range to be used during the-test period.
ome devices cannot practically-be calibrated over the entire operating range. For example, flow-measuring deviices are
often calibrated at flows lower-than the operating range and the calibration data is extrapolated.
) Class 2 Instrumentqtion/If calibration for instruments measuring Class 2 primary parameters is to be curve fitted,
thq calibration should contain, as a minimum, one point more than the order of the calibration curve fit. If the insffrument
car] be shown to typically have a hysteresis of less than the required accuracy, the measuring point need pnly be
approached from<ne direction (either increasing or decreasing to the point).

-1.4.5 Secondary Parameters. The instruments measuring secondary parameters shall undergo field verificption as
degcribed in’para. 4-1.5 and, if calibrated, need only be calibrated at one point in the expected operating rahge.

-1.4.6" Timing of Calibration. Because of the variance in different types of instrumentation and their care, no nhandate
ishaderegarding the time interval between the initial laboratory calibration and the test period. Treatment of the¢ device
is much more important than the elapsed time since calibration. Instruments may be installed in the field but valved out of
service, and/or they may, in many cases, be exposed to significant cycling. In these cases, the instrumentation is subject to
vibration or other damage, and it shall undergo field verification.

All test instrumentation used to measure Class 1 primary parameters shall be laboratory-grade calibrated prior to the
test and/or shall meet specific manufacturing and installation requirements, as specified in the ASME PTC 19 series Code
supplements. The time between the calibration and the test period should be kept to a minimum to minimize calibration
drift. Similarly, the time between the field verification and the test period should be kept to a minimum to minimize
instrument drift. Test instrumentation used to measure Class 2 parameters and secondary parameters does not require
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laboratory calibration other than that performed in the factory for certification, but it does require field verification prior
to the test.

Following a test, field verification shall be conducted on instruments measuring parameters where there is no redun-
dancy or for which data is questionable. For the purposes of redundancy, plant instrumentation may be used in the field
verification. If results indicate unacceptable drift or damage, then further investigation is required. Flow-element devices
used to measure Class 1 primary parameters that do not have redundancy shall require field verification, including
inspection, following the test. Flow-element devices used to measure Class 2 primary parameters need not
undergo inspection following the test if the devices have not experienced conditions that would violate the test’s integrity.

Such cqnditions. may include ﬂnching line h]n\Arc' and chemical r]panihg

By ndture, flow-measuring devices and current and potential transformers are not amenable to post-test calibratior]. In
the casq of flow-measuring devices used to measure Class 1 primary variables, the element may be inspected followinghe
test rather than recalibrated. The inspection should include, as a minimum, a visual inspection for nicks, cuts, or other
damagg, and dimensional measurements (as required) in three planes. Flow elements used to measure Class 2 primpry
variables need not be inspected following the test if the devices have not experienced flushing, line blows, or chemjcal
cleanin

4-1.4.7 Calibration Drift. Calibration drift is defined as a shift in the calibration characteristics. When the field veri-
fication| indicates the drift is less than the instrument accuracy, the drift is considered acceptable and the pretest cpli-
brationlis used as the basis for determining the test results. Occasionally the instrument calibration drift is unacceptaple.
Should the calibration drift, combined with the reference standard accuracy as the squdreroot of the sum of the squares,
exceed [the required accuracy of the instrument, it is unacceptable.

Calibfation drift can result from instrument malfunction, transportation, installation, or removal of the test insfru-
mentatjon. When a field verification of calibration indicates unacceptable driftto meet the uncertainty requirementp of
the test, further investigation is required.

A podt-testlaboratory calibration should be ordered, and engineering judgment shall be used when evaluating the field
ions to determine whether the initial or recalibration is correct.:\Below are some recommended field verification

o

b

hen instrumentation is transported to the test site between the calibration and the test period, a single-pqgint

which ¢alibration data (the initial or recalibration)*produces better agreement between redundant instruments.

4-1.4.8 Loop Calibration. All analog instrumefits used to measure primary parameters (Class 1 or Class 2) should be
loop calibrated. Loop calibration involves the{calibration of the instrument through the signal-conditioning equipmént.
This may be accomplished by calibrating instrumentation using the test signal-conditioning equipment either in a lpb-
oratory|or on site during test setup befofe'the instrument is connected to process. Alternatively, the signal-conditionjing
device may be calibrated separately-from the instrument by applying a known signal to each channel using a precisjon
signal generator. Where loop calibration is not practical, an uncertainty analysis shall be performed to ensure that the
combinfed uncertainty of the measurement system meets the uncertainty requirements described in Table 1-3-1

Instrpmentation with digital-output need be calibrated only 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:

4-1.4.9 QualityAssurance Program. Each calibration laboratory shall have in place a quality assurance program that
documgnts the following information:

(a) dalibratien procedures

(b) cplibration technician training

(c) standard-calibration—records

(d) standard calibration schedule

(e) instrument calibration histories

The quality assurance program should be designed to ensure that the laboratory standards are calibrated as required
and that properly trained technicians calibrate the equipment in the correct manner.

The parties to the test should be allowed access to the calibration facility for auditing. The quality assurance program
should also be made available during such a visit.
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4-1.5 Instrument Verification

Verification is a set of operations that establishes evidence, by calibration or inspection, that specified requirements
have been met. 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 limits of the permissible error defined in a standard,
regulation, or specification particular to the management of the measuring device.

Field verification shall be performed on all installed instrumentation prior to the test on all secondary measured
parameters. The verifications shall demonstrate that the instrumentation and systems are within acceptable limits
of error as defined in para. 4-2.2. Verification techniques may include field calibration, nondestructive inspection,
and comparison of redundant instruments.
lemental error sources arising from the methods of measurement shall be evaluated during the field verifichtion to
identify the uncertainty sources beyond those contained in the calibration or manufacturer’s specificatipnydata pcquisi-
, and data reduction, that may significantly affect the assessment of the verification. Some commonexamplesfinclude
ation effects, mounting position effects, electromagnetic effects, external temperature and humidity effects| and, in
e cases, static temperature effects. The errors may be of either a systematic or random naturé, depending ¢n their
ct on the measurement.

PRESSURE MEASUREMENT

.1 Introduction

his subsection presents requirements and guidance for the measurement of pressure. Electronic pressure mleasure-
ment equipment should be used for primary measurements to minimize,systematic and random error.
ressure transmitters are the recommended pressure measurement devices. Application, installation, and pressure
stapdards are described in detail in ASME PTC 19.2. The following types of pressure transmitters are expected to pe used
in applying this test Code:
) absolute pressure transmitters
) gauge pressure transmitters
') differential pressure transmitters
lectronic pressure measurement equipment is preférred due to inherent compensation procedures for sensitivity,
zenjo balance, and thermal effect on sensitivity and oh'zero. Deadweight gauges, manometers, and other measyrement
devices that meet the uncertainty requirements of para. 4-2.2 may be used. The uncertainty of the pressure measyrement
shdll consider effects including, but not limited to, ambient temperature, resolution, repeatability, linearity, hygteresis,
vibration, power supply, stability, mounting.position, radio frequency interference (RFI), static pressure, wdter leg,
wafm-up time, data acquisition, spatial variation, and primary element quality.
he piping between the process and secondary element must accurately transfer the pressure to obtain dccurate
surements. Possible sources-ofierror include pressure transfer, leaks, friction loss, trapped fluid (i.e., gas in a
ligqypid line or liquid in a gas line}-and density variations between legs.
11 signal cables should have a'grounded shield or twisted pairs to drain any induced currents from nearby electrical
ipment. All signal cables'should be installed away from devices that produce electromagnetic force (EMF) [such as
maotors, generators, electrical conduit, cable trays, and electrical service panels.
rior to calibration,\the pressure transducer range may be altered to match the process. However, the sensitivity to
ient temperature fluctuation may increase as the range is altered.
calibration ef/at least five points is required. Additional points increase the accuracy but are not required]During
callbration/the measuring point should be approached from an increasing and a decreasing manner to minimize the
hygteresis ‘effects.
omepressure transducers have the capability of changing the range once the transmitter is installed. The trangmitters
shdll be calibrated at each range to be used during the test period.
The readings from all static pressure transmitters and any differential pressure transmitters with taps at different
elevations (such as on vertical flow elements) shall be adjusted to account for elevation head in water legs. This adjust-
ment shall be applied automatically at the transmitter or in the control system or data acquisition system, or manually by
the user after the raw data is collected. Care shall be taken to ensure that this adjustment is applied properly, particularly
at low static pressures, and that it is applied only once.
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4-2.2 Required Uncertainty

The required uncertainty will depend on the type of parameters and variables being measured. Class 1 primary
parameters and Class 1 primary variables shall be measured with 0.1%-accuracy-class pressure transmitters or equiva-
lents that have a total uncertainty of £0.3% or better of calibrated span. Pressure transmitters should be temperature
compensated. If temperature compensation is not available, the ambient temperature at the measurement location
during the test period shall be compared with the temperature during calibration to determine if the decrease in accuracy
is acceptable.

Class 2 primary parameters and Class 2 primary variables shall be measured with 0.25%-accuracy-class pressure
transmitters or equivalents that have a total uncertainty of +0.50% or better of calibrated span. These pressure trans-
mitters|do not need to be temperature compensated.

Secompdary variables can be measured with any type of pressure transmitter or equivalent device.

4-2.3 Recommended Pressure Measurement Devices
4-2.3.1 Absolute Pressure Transmitters

(a) Application. Absolute pressure transmitters measure pressure referenced to absolute-zero pressure. Absolute
pressuie transmitters should be used on all measurement locations with a pressure equal to or less than atmosphefric.
Absolufe pressure transmitters may also be used to measure pressures above atmospheric¢ pressure.

(b) dalibration. Absolute pressure transmitters can be calibrated using one of two méthods. The first method involjes
connecting the test instrument to a device that develops an accurate vacuum at desired levels. Such a device can He a
deadwdight gauge in a bell jar referenced to zero pressure or a divider piston mechanism with the low side referenced to
Zero pressure.

The second method uses a suction-and-bleed control mechanism to develdp and hold a constant vacuum in a chamber.
The tesf instrument and the calibration standard are both connected to the’¢thamber. The chamber shall be maintainegl at
constarft vacuum during the calibration of the instrument. Other devices can be used to calibrate absolute presspre
transmitters provided that the same level of care is taken.

4-2.3.2 Gauge Pressure Transmitters

(a) Application. Gauge pressure transmitters measure pressure referenced to atmospheric pressure. To obtain abso-
lute prgssure, the test site atmospheric pressure shall be added to the gauge pressure. This test site atmospheric pressjire
should be measured by an absolute pressure transmitter: Gauge pressure transmitters may be used only on measuremgent
locationps with pressures higher than atmospherie:Gauge pressure transmitters are preferred over absolute presspre
transmitters in measurement locations above atmospheric pressure because they are easier to calibrate.

(b) dalibration. Gauge pressure transmitters’can be calibrated by an accurate deadweight gauge. The pressure gerjer-
ated by the deadweight gauge shall be.corrected for local gravity, air buoyancy, piston surface tension, piston afea
deflection, actual mass of weights, dctual piston area, and working medium temperature. If these corrections pre
not usgd, the pressure generated hy/the deadweight gauge may be inaccurate. The actual piston area and masg of
weightp are determined each time the deadweight gauge is calibrated. Other devices can be used to calibrpte
gauge Qressure transmitters. provided that the same level of care is taken.

4-2.3.3 Differential Pressure Transmitters

(a) Application. Differential pressure transmitters are used where flow is determined by a differential pressure meter,
or where pressurédrops in a duct or pipe shall be determined. Differential pressure devices may also be used in distilla-
tion cojumn ptessure-drop measurements.

(b) (alibration. Differential pressure transmitters used to measure Class 1 primary parameters and Class 1 primpry
variablgs shall be calibrated atline static pressure unless information is available detailing the effect of line static presspire
on the instrumentaccuracy that demonstrates compliance with the uncertainty requirements of para. 4-2.Z. Calibrations
at line static pressure are performed by applying the actual expected process pressure to the instrument as it is being
calibrated. Calibrations at line static pressure can be accomplished by one of the following three methods:

(1) two highly accurate deadweight gauges
(2) a deadweight gauge and divider combination
(3) one deadweight gauge and one differential pressure standard

Differential pressure transmitters used to measure Class 2 primary parameters and Class 2 primary variables or
secondary parameters and secondary variables do not require calibration at line static pressure and can be calibrated
using one accurate deadweight gauge connected to the “high” side of the instrument.
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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 the effect. Once the instrument is installed in the field, the differential pressure from the
source should be equalized and a zero value read. This zero bias shall be subtracted from the test-measured differential
pressure. Other devices can be used to calibrate differential pressure transmitters provided that the same level of care is
taken.

4-2.4 Absolute Pressure Measurements

4-2.4.1 Introduction. Absolute pressure measurements are pressure measurements that are below or above atmo-
SpHETIC Pressure. ADSOIUTE PresSUre transmItlers are recommended for TNese Measurements. 10e typicat absoiuge pres-

for vacuum pressure measurements, differential pressure transmitters may be used with the “low” side of the trans-
mitter connected to the source to effectively result in a negative gauge that is subtracted from atmospheric pressure to
fain an absolute value. This method may be used but is not recommended for Class 1 primary parameters and Class 1
ary variables since these measurements are typically small and the difference of two larger iumbers may tesult in

4-2.4.2 Installation. Absolute pressure transmitters used for absolute pressure measutements shall be instajled in a
staple location to minimize the effects associated with ambient temperature, vibration, mechanical shock, cqrrosive
erials, and RFI. Transmitters should be installed in the same orientation as theyswere calibrated. If the trarjsmitter
ounted in a position other than thatin which it was calibrated, the zero point may.shift by an amount equal to tHe liquid
head caused by the different mounting position. Impulse tubing and mounting hardware should be installed in accgrdance
with the manufacturer’s specifications. In general, the following guidelines‘should be used to determine trarjsmitter
lochtion and placement of impulse tubing:

a) Keep the impulse tubing as short as possible.
b) Slope the impulse tubing atleast8 cm/m (1 in./ft) upward from the transmitter toward the process connedtion for
liqgid service.
) Slope the impulse tubing atleast 8 cm/m (1 in./ft) downWward from the transmitter toward the process connection
for|gas service.

d) Avoid high points in liquid lines and low points-it* gas lines.

) Use impulse tubing that is 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 flgnges.

IIn steam service, the sensing line should extend'at least 60 cm (2 ft) horizontally from the source before the doynward
slope begins. This horizontal length will allofycondensation to form so the downward slope will be completely full of
liqtid.
The water leg is the condensed liquid or water in the sensing line. This liquid causes a static pressure head to deyelop in
the sensing line. This static head shall\be subtracted from the pressure measurement. The static head is calculatg¢d in eq.
(4-R.4.2-1).

Bar = P(8/8)0 (424.2-1)
whiere
g = local gravitational acceleration, ~ 9.81 m/s* (32.17 ft/sec?)
ge = gravitatidmal conversion factor, 1.00 (kg-m)/N-s%) [32.17 (Ibm-ft)/(Ibf-sec?)
h = sensing/line vertical height, m (ft)
Bsat = static head, Pa (Ibf/ft?)
p =-density of liquid in sensing line, kg/m* (Ibm/ft%)

All Vvacuum measurement sensing lines shall slope continuously upward from the source to the instrument. A purge
system thatisolates the purge gas during measurement of the process should be used. A continuous purge system may be
used; however, it shall be regulated to have no influence on the reading. Prior to the test period, readings from all purged
instrumentation should be taken successively with the purge on and with the purge off to prove that the purge air has no
influence.

Each pressure transmitter should be installed with an isolation valve at the end of the sensing line upstream of the
instrument. The instrument sensing line should be vented to clear water or steam (in steam service) before the instru-
ment 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.
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Once transmitters are connected to the process, a leak check shall be conducted. For vacuum measurements, the leak
checkis performed by isolating first the purge system and then the source. If the sensing line has no leaks, the instrument
reading will not change. For nonvacuum measurements, the leak check should be performed using a leak detection fluid
on the impulse tubing fittings.

Ambient pressure transmitters should be installed in the same general area and elevation of the gauge pressure
transmitters and should be protected from air currents that could influence the measurements.

4-2.5 Gauge Pressure Measurements

are recmmended since they are easier to calibrate and to check in situ than absolute pressure transmitters.

4-2.3.2 Installation. Gauge pressure transmitters used for gauge pressure measurements shall be installed in a stable
locationp to minimize the effects associated with ambient temperature, vibration, mechanical shock, corrosive materipls,
and RF] Transmitters should be installed in the same orientation as they were calibrated. If the transmitter is mountegl in
apositipn other than that in which it was calibrated, the zero point may shift by an amount equal to'the liquid head caufed
by the dlifferent mounting position. Impulse tubing and mounting hardware should be installéd in accordance with fhe
manufacturer’s specifications. In general, the following guidelines should be used to determing transmitter location gnd
placemgnt of impulse tubing:

(a) Heep the impulse tubing as short as possible.

(b) Jlope the impulse tubing atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection|for
liquid gervice.

(c) Slope the impulse tubing atleast 8 cm/m (1 in./ft) downward from thetransmitter toward the process connectfion
for gas|service.

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

(e) Use impulse tubing that is large enough to avoid friction effects and prevent blockage.

(f) Keep corrosive or high-temperature process fluid out of diréct contact with the sensor module and flangeg.

In stgdam service, the sensing line should extend atleast 60 cm’(2-ft) horizontally from the source before the downwhrd
slope bpgins. This horizontal length will allow condensationo form so the downward slope will be completely full of
liquid.

The Water legis the condensed liquid or water in the sensing line. This liquid causes a static pressure head to develop in
the senging line. This static head must be subtracted frem the pressure measurement. The static head is calculated inleq.
(4-2.4.2-1).

Each|pressure transmitter should be installed*with an isolation valve at the end of the sensing line upstream of the
instrunjent. The instrument sensing line should be vented to clear water or steam (in steam service) before the instru-
ment is|installed. This will clear the sensing line of sediment or debris. After the instrument is installed, allow sufficient
time fof liquid to form in the sensing line so the reading will be correct.

Onceltransmitters are connected to’the process, a leak check shall be conducted. The leak check should be perfornhed
using alleak detection fluid on-the impulse tubing fittings.

4-2.6 Pifferential Pressure Measurements

4-2.4.1 Introduction: Differential pressure measurements are used to determine the difference in static pressjire
betweeh pressure tapsin a primary device. Differential pressure transmitters are recommended for these measuremehts.
Typical|differential'pressure measurements include the differential pressure of a flow element or pressure loss in a plipe
or duct] The«differential pressure transmitter measures this pressure difference or pressure drop, which is used to
calculate the fluid flow.

atta alled
ina stable location to minimize the effects assoc1ated with ambient temperature, vibration, mechanical shock corrosive
materials, and RFI. Transmitters should be installed in the same orientation as 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 different mounting position. Impulse tubing and mounting hardware should be installed in accordance
with the manufacturer’s specifications. In general, the following guidelines should be used to determine transmitter
location and placement of impulse tubing:

(a) Keep the impulse tubing as short as possible.

(b) Slope the impulse tubing atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for
liquid service.
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Figure 4-2.6.2-1 Five-Way Manifold
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c) Slope the impulse tubing atleast 8 cm/m (1 in./ft) dowward from the transmitter toward the process connection
for|gas service.

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

e) Ensure that 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 that is 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.
IIn steam service, the sensing line should-extend atleast 60 cm (2 ft) horizontally from the source before the doywnward
slope begins. This horizontal length Will’allow condensation to form so the downward slope will be completely full of
liggid.
fach pressure transmitter should be installed with an isolation valve at the end of the sensing lines upstream of the
insfrument. The instrument(sensing lines should be vented to clear water or steam (in steam service) before thq instru-
ent is installed. This will clear the sensing lines of sediment or debris. After the instrument is installed, allow syfficient
e for liquid to formiin the sensing line so the reading will be correct.
bifferential pressute transmitters should be installed using a five-way manifold, as shown in Figure 4-2.6.2f1. This
maifold is recomihended rather than a three-way manifold because the five-way manifold eliminates the possipility of
leakage past.theequalizing valve. The vent valve acts as a telltale for leakage detection past the equalizing yalves.
(nce trafisiitters are connected to process, a leak check shall be conducted. The leak check should be performgd using
a l¢ak-détection fluid on the impulse tubing fittings.
hen-a differential pressure meter is installed on a flow element that is located in a vertical steam or water line, the

mebsurement-shallbe-corrected-for-the-difference-in-sensinaline-heichtand-fluid-head-change-unle he-upperkensing

ti

line is installed against a steam or water line inside the insulation down to where the lower sensing line protrudes from
the insulation. The correction for the noninsulated case is shown in Figure 4-2.6.2-2.

For differential pressure transmitters on flow devices, the transmitter output is often an extracted square root value
unless the square rootis applied in the plant control system. Care should be taken to ensure that the square rootis applied
only once.
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Figure 4-2.6.2-2 Water Leg Correction for Flow Measurement
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= fluid density at ambient conditions, kg/m® (Ibm/ft*)

= fluid density at conditions within pipe, kg/m* (Ibm/ft%)

= local gravitational force per unit mass, ~ 9.81 m/s® (32.17 ft/sec?)

= gravitational dimensional constant, 1.00 (kg-m)/(N-s?) [32.17 (Ibm-ft)/(Ibf-sec?)]
= difference in water leg, m (ft)

= measured pressure difference, Pa (Ibf/ft%)

= true pressure difference, Pa (Ibf/ft?)

4-3 TEMPERATURE MEASUREMENT
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subsection presents requirements and guidance for the measurement of temperature. Recommended tempe
pasurement devices and the calibratipninand application of temperature measurement devices are discuss
hic temperature measurement equipment should be used for primary measurements to minimize system
dom errors. Application, installation, and standards are more completely described in ASME PTC 19.3.
incertainty of the temperaturé hieasurement shall consider effects including, but not limited to, stability,
bnt, self-heating, parasitic resistance, parasitic voltages, resolution, repeatability, hysteresis, vibration, warm
hmersion or conduction/radiation, dynamic and spatial variation, and data acquisition.
mocouples, resistance temperature detectors, and thermistors are the recommended temperature measurem|
Economic, application, and uncertainty considerations should be used in the selection of the most appropri
hture measurement device.
temperature'measurement technology will change over time, this Code does not limit the use of other tempg
asurementdevices that are not currently available or not currently reliable. If such a device becomes available
n to be'ef the required uncertainty and reliability, it may be used.
bnal.cablés should have a grounded shield or twisted pairs to drain any induced currents from nearby electr

ra-
ed.
htic

up

ent
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ent, All signal cables should be installed away from EMF-producing devices such as motors, generators, electr

conduit

_cable-trays—and-electrical-servicepanelrmn————————

4-3.2 Required Uncertainty

The required uncertainty will depend on the type of parameters and variables being measured. Refer to paras. 4-1.2.2
and 4-1.3.1 for discussion on measurement classification and instrumentation categorization.
Class 1 primary parameters and Class 1 primary variables shall be measured with temperature measurement devices
that have an instrument systematic uncertainty of no more than +0.28°C (0.50°F) for temperatures lower than 93°C
(200°F) and no more than +0.5°C (1.0°F) for temperatures higher than 93°C (200°F).

26


https://asmenormdoc.com/api2/?name=ASME PTC 47.1 2017.pdf

ASME PTC 47.1-2017

Class 2 primary parameters and Class 2 primary variables shall be measured with temperature measurement devices
that have an instrument systematic uncertainty of no more than +1.7°C (3.0°F).

Secondary variables should be measured with temperature measurement devices that have an instrument systematic
uncertainty of no more than +2.8°C (5.0°F).

4-3.3 Recommended Temperature Measurement Devices

4-3.3.1 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
ay & T °F)if g i h differ-
enfial-type device. The thermocouple measures the difference between the measurement location in questioh and a
refprence temperature. The greater this difference, the higher the EMF from the thermocouple. Therefore,)belgw 93°C
(2Q0°F) the EMF becomes low and is subject to induced noise, causing increased systematic uncertainty and inag¢curacy.
easurement errors associated with thermocouples typically derive from the following primary, sources:
a) junction connection
b) shunt impedance
) galvanic action
d) thermal shunting
) noise and leakage currents
thermocouple specifications
he homogeneity of the thermocouple wire is an important factor in accurate nteasurement. The EMF developed by a
thgrmocouple made from homogeneous wires is a function of the temperature-difference between the measurenmjent and
thg reference junction. However, if the wires are not homogeneous in alregion where a temperature gradienf exists,
extraneous EMF will develop, and the output of the thermocouple will.depend on factors in addition to the temperature
difference at the two junctions. See ASME PTC 19.3.
he elements of a thermocouple shall be electrically isolated from'each other, from ground, and from condugtors on
whiich they may be mounted, except at the measuring junction. When a thermocouple is mounted along a conductpr, such
as a pipe or metal structure, special care should be exercised'to ensure good electrical insulation between the thermo-
coyple wires and the conductor to prevent stray currents\in the conductor from entering the thermocouple cir¢uit and
vitfating the readings. Stray currents may further be reduced with the use of guarded integrating analog-to-digital (A/D)
techniques. Further, to reduce the possibility of magnetically induced noise, the thermocouple wires shpuld be
cofstructed in a twisted uniform manner.
hermocouples are susceptible to drift aftér-eycling. Cycling is the act of exposing the thermocouple to the process
temperature and then removing to ambient¢onditions. The number of times a thermocouple is cycled should be Kept to a
minimum.
Thermocouples can effectively betused in high-vibration areas such as main or high-pressure inlets to th¢ steam
turpine. High-vibration measurentent locations may not be conducive to other measurement devices. This Codelrecom-
mends that the highest EMF per{degree be used in all applications. The NIST ITS-90 Thermocouple Database has t¢chnical
information about thermocouples.

4-3.3.1.1 Class 1 Primary Parameters. Thermocouples used to measure Class 1 primary parameters shall have
cornjtinuous leads from\thé measuring junction to the connection on the reference junction. These high-accuracy thermo-
coyples shall haveateference junction at 0°C (32°F) or an ambient reference junction thatis well insulated and caljbrated.

4-3.3.1.2_Class 2 Primary Parameters. Thermocouples used to measure Class 2 primary parameters cin have
jurfctions in/the sensing wire. The junction of the two sensing wires shall be maintained at the same tempgrature.
The reference junction may be at ambient temperature provided that the ambient is measured and the measyrement
is gompensated for changes in the reference junction temperature.

4-3.3.1.3 Thermocouple Signal Measurement. Many instruments are used today to measure the outputvoltage. The
use of each of these instruments in a system to determine temperature requires that they meet the uncertainty re-
quirements for the parameter. It is recommended that the thermocouple signal conversion use ITS-90 software compen-
sation techniques.

4-3.3.2 Resistance Temperature Detectors. Resistance temperature detectors (RTDs) may be used in testing from
any low temperature to the highest temperature, depending on the mechanical configuration and manufacturing
methods. RTDs can measure from -270°C to 850°C (-454°F to 1,562°F). ASTM E1137/E1137M-08 (R2014) provides
standard specifications for industrial platinum resistance thermometers and includes requirements for manufacture,
pressure, vibration, and mechanical shock to improve the performance and longevity of these devices.
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Figure 4-3.3.2.1-1 Three- and Four-Wire RTDs
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Meagurement errors associated with RTDs typically derive from the following primary sources:

(a) self-heating

(b) gnvironment

(c) thermal shunting

(d) thermal EMF

(e) stability

(f) itnmersion

Althdugh RTDs are considered to be more linear devices than thermocouples, due to manufacturing technology, RTDs
are moie susceptibletovibrational applications. As such, care should be taken in the specification and application of RT[Ds,
with copsideratjonfor the effect on the devices’ stability. Field verification techniques should be used to demonstrate that
the stability is\within the uncertainty requirements of para. 4-3.2.

4-3.3.2.Y Class 1 Primary Parameters. Class 1 primary parameters shall be measured with a Grade A four-wire

platinunDTl‘\ as-shownin-Hiaure4-3-3 2 1-1 illustratienfaifitcanbeshowntomeettheuncertainbrasreguiredinpara,
o T \wes) = Y b S il '

4-3.2.

4-3.3.2.2 Class 2 Primary Parameters. Class 2 primary parameters shall be measured with Grade A three-wire
platinum RTDs as shown in Figure 4-3.3.2.1-1, illustration (b) if they can be shown to meet the uncertainty as required in
para. 4-3.2. The four-wire technique is preferred to minimize effects associated with lead-wire resistance due to dissim-
ilar lead wires.

4-3.3.2.3 RTD Signal Measurement. Many instruments are used to measure the output resistance. The use of each of
these instruments in a system to determine temperature requires that they meet the uncertainty requirements for the
parameter. Itis recommended that the RTD signal conversion use the Callendar-Van Dusen equation for curve fitting. The
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values for the coefficients @, 5, and 6§ should be taken from the calibration coefficients. RTD calibrations should be done in
accordance with the methods detailed in ITS-90, Section 4.6.

4-3.3.3 Thermistors. Thermistors are constructed with ceramic-like semiconducting material that acts as a thermally
sensitive variable resistor. This device may be used on any measurement below 149°C (300°F). Above this temperature,
the signal is low and susceptible to error from current-induced noise. Although positive temperature coefficient (TC)
units are available, most thermistors have a negative TC; that is, unlike an RTD, their resistance decreases with increasing
temperature. The negative TCis large enough to allow the thermistor circuit to detect minute changes in temperature that
could not be observed with an RTD or thermocouple circuit. As such, the thermistor is the most sensitive, whereas the
thgrmocouple is the most versatile and the RTD is the most stable.
easurement errors associated with thermistors typically derive from the following primary sources
) self-heating
) environment
) thermal shunting
) decalibration
) stability
immersion
he four-wire resistance measurement is not required for thermistors as it is for RTDsdue to the thermistojrs’ high
redistivity. Thus, the measurement lead resistance produces error magnitudes less\than the equivalent RTD error.
Thermistors are generally more fragile than RTDs and thermocouples and shall-he carefully mounted and landled
in accordance with the manufacturer’s specifications to avoid crushing or bond separation.

4-3.3.3.1 Thermistor Signal Measurement. Many instruments can be usedto measure the output resistance.[The use
of gach of these instruments in a system to determine temperature requiresithat they meet the uncertainty requijements
for|the parameter. It is recommended that the thermistor signal conyersion use the Steinhart-Hart equation fqr curve
fitting. The values for the coefficients 4, B, and € should be taken from'the calibration coefficients. Thermistor caliirations
shquld be done in accordance with the methods detailed in ITS=90, Section 4.6.

.4 Calibration of Primary Parameter Temperature Measurement Devices

his Code recommends that primary (Class 1 or Class 2) parameter instrumentation used in the measurement of
temperature have a suitable calibration history (three or four sets of calibration data). The calibration history] should
incJude the temperature level the device experien¢ed between calibrations. A device that is stable after being usef at low
temperatures may notbe stable at higher tempekatures. Hence, the calibration history of the device should be evalfiated to
demonstrate the required stability of the-'parameter.
uring the calibration of any thermocouple, the reference junction shall be held constant, preferably at the ide point,
with an electronic reference junctionor isothermal reference junction, or in an ice bath. The calibration shall be thade by
an hcceptable method, with the standard being traceable to a recognized national standards laboratory such as NIST. The
calfbration shall be conducted(over the temperature range in which the instrument is used.
Jee ASME PTC 19.3 for a'more detailed discussion of calibration methods.

4-3.5 Temperature Scale

IITS-90 is recognized and maintained by NIST to provide a standard scale of temperature for use by science and industry
in the United States.
Temperatureson the ITS-90 can be expressed in terms of international kelvins (K), represented by the symbol Ty, or in
terms of international Celsius (°C), represented by the symbol tq.

f90 = T90 — 273.15 4-3.5-1)

ahrenheit temperature (°F), t; 1S obtained from the conversion formula
tf = (9/5)t90 + 32 (4-3.5-2)

Temperatures on the ITS-90 are defined in terms of equilibrium states of pure substances (defining points), inter-
polating instruments, and equations that relate the measured property to Too. The defining equilibrium states and the
values of temperature assigned to them are listed in ITS-90 and ASTM Manual Series: MNL 12.

29


https://asmenormdoc.com/api2/?name=ASME PTC 47.1 2017.pdf

ASME PTC 47.1-2017

Figure 4-3.6.2-1 Flow-Through Well
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4-3.6 [Typical Applications

4-3.6.1 Temperature Measurement of Fluid in a Pipe or Vessel. Temperature measurement of a fluid in a pipd
vessel if accomplished by installing a thermowell. The thermowell can be installed into_a:system by a threaded, sod
weld, of flanged connection and has a bore extending to near the tip to facilitate the imimersion of a temperature measy
ment dpvice.

The hore should be sized to allow adequate clearance between the temperature measurement device and the well.
bottom|of the bore of the thermowell should be the same shape as the tip of théjtemperature measurement device. Tu
and wells should be as thin as possible and consistent with safe stress and‘ether ASME Code requirements, and the in
diametg¢rs of the wells should be clean, dry, and free from corrosion ex oxide. The bore should be cleaned with hi
pressuile air prior to insertion of the device.

The thermowell should be installed so that the tip protrudes through the boundary layer of the fluid to be measuy
Unless limited by design considerations, the temperature sensor shall be immersed in the fluid at least 75 mm (3 in.)
not lesqd than one-quarter of the pipe diameter. If the pipe diameter is less than 100 mm (4 in.), the temperature sen|
shall belarranged axially in the pipe, by inserting itin an elbow or tee. If such fittings are not available, the piping should
modifigd to render this possible. The thermowell should be located in an area where the fluid is well mixed and has
potentipl gradients. If the location is near the dischargé of a plant component, the thermowell should be downstrean
the dis¢harge location, such as downstream of-an’elbow in the pipe, to ensure adequate mixing.

If mgre than one thermowell is installed in a'given pipe location, the second thermowell should be installed on
opposite side of the pipe and not directly downstream of the first thermowell.

When the temperature measurementdevice is installed, it should be “spring-loaded” to ensure positive thermal conf
betweeh the temperature measurement device and the thermowell.

For (lass 1 primary parametermeaSurements, the portion of the thermowell or lag section protruding outside the p
or vessgl should be insulated, along with the device itself, to minimize conduction losses. The locations at which Clas
primary temperature measdrements are taken for use in determining enthalpy shall be as close as possible to the point]
which the corresponding-pressures are to be measured.
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4-3.69.2 Temperature Measurement of Low-Pressure Fluid in a Pipe or Vessel. As an alternate to installing a ther

fluid. Care shall be used so that the device does not protrude into the fluid enough to cause v1brat10n ofthe device from
flowing fluid.
A flow-through well is shown in Figure 4-3.6.2-1. This arrangement is applicable only for water in a cooling syst

where the fluid is not hazardous and can be disposed of without great cost. The principle is to allow the fluid to flow ou
the pipe or vessel, over the tip of the temperature measurement device.
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4-3.6.3 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 so that thermowells or protection tubes are not needed. A long sheathed thermocouple or an
unsheathed thermocouple attached to a rod will suffice.

The required number of 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 value of
the average temperature. The total uncertainty of the average temperature is affected by the uncertainty of the individual
measurements the number of pomts used in the averagmg process, the Veloc1ty proflle the temperature gradlents and
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4-4 HUMIDITY MEASUREMENT

4-4.1 Introduction

his subsection presents requirements. afid’ guidance for the measurement of humidity. Recommended hpimidity
measurement devices, and calibratiofh and application of humidity measurement devices are also disfussed.
Eldctronic humidity measurement equipment should be used for primary measurements to minimize sysfematic
andl random errors.
he uncertainty of humidity measurement equipment shall consider effects including, but not limited to, resplution,
stapility, environment, temperatire measurement errors, pressure measurement errors, warm-up time, spatigl varia-

ince humidity measurement technology will change over time, this Code does not limit the use of other hiimidity
mepsurement devices that are not currently available or reliable. If such a device becomes available and is shown|to be of

easurements to determine moisture content shall be made in proximity with measurements of ambient dry bulb
All signahcables should have a grounded shield or twisted pairs to drain any induced currents from nearby electrical

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

4-4.2 Required Uncertainty

The required uncertainty will depend on the type of parameters and variables being measured. Class 1 primary
parameters and Class 1 primary variables shall be measured with humidity measurement devices that determine specific
humidity to an uncertainty of no more than £0.001 g water vapor/g dry air (0.001 Ibm water vapor/lbm dry air). Class 2
primary parameters and Class 2 primary variables shall be measured with humidity measurement devices that determine
specific humidity to an uncertainty of no more than +0.002 g water vapor/g dry air (0.002 Ibm water vapor/lbm dry air).

Secondary variables can be measured with any type of humidity measurement device.
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Figure 4-3.6.3-1 Duct Measurement Points
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NOTE: (1) Dots indicate loCation of sample points. To calculate the distance from sampling point to center of pipe, use the following equatjon:

rsz\/l(Zp—l)

n

where
n |= .total)number of points, = TR%/Acmax rounded to the next multiple of 4, but no fewer than 4 and no more than 36
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
r3 = Rx{[2 x (2 x 3 - 1)]/20}°°
= R x (0.5)%5
= 0.707R
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4-4.3 Recommended Humidity Measurement Devices

Relative humidity transmitters and wet bulb and dry bulb psychrometers are the recommended humidity measure-
ment devices. Economic, application, and uncertainty considerations should be used in the selection of the most appro-
priate humidity measurement device.

4-4.3.1 Relative Humidity Transmitters

(a) General. Relative humidity transmitters employ specifically selected hydrophilic materials. As the humidity
changes at the ambient temperature, the material exchanges enough moisture to regain equilibrium, and corresponding
surable changes occur 1n the electrical resistance or capacitance of the device. Commercially avallable£lative

idity transmitters use sensors with a wide variety of hygroscopic substances, including electrolytes and substantially
inspluble materials. Relative humidity transmitters are commonly employed for the direct measurement-0f parameters,
incJuding relative humidity and dry bulb temperature, and use a thin polymer film as the sensor to absorb watgr mole-
cules. These instruments are often microprocessor based, and from the parameters of relative hutidity and dry bulb
temperature, variables including dew-point temperature, absolute humidity, mixing ratio, wet bulb temperatyre, and
enthalpy may be calculated. In cases where the instruments output moisture-indicating parameters or variables that are
usdd in the calculation of the test results (primary parameter or primary variable), the instpument’s internal cal¢ulation
formulas and basis shall be verified to demonstrate compliance with the uncertainty requirements detailed in parp. 4-4.2.
Relative humidity transmitters typically provide accuracy specifications that includenonlinearity and repeatabiljty over
relative humidity (RH) conditions (i.e., #2% RH from 0% RH to 90% RH, and #3% RH from 90% RH to 10%/0 RH).
he application of relative humidity transmitters is highly sensitive to temperature equilibrium, as a small difference

betiween the measured object and the sensor causes an error. This error is greatest when the sensor is colder or yarmer
than the surroundings and the humidity is high.
The sensorlocation should be selected to minimize sensor contamination. Air should circulate freely around thesensor.
A rppid airflow is recommended as it ensures that the sensor and the surroundings are at temperature equilibrigym. The
insfallation orientation should be in accordance with the deviee manufacturer’s specifications.
b) Measurement Errors. Measurement errors associated with hygrometers typically derive from the following
primary sources:

(1) sensor contamination

(2) analog output

(3) installation location

(4) temperature equilibrium

(5) accuracy

(6) resolution
c) Calibration. Relative humidity transmitters shall be calibrated using one of two methods. The first method ihvolves
calfbrating against high-quality, certified humidity standards to achieve the maximum achievable accuracy. The|second
metthod calibrates with certified Salt solutions that may include lithium chloride (LiCl), magnesium chloride (MgCly),
sodium chloride (NaCl), and pétassium sulfate (K,SO,). During calibration, the temperatures of the sensor anfl of the
mepsured object shall be inequilibrium to minimize the error associated with the temperature equilibrium. Further,
whien using the second méthod, the equilibrium humidity of the salt solution shall be corrected for the solution’s t§mpera-
ture using Greenspani$\calibration corrections or equivalent.
Relative humidjty“transmitters shall be calibrated to meet the uncertainty requirements in specific humjfdity as
degcribed in paraz4-4.2. This shall be demonstrated with the application of an uncertainty analysis, with consideration
for[the uncertainty associated with other measured parameters, including barometric pressure and ambient dry bulb
temperatute’or wet bulb temperature.

4-4.372 Wet Bulb and Dry Bulb Psychrometers

; 2 re effects
caused by latent heat exchange. The temperature sensors shall be shielded from solar and other sources of radiation and
shall have a constant airflow across the sensing element.

Sling psychrometers are susceptible to the effects of radiation from the surroundings and to other errors such as those
resulting from faulty capillary action. When using a sling psychrometer, it is important that the instrument is whirled for a
sufficient number of times until the wet bulb temperature reaches a steady minimum value. Once this occurs, it is
imperative that the temperature be read quickly, with consideration for inertial effects on the temperature
element in the case of a liquid-in-glass thermometer to minimize observation errors. The use of an average from
at least three observations is advisable.
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Although not required, a mechanically aspirated psychrometer is recommended. If a psychrometer is used, a wick
should not be placed over the dry bulb temperature sensor (as is required for measurement of wet bulb temperature). If
the air velocity across the sensing element is greater than 7.6 m/s (1,500 ft/min), shielding of the sensing element is
required to minimize stagnation effects.

The thermodynamic wet bulb temperature is the air temperature that results when air is adiabatically cooled to
saturation. Wet bulb temperature can be inferred by a properly designed mechanically aspirated psychrometer.
The process by which a psychrometer operates is not adiabatic saturation, but one of simultaneous heat and mass
transfer from the wet bulb sensing element. The resulting temperature achieved by a psychrometer is sufficiently

close tothe thermodvnam aet bulb tempe e_QVer mo 8 he nge o ond on Howeve D hrometer

should jnot be used for tempe the
allowalp ire
with anjuncertainty of approximately +0.14°C (0.25°F) [based on a temperature sensor uncertainty of +0.08°C|(0.15°F)].

(1) Thesensingelementis shielded from direct sunlightand any other surface thatis ata temperature other thanthe
dry bulp temperature. If the measurement is to be made in direct sunlight, the sensor shall be enclesed by a double-wall
shield ghat permits the air to be drawn across the sensor and between the walls.

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

(3] The sensing element is snugly covered by a clean cotton wick that is kept wetted‘ffom a reservoir of distilled
water. The length of the wick shall be sufficient to minimize the sensing-element stem conduction effects and to enspire
that it {s properly wetted.

(4] The air velocity across the sensing element is maintained constant in the range of 240 m/min to 360 m/min (00
ft/min fo 1,200 ft/min).

(5] Airisdrawnacross the sensing elementin such a manner thatitis notheated by the fan motor or other sourcef of
heat. THe psychrometer should be located atleast 1.5 m (5 ft) above groundlevél and should not be located within 1.5 mp (5
ft) of vegetation or surface water.

(b) Measurement Errors. Measurement errors associated with wetbulb and dry bulb psychrometers typically detfive
from tHe following primary sources:

(1) temperature sensor

(2] installation location

(3) radiation

(4) conduction

(c) (alibration. The temperature sensors of wet bulb and dry bulb psychrometers shall be calibrated in accordajpce
with pdra. 4-3.4 and shall meet the uncertainty(requirements for specific humidity as described in para. 4-4.2. The
uncertdinty shall be demonstrated with thejapplication of an uncertainty analysis, with consideration for the
errors gssociated with other measured parameters including barometric pressure.

4-5 FLOW MEASUREMENT

4-5.1 Introduction

This pubsection presents\the requirements and guidance for flow measurements of air, product gases, steam, gnd
water. (renerally, differential pressure devices provide a high level ofaccuracy, with standard calculations, at areasondble
cost. Other devices nray"be used, depending on the application. Compliance with the requirements of ASME MFC-3M|for
differeptial flowmeters and of ASME PTC 19.5 for other types of flowmeters is required. New designs or alternjate
measurement devices may be used as long as the device accuracy is consistent with the uncertainty requirements
for the [test-results consistent with this test Code.

4-5.2 Water and Steam

4-5.2.1 General. Water flows can be measured more accurately than steam flows. Whenever possible, it is best to
configure the tests so that water flows are measured and used to calculate steam flows. The usual method of determining
flow is with a differential pressure meter, using two independent differential pressure instruments and two sets of taps.

4-5.2.2 Primary Flow Measurements. A flow section channel that meets the requirements of ASME MFC-3M for
differential flowmeters and of ASME PTC 19.5 for other types of flowmeters is recommended for Class 1 primary
flow measurements.
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4-5.2.3 Other Flow-Measuring Devices. Other flow-measuring devices may be used if they are consistent with the
accuracy required by this test Code. These devices can be used for Class 2 flow measurements and for secondary flow
measurements.

4-5.2.4 Water Flow Characteristics. Flow measurements shall not be undertaken unless the flow is steady or fluc-
tuates only slightly with time. Fluctuations in the flow shall be suppressed before the beginning of a test by careful
adjustment of flow and level controls or by introducing a combination of conductance, such as pump recirculation, and
resistance, such as throttling the pump discharge, in the line between the pulsation sources and the flow-measuring
device. Hydraulic damping devices on instruments do not eliminate errors due to pulsations and, therefore, should not be
usgd.

passing through the flow-measuring device, the water should not flash into steam. The minimum throdt static
prgssure shall be higher than the saturation pressure corresponding to the temperature of the flowing wat¢r by at
leapt 20% of the throat velocity head to avoid cavitation.

-5.2.5 Steam Flow Characteristics. In passing through the flow-measuring device, the steam ‘shall remair| super-
hegted. For steam lines with desuperheaters, the flow section should be installed ahead of desuperheaters, and the total
shall be determined from the sum of steam flow and the desuperheater water flow:

-5.2.6 Secondary Measurements. The calculation of steam flow through a nozzle, an orifice, or a venturi should be
baged on upstream conditions of pressure, temperature, and viscosity. To avoid the disturbing influence of a thefjmowell
locpted upstream of a primary element, downstream measurements of pressuré.aiid temperature should be jused to
detlermine the enthalpy of the steam, which is assumed to be constant throughout a well-insulated flow measyrement
ion. Based on this enthalpy and the upstream pressure, the desired upstgeam properties can be computed ffom the

.3 Gas Flow Measurements

-5.3.1 General. Gas flows may be measured using a numberéf devices, depending on the application. THe usual
metthod of determining flow is with a differential pressure meéter, using two independent differential pressurg instru-
ments and two sets of taps.

-5.3.2 Primary Flow Measurements. A flow sectian,that meets the requirements of ASME MFC-3M for diffprential
flojvmeters and of ASME PTC 19.5 for other types of flowmeters is recommended for Class 1 primary flow measurpments.
The flow section should be calibrated for Class<l_primary measurements.

-5.3.3 Other Flow-Measuring Devices..Othier flow-measuring devices consistent with the accuracy required by this
tesf Code may be used. These devices can(be used for Class 2 flow measurements and for secondary flow measurgments.
An|evaluation of the accuracy and impact on the uncertainty of the test results should be considered in selectirlg other
surement devices.

GAS PURITY MEASUREMENTS

.1 Introduction

This subsection presents the requirements and guidance for measuring gas purity in air and ASU product gases.|Any gas
purity measurement method consistent with this test Code may be used. Gas chromatographs are typically Jused to
mepsure gas.purity, but new measurement devices may be used as long as the device accuracy is consistent with
thg uncertainty requirements of this test Code. Gas purity may be measured with a number of different devices
and progesses.
o). Chemiluminescent analyzers are used to determine the concentrations of nitrogen oxides NO and NOJ.

i i i ie i idly and simul-

taneously, with detection limits in the parts-per-billion (ppb) 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 photometer (NDIR) measurements can detect from 0 parts per million (ppm) to 10 ppm CO
or 0 ppm to 5 ppm CO, impurities.

(f) Paramagnetic sensors can measure oxygen concentrations as low as 0% to 1%.

(g) Plasma detectors exploit the principle of electroluminescence without the aid of lamps in an electromagnetic field.

(h) Athermal conductivity detector (TCD) is a bulk property detector and a chemical-specific detector commonly used
in the analysis of the permanent gases argon, oxygen, nitrogen, and carbon dioxide.
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(i) A trace oxygen sensor (galvanic fuel cell) can measure oxygen concentrations as low as 0 ppm to 10 ppm.

Measurements can be affected by the temperature and pressure of the sample. Measuring devices shall have pressure
and temperature compensation to account for ambient and sample conditions. Careful attention to the sensor require-
ments and installation requirements will reduce the measurement uncertainty. The measuring devices shall be protected
from sample gases beyond the calibrated range of the instrument.

In some cases, contaminant gases may affect the reading of the instrument. The potential for contaminants to enter into
the process or sample gas streams should be evaluated.

Installed ASU gas purity measurement devices are typically used to measure gas purity during a Code test. Temporary
measurementdevicesmavhe usedwhere gaspurity hasa cigniﬁr:\nf impacton the testuncertainty _The instrumentation
shall belinspected to ensure that the installation requirements are met and the gas sample lines are installed correctly. The
instrunjents shall be calibrated before testing with appropriate concentrations of reference gas within the expectedrange
of meagurement. Some gas purity measurement devices have the capability of recording measurements in ‘ayariety of
scales. [The calibration shall be performed on all scales expected for use during the test.

The data from the instruments shall be collected by a data acquisition device. The measurements should be collectedl at
intervals of atleast 5 min or at the most frequent interval consistent with the device. The frequency,of the data collection
and thelexpected operating variations should be evaluated to determine their impacts on the test uncertainty. If a plant
control|system is used to record the purity data, any deadbands shall be removed to allow recording of actual instrumjent
data.

4-6.2 Required Uncertainty

The fequired uncertainty depends on the type of parameters and the variables being measured.
(a) (lass 1 primary parameters and Class 1 primary variables shall be measured with gas purity measurement devifces
that defermine the concentration of a specific gas to an uncertainty of ng.more than +0.25%.
(b) (lass 2 primary parameters and Class 2 primary variables shall be.m&asured with gas purity measurement devifces
that defermine the concentration of a specific gas to an uncertainty, 6f ho more than *1.0%.
(c) Secondary variables can be measured with any type of gas-purity measurement device.

4-6.3 Gas Purity Measurement Devices

A gasjchromatograph is the standard measurement devicetypically used for the analysis of a wide range of gases. Asthe
state of| the art changes in the industry, instrumentation may be introduced that meets the Code requirements for pas
purity measurementaccuracy and thatis more economical. This Code does not specify specific instrument technology but,
rather, [identifies the uncertainty expected for acCode-level test.

4-7 SREED MEASUREMENTS

If required as a test measurement, shaft speed is normally measured from the shaft connected to the compressor. The
shaft sgeed may also be measured By standard speed sensors used in the compressor control system. For compressprs
connecfed to alternating-current (AC) electric motors, the line frequency measured at the generator terminals may| be
used ingtead of shaft speed sirice)the shaft speed is directly coupled to the line frequency. The chosen method shall mleet
the undertainty requiremeht in this Code.

4-8 ELECTRICAL MEASUREMENTS

4-8.1 |ntroduction

This subséection presents requirements and guidance for the measurement of electrical power. Power measurements
should pe\éonducted using sufficient instrumentation to ensure that no additional uncertainty is introduced due to the
metering method under all conditions of the test. AC power measurements are typically used for most test power
calculations. If direct-current (DC) power measurements are required for a test, ANSI/IEEE Standard 120-1989
shall be referenced for measurement requirements not included in this subsection or for any additionally required
instruction.

4-8.2 Polyphase AC Electrical Measurement System Connections

The connection of the primary elements for measurement of polyphase AC power systems is subject to required
uncertainty and the degree of unbalance between phases. Many different connections can be used for measuring poly-
phase AC; however, the connections covered in this Code are for three-wire-type systems and are recommended for
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Figure 4-8.2-1 Three-Wire Metering Systems
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mejeting the uncertainty requirements of this-€ode. Figure 4-8.2-1 shows the connections for wye generators a1
gelerators using three wattmeters or one\three-element watt-hour meter.

4

.3 Electrical Metering Equipment

Vattmeters are the electricalmetering equipment typically used to measure electrical energy. Watt-hour met
alsp be used for power measurements. Single- or polyphase metering equipment may be used. However, if po|
lipment is used, the output from each phase shall be available, or the meter shall be calibrated for thre

hd delta

Er's may
yphase
b-phase

hall be
r (kW)
Itiplied

D.2% of
Class 2

pri ple nere nometeringa a oq cmen Qrmea ement g econda arianple ne Q
the wattmeters shall be sampled with a frequency high enough to attain an acceptable precision. This is a functio

variation of the power measured. A general guideline is a frequency of not less than once each minute.

4-8.3.2 Watt-Hour Meters. Watt-hour meters measure active energy (kW-h) during a test period. The measure

ut from
n of the

ment of

kilowatt-hours must be divided by the test duration in hours to determine average active power (kW) during the test

period.

Watt-hour meters measuring a Class 1 primary variable shall have an uncertainty equal to or less than 0.2% of reading.
Metering with an uncertainty equal to or less than 0.5% of reading may be used for measurement of Class 2 primary

variables. There are no metering accuracy requirements for measurement of secondary variables.
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The resolution of watt-hour meter output is often so low that high inaccuracies can occur over a typical test period.
Often watt-hour meters will have an analog or digital output with a higher resolution that may be used to increase the
accuracy. Some watt-hour meters also have a pulse-type output that may be summed over time to determine an accurate
total energy during the test period. For disk-type watt-hour meters with no external output, the disk revolutions can be
counted during a test to increase resolution.

4-8.3.3 Wattmeter and Watt-Hour Meter Calibration. Wattmeters and watt-hour meters, collectively referred to as
power meters, are calibrated by applying power through the test power meter and a wattmeter or watt-hour meter
standard simultaneously. This comparison should be conducted at a minimum of five power levels across the expected
power fange. The difference between the test and standard instruments for each power level should be calculated dnd
applied|to the power measurement data from the test. For test points between the calibration power levels, a curwve fif or
linear ipterpolation should be used. The selected power levels should be approached in an increasing and a.decreading
manner. The calibration data at each power level should be averaged to minimize any hysteresis effect. Should polyphpse
metering equipment be used, the output of each phase shall be available or the meter shall be calibratéd with all thiee
phases [simultaneously.

When calibrating watt-hour meters, the output from the wattmeter standard should be measuredwith a frequency hiigh
enoughlto reduce the systematic error during calibration, to minimize the total uncertainty ofythe calibration procgss.

Wattmeters should be calibrated at the electrical line frequency of the equipment under test, i.e., do not calibrate a
meter 4t 60 Hz and use it on 50-Hz equipment.

Wattmeter standards should have power flow through them prior to calibration to-ehsure that the device reaches
operatipg temperature. The standard should be checked for zero reading each day/prior to calibration.

4-8.4 Instrument Transformers

Instriiment transformers include potential transformers, which measurévoeltage from a conductor to a reference, gnd
current transformers, which measure current in a conductor.

4-8.4.1 Potential Transformers. Potential transformers measure éither phase-to-phase voltage or phase-to-neufral
voltage| The potential transformers serve to convert the line oprprimary voltage (typically high voltage) to a lowey or
secondary voltage that is safe for metering (typically 120 V for phase-to-phase systems and 69 V for phase-to-neutral
systems). For this reason, the secondary voltage measured bythe potential transformer shall be multiplied by a turns ratio
to calcylate the primary voltage.

Potential transformers are available in several metering accuracy classes. For the measurement of Class 1 primpry
variablgs, Class 2 primary variables, or secondary variables, Accuracy Class 0.3 potential transformers (0.3% permissible
error) ghall be used. In the case of Class 1 primary-variable measurement, potential transformers shall be calibrated|for
turns ratio and phase angle and operated within their rated burden range.

(=g

4-8.4.2 Current Transformers. Currenttransformers measure currentin a given phase. Current transformers servg to
convert line or primary current to-alower or secondary metering current. For this reason, the secondary currgnt
measured by the current transformer shall be multiplied by a turns ratio to calculate the primary current.

Curr¢nt transformers are available in several metering accuracy classes. For the measurement of Class 1 primpry
variablgs, Class 2 primary variables, or secondary variables, Accuracy Class 0.3 current transformers (0.3% permissible
error) ghall be used. In the\case of Class 1 primary variable measurement, current transformers shall be calibrated|for
turns ratio and phasedangle and operated within their rated burden range.

4-8.5 Calculation of Corrected Average Power or Corrected Total Energy

The ¢alculation method for average power or total energy should be performed in accordance with ANSI/IHEE
Standagd 120 for the specific type of measuring system used.

4-8.6 Measurement of Auxiliary Electrical Load

A separate transformer and associated load metering may be available to measure specific ASU auxiliary loads.
Permanent station instrumentation can be used for measuring the electrical load to specific subcomponents, where
the electrical load is measured and displayed either as active power or as voltage and current. If real power (kW)
is not measured, the auxiliary power is calculated as described in Section 5.
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4-8.7 Measurement of Step-Up and Step-Down Transformers

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

4-9 DATA COLLECTION AND HANDLING

.1 Introduction

his subsection presents requirements and guidance regarding the acquisition and handling of test data| It also
prgsents the fundamental elements that are essential to the makeup of an overall data acquisition and handling system.
his Code recognizes that technologies and methods in data acquisition and handling will continue to chapge and
improve over time. If new technologies and methods become available and are shown to megt the required standards
stafed within this Code, they may be used.

-9.1.1 Data Acquisition System. The purpose of a data acquisition system is to cgllect data and store it ir] a form
suifable for processing or presentation. Systems may be as simple as a person manually'récording data to as complex as a
digiital computer-based system. Regardless of the complexity of the system, a data‘acquisition system shall be capable of
redording, sampling, and storing the data within the requirements of the test and target uncertainty set by th|s Code.

-9.1.2 Manual System. In some cases, it may be necessary or advantageous to record data manually. It should be
redognized that this type of system introduces additional uncertainty i the form of human error, and such uncertainty
shquld be accounted for accordingly. Further, due to the limited sampling rate, manual systems may requirg longer
petfiods of time or additional personnel for a sufficient number of samples to be taken. The time duration of the tesf should
be |selected with this in mind, allowing for enough time to gather the number of samples required by the teft. Data
collection sheets should be prepared prior to the test. The data-collection sheets should identify the test site locatign, date,
tinje, and type of data collected, and should delineate the sampling time required for the measurements. Samplinjg times
shquld be clocked using a digital stopwatch or other sufficient timing device. If it becomes necessary to edit data sheets
during the testing, all edits shall be made using black\ink, and all errors shall be marked through with a single line and
initialed and dated by the editor.

.2 Data Management

4-9.2.1 Automated Collected Data. All-automated collected data should be recorded in its uncorrected, uncalculated
stafe on both permanent and removable media to permit post-test data correction for application of any necessary
callbration corrections. Immediately~after the test and prior to leaving the test site, copies of the automated cpllected
data should be distributed to the parties to the test to secure against the chance of such data being accidentdlly lost,
dagnaged, or modified. Similay steps should be taken with any corrected or calculated results from the test.

4-9.2.2 Manually Cotlected Data. All manually collected data recorded on data collection sheets shall be revigwed for
corppleteness and coerrectness. Immediately after the test and prior to leaving the test site, copies of the data cdllection
shgets should be made and distributed to the parties to the test to eliminate the chance of such data being accidentglly lost,
dagnaged, or modified.

4-9.2.3 Data Calculation System. The data calculation system should have the capability to average eadh input
collectediduring the test and calculate the test results based on the average values. The system should also cplculate
thestandard deviation of each instrument. The system should also have the ability to plot the test data and readings from

ea(h mactriaant avar tivan o highlight trande and ontloing data
—HRSeHRe RV er—tHRe—+ S ERttFeRaSah e oty R g-aata-

4-9.3 Data Acquisition System Selection

4-9.3.1 Data Acquisition System Requirements. Prior to selection of a data acquisition system, it is necessary to have
the test procedure in place that dictates the requirements of the system. The test procedure should clearly dictate the type
of measurements to be made, the number of data points needed, the length of the test, the number of samples required,
and the frequency of data collection to meet the target test uncertainty set by this Code. This information will serve as a
guide in the selection of equipment and system design.
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Each measurement loop shall be designed with the ability to be loop calibrated and to be checked for continuity and
power supply problems. To prevent signal degradation due to noise, each instrument cable should be designed with a
shield around the conductor, and the shield should be grounded on one end to drain any stray induced currents.

4-9.3.2 Temporary Automated Data Acquisition System. This Code encourages the use of temporary automated data
acquisition systems for testing purposes. These systems can be carefully calibrated and their proper operation confirmed
in the laboratory before they are transported to the testing area, thus providing traceability and control of the complete
system. Instruments are limited in their exposure to the elements and avoid the problems associated with construction
and ordinary plant maintenance.

Site

4-9.3.3 Existing Plant Measurement and Control System. This Code allows the use of the ASU control'system or

plant
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distributed plant control systems apply threshold or deadband restraints on data signals: This results in data ]
he report of the change in a parameter that exceeds a set threshold value. All threshold values shall be set |
so that all data signals sent to the distributed control system during a test are-reported and stored.
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hd the compressor rotor. Gearbox losses are typically determined from data provided by the gearbox ma
. Gearbox losses can vary greatly, but they are’ typically on the order of 1% to 2% of shaft output.

Fixed Losses

losses remain relatively constant across the range of operating conditions and may include mechanical losses

Variable Losses

ble losses include min6r\Streams for heat rejection, overboard air or gas leakages, and radiated heat. The al
for determining these)losses should be provided by the manufacturer.

for

hat
ow

on
Ant

indication of flow shall not be used in the execution of this Code, unless’' the fundamental input parametfers

tial

ver

nd

£0-

40


https://asmenormdoc.com/api2/?name=ASME PTC 47.1 2017.pdf

ASME PTC 47.1-2017

Section 5
Calculations and Results

5-1 FUNDAMENTAL EQUATIONS
The fundamental performance equations [egs. (5-1-1) through (5-1-6)] are applicable to any type of ASU coviered by
thig Code. See Table 5-1-1 for correction factors. See subsection 2-4 for nomenclature.
orrected net ASU power input, P, is expressed as
Peorr = PA,corr + PC,corr (5-1-1)
Ppcorr = Z [(PA,meas) + (AODy ;) X (MDFRy ;) X (MMCjy;) (5-1-2)
X (MSTA’I‘) X (MSPA’I-) X (MDPA,I‘) X (MCWITA’i)]
whiere i =1, 2, ..., ny
Poeonr = Q. [(PGmeas) + (AODC ;) X (MDER(C)) X (MMCc ;) (5.1.3)
X (MSTC,i) X (MSPC,i) X (MDPC,i) X (MCWITC;i)]
wherei =1, 2, .., n¢
orrected ASU production rate, M., is expressed as
Moy = (MOZmeas + MLPO2meas F AODMOZ) X (MSTamb) X (Mspamb) (5-1-4)
Table 5-1-1 Summary of Additive and Multiplicative Correction Factors in Fundamental Performance Equations
Correction Factor
To ASU Auxiliary Power To Individual ASU Compressor Operating Condition or Uncontrollable External Condifion
[Note (1)] Powers [Note (2)] Requiring Correction
Additive
AOD,; AODg; Irregular or off-design operation
Multiplicative
MDFR{; MDFRg, Dry flow rate [Note (3)]
MM¢Cx; MMC; Moisture content [Note (3)]
MST, ; MST¢; Suction temperature [Note (4)]
MSP, MSP; Suction pressure [Note (5)]
MDP, ; MDP; Discharge pressure [Note (6)]
MCWIT y ; MCWIT; Cooling-water inlet temperature [Note (3)]

GENERAL NOTE: Individual equipment units may have different correction factors to account for deviations from the base reference condition.

NOTES:

(1) A subscript “4,” indicates that the correction is for an auxiliary component within the ASU; j = 1, 2, ... na.
(2) A subscript “C;j” indicates that the correction is for a compressor within the ASU; j = 1, 2, ... n¢.

(3) Measured at the test boundary inlet to the equipment.

(4) Measured at the test boundary inlet to the equipment or derived from cooling medium temperature.

(5) Measured at the test boundary inlet to the equipment, derived from ambient pressure measurement, or derived from external air supply

pressure to the ASU.

(6) Measured at the test boundary discharge of the equipment.
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For ASU plants that have nitrogen as the main product, the ASU production rate is based on nitrogen flow instead of

oxygen flow.
Corrected ASU effectiveness, Ecorr, iS expressed as
Ecorr = Peorr/Mcorr (5-1-5)
Corrected ASU specific power performance, SPP..,, is expressed as
SPRorr = Meorr/ Peorr (5-1-6)
The doTTection factors that are not appiicabie to the SPecific type of UMt DeMg TESTEd, OF T te teST ODJECTIVES, are,Sef to

unity o

- zero, depending on whether they are multiplicative or additive correction factors, respectively.

5-2 POWER TERMS IN THE FUNDAMENTAL EQUATIONS

An Al
correct|
temper

SU may be composed of any number of compressors and expanders. Each compressor may have individ

ual

on factors based on the percentage of power that is dependent on ambient air temperature, cooling wqter

hture, or suction and discharge conditions. The fundamental equations are developed to‘allow for the measy

ment annd correction of power consumption at each machine. A test based on the measurementof total ASU power is

preclud
the pur
testboy
2-2, an

ed by the fundamental equations, provided suitable overall correction factors can béderived for a given ASU.
poses of this Code, it is suggested that the manufacturer’s correction curves be referenced to conditions at typ

re-
hot
For
cal

ndaries. Suggested test boundaries for both nonintegrated and integrated ASUs,are shown in Figures 5-2-1 andl 5-

1 typically include

(a) aqmbient conditions at the inlet to the air compressor

(b) Y
(¢ p
The f
be used

tility or air supply conditions at or near the ASU equipment itemg or ASU battery limit

roduct conditions at the discharge of compression equipment of at'the ASU battery limit

gures show typical components that could be used in various deésigns, but not all components would necessa
in any specific ASU.

Auxilliary loads may be zero if all utilities are supplied to the test'‘boundary, or may consist of electric loads to oper

cooling]
include

The
applied
correct
contain

The 4
additiv

towers, air coolers, and electric heaters. Auxiliary eleetrical production such as from expanders should
d in net auxiliary power. Auxiliary power may be inclitded or excluded as agreed to by the parties to the t

5-3 DICUSSION OF APPLICATION OF CORRECTION FACTORS

ndamental equation for ASU power consuiption is constructed to allow for individual correction factors td
to each production rate, power user, or power producer in the plant. The appropriate information in the fornj
on formulas or plots shall be requested from the supplier of the ASU and/or the suppliers of the equipm
ed within the ASU test boundagy.

dditive correction factors AODyjo> and AODypo2 allow correction of the production rate within the ASU.
e correction factor AOD4 ; allowss correction of the auxiliary power within the ASU. An example is the on-off us

supplerpnental refrigeration that may be required during off-design operation and testing of the ASU. The additive cort

tion fad
The 1
power.

5-3.1
The d

5-3.2

tor AOD(; allows correction of the individual compressor power within the ASU.
hultiplicative corregtion factors listed in Table 5-1-1 are used to correct ASU auxiliary power or ASU compres|

Dry Flow.Factors, MDFR, ; and MDFR¢;

ry flow'factors correct the measured power consumption for changes in flow from the base reference conditid

Fily

ate
be
pst,

be
h of
ent
he

b of

Sor

ns.

Moisture Content Factors, MMCpo2, MMCypo,, MMC, j, and MMC;

The moisture content factors correct the measured power consumption for changes in water content. This factor could
be used to adjust the production rate or auxiliary power for the difference in humidity of ambient air compared to the base
reference conditions. It also permits adjusting air compressor power measurements for deviations in moisture content.
Correction factors for air compressors may have to be derived as functions of both humidity and cooling water inlet
temperature. Ambient humidity determines how much water vapor is taken into the suction of the air compressor, while
cooling water temperature determines how much water is condensed in the intercooling steps between stages of
compression. Moisture content corrections may need to be applied to one or more of the compressed product
streams. An example is a stream used to regenerate the air pretreatment section of the ASU prior to being compressed
and delivered as a pressurized product at the ASU test boundary.
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5-3.3 Suction Temperature Factors, MSTmoz, MST, po2, MST,;, and MST¢;

Correction factors are required to compensate for changes in suction temperatures to the ASU compressors. For air
compression, the factor usually corresponds to changes in the ambient air temperature. For product compressors, the
factor is usually linked to changes in cooling water inlet temperature or the performance of chilling equipment internal to
the ASU testboundary. Chilling equipment factors may be dependent on flows and ambient conditions or the performance
of mechanical chilling units at conditions other than the base reference point. For production rate or auxiliary loads such
as cooling towers or air coolers, the factor is dependent on ambient air conditions.

5-3.3-Suction Pressure Factors, MSPyoz, MSP po;, MSP,;, and MSP¢;

orrection factors are required to compensate for changes in suction pressures to the ASU compressors.|For air
corppression, the factor usually corresponds to changes in the ambient air pressure less an allowance for inlet filtration.
Foff product compressors, the factor is usually linked to changes in air compressor discharge pressure or airf supply
prgssure from a source originating outside the ASU test boundary. For production rate or auxiliary leads such as|cooling
towers, the factor is dependent on ambient air pressure.

5-3.5 Discharge Pressure Factors, MDP,; and MDP;

orrection factors are required to compensate for changes in discharge pressures from the ASU compressors| For air
corppression, the factor usually corresponds to changes in the discharge pressure liiked to matching the supply piressure
of 3ir from a source originating outside the ASU test boundary. For product compressors, the factor is usually linked to
chgnges in discharge pressure resulting from the supply of product to users’downstream of the ASU test boundary.

5-3.6 Cooling Water Factors, MCWIT,; and MCWIT;

orrection factors are required to compensate for changes in coaling water temperature to the ASU compressprs. For
airicompression, the factor may account for inlet temperature defiiations to compression stages following intercoolers as
well as for flow deviations resulting from changes in the amount of water condensed in interstage intercoolprs. For
prgduct compressors, the factor is usually linked to changes<dn interstage suction temperatures, but may also encpmpass
flow changes if the compressed stream contains moisturetFor auxiliary loads such as mechanical chillers, the factor may
acdount for condenser pressure and resulting performance changes.

5-4 MODEL FUNCTIONAL REQUIREMENTS

The main functional requirements of theé\model are completeness, flexibility, and accuracy.

5-4.1 Completeness

The model shall be able to predictichanges in the power block performance in response to changes in the test bqundary
conditions. These include ambient conditions such as temperature, pressure, and humidity; process steam and wager flow
corjditions; and secondary. thérmal and electrical inputs and outputs.

5-4.2 Flexibility

The normal rangeof the model is expected to be at base load with the expected variation of ambient conditionsjand the
expected variation of streams that cross the test boundary. Inputs to and outputs from the model should include the
mepsured t€rms listed in Table 5-1-1.

5-4.3 (Accuracy

Thamathod A on ad to

H o-dev A : g ; od brgence
techniques, and engineering models, shall be of sufficient accuracy to satisfy the needs of the acceptance test. For the
primary purpose of correcting plant performance to reference conditions, consistency and relative accuracy of the
calculations are more important than absolute accuracy, meaning that the ability to accurately predict changes in perfor-
mance due to a change (A) in a test boundary condition is more important than matching the actual plant production rate
and power input at a given set of conditions. The final results should be accurate enough to meet the uncertainty levels
defined in Table 1-3-1.
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5-4.4 Model Validation

Model validation is desirable, but the proprietary nature of comprehensive plant models may preclude complete
validation. Normally the uncertainties of correction factors, curves, and models cannot be ascertained because of
the proprietary nature of such information. This aspect of uncertainty is not included in Table 1-3-1.

The basic ASU model is typically provided by the ASU supplier to cover expected performance over a range of condi-
tions. The individual component performance used in the comprehensive plant model shall be verified to match the
equipment supplier’s expected performance for the component. If the equipment supplier supplies performance curves
or data, the model should be adjusted to allow comparison of the plant-model-predicted performance against the equip-
ment sypplier’s curve or data. The comparison should be made at the rating point and the extremes of the equipmgnt-
supplief-predicted performance.

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

(a) qomparison With Measured Data. As much as practicable prior to the test, the model results shouldrbe Compafed
with mgasured data from the plant. This comparison allows model refinement and tuning to match the actual operatiof of
the plant as closely as possible.

Whefe possible, selected plant boundary parameters should be adjusted so that changes in the model’s calculated
dependent variables match the changes in the measured plant values. The parties to the t€st should agree to sfich
adjustnpents. The agreement may be included in the test plan. Adjustable model parameters should be limited to eqyip-
ment characteristics, such as compressor efficiency, heat-exchanger heat-transfer coefficients, and correlation codffi-
cients that affect the model outputs over a range of conditions in the same way as at tést)conditions. Directly measufed
variablgs should not be adjusted.

(b) Hxtremes and End Points. Ideally, the test will be conducted at the reference conditions to minimize the amount gnd
size of forrections to the measured performance. If the model is used for test’corrections, the model will in effect be
interpojating within the valid range of the model rather than extrapolating/beyond it.

(c) Limits. It is important during the development, testing, and tuning of the ASU model to identify the limits of the
model, J.e., those operating regions where the accuracy of the model isyreduced or is unacceptable for the purposes of
testing.| The model cannot be used for testing plant operation beyond the validated limits.

5-5 DEGRADATION

The dorrected results from subsection 5-1 represent the performance of the ASU at the specified reference conditionf at
the timp of the performance test. If required by the,contractor or the parties to the test, an additional correction |for
performance degradation may be applied.
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Section 6
Report of Results

(=2}
1

1 GENERAL REQUIREMENTS

At a minimum, the test report should include the following distinctive sections:

a) Executive Summary (see subsection 6-2) containing

(1) a brief description of the object, result, and conclusions reached

(2) signature of the test director(s)

(3) signature of the reviewer(s)

(4) approval signature(s)

b) Introduction (see subsection 6-3) containing

(1) authorization for the tests, the object of the tests, contractual obligations afdyguarantees, stipulated agre
thg name of the person directing the test, and the representative parties to, the test

(2) description of the equipment tested and any other auxiliary apparatus; the operation of which may influg
tesf results

(3) method oftest, giving arrangement of testing equipment, instriments used and their locations, operatin
tions, and a complete description of methods of measurement not prescribed by this Code

c) Calculations and Results (see subsection 6-4) containing

(1) a summary of measurements and observations

(2) methods of calculation from observed data, and ¢aleulation of probable uncertainty

(4) primary measurement uncertainties, including method of application
(5) the test performances stated under the follewing headings:
(-a) testresults computed on the basis of'the test operating conditions, instrument calibrations only havi
applied
(-b) testresults corrected to specified conditions if test operating conditions have deviated from those s
(6) tabular and graphical presentatien of the test results
d) Instrumentation (see subsection 6-5)
le) Conclusions (see subsectioh“6-6) containing
(1) discussion and detail$ of the test results and uncertainties
(2) discussion of the tést, its results, and conclusions
(f) Appendices (see subsection 6-7) containing
(1) further description and illustrations to clarify the circumstances, equipment, and methodology of th
(2) descriptionof methods of calibrations of instruments
(3) outlineofdetails of calculations, including a sample set of computations, descriptions, and statements d
spdcial testing-apparatus
(4) result of preliminary inspections and trials
(5)-"any supporting information required to make the report a complete, self-contained document of th

ung

(3) correction factors to be applied because of deviations, if any, of test conditions from those specified

Pments,
nce the

b condi-

hg been

pecified

e test

ppicting

b entire

performance test should contain all the information described in subsections 6-2 through 6-7.

6-2 EXECUTIVE SUMMARY

1 plant

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 should be contained in the Executive Summary:

(a) general information about the plant and the test, such as the plant type and operating configuration, and
objectives

(b) date and time of the test
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(c) summary of the results of the test, including uncertainty

(d) comparison with the contract guarantees

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

6-3 INTRODUCTION

The Introduction to the test report gives general background information necessary for the reader to understand the
circumstances leading up to, and the reasons for, the test. This section of the test report includes the following topics:

(a) any additional general information about the plant and the test not included in the Executive Summary

(b) 4an historical perspective, if appropriate

(c) aldiagram(s) showing the test boundary and streams (refer to the diagrams for specific plant type or test ggal)
list of the representatives of the parties to the test and their involvement and responsibilities iin the testing

y pretest agreements that were not listed in the Executive Summary
(f) the organization of the test personnel, including number and type of personnel supplied byreach organization gnd

the tasks each organization was responsible for during the test
(g) tpst goals per Sections 3 and 5

6-4 CALCULATIONS AND RESULTS

The goal of the Calculations and Results section of the test report is to lay out all.calculation procedures used in the
analysi$ phase of the test. By using the detailed description and sample calculations, the reader should be able to under-
stand and reproduce any results contained in the report. The following should be included in detail:

(a) the format of the general performance equation that is used, based{on the test goals and applicable correctipns

(b) thbulation of the reduced data necessary to calculate the results, and a summary of additional operating conditipns
that ar¢ not part of such reduced data

(c) step-by-step calculation of test results from the reduced:data (Refer to Nonmandatory Appendices A and B|for
examplps of step-by-step calculations for each plant type and test goal.)

(d) detailed calculation of primary flows from applicable data, including intermediate results, if required

(e) detailed calculations of stream properties, i.e., density, purity, enthalpy, and heating value (Values of constituent
properties used in the detailed calculations shall be. shown.)

(f) any calculations showing elimination of datd-for outlier reason, or for any other reason

(g) domparison of the repeatability of test runs

6-5 INSTRUMENTATION

The Instrumentation section of the'test report contains a detailed description of all instrumentation used during the
test and their accuracy, and how_eaeh measurement made conforms to the Code requirements. The following shall be

(a) thbulation of instrumentation used for the primary and secondary measurements, including make and moldel

escription of the-instrumentation location
eans of data_collection for each data set, such as temporary data acquisition system printout, plant congrol

6-6 CONCLUSIONS

The Conclusions section of the test report should include
(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 should include
(a) the test requirements
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(b) copies of original data sheets and/or data acquisition system(s) printouts

(c) copies of operator logs or other recording of operating activity during each test

(d) copies of signed isolation checklists and valve lineup sheets, and other documents and disposition
(e) results of laboratory fuel analysis

(f) instrumentation calibration results from laboratories; certification from manufacturers
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Section 7
Uncertainty Analysis

7-1 INTRODUCTION

This Bection describes the methodology to be used in developing the uncertainty analysis of the performance tpst.
Uncertginty calculations provide pretest and post-test estimates of the accuracy expected from the test meth¢ds
proposgd in this Code, and also help identify those measurements that significantly affect the test results and the coriec-
tion facfors that should be determined. Uncertainty calculations are required for every test carried out in accord with the
test Codle. Pretest uncertainty calculations should be included in the test procedure. Post-testuneertainty calculatipns
shall bg included in the test report.

Testyncertainty is an estimate of the limit of error of a test result. Itis the interval about thetest result that contains the
true value within alevel of confidence. This Code uses a 95% confidence interval for uncértainty calculations. The primpry
technicpl reference for uncertainty calculations is ASME PTC 19.1, which provides general procedures for determiningthe
uncertdinties in individual test measurements for both random errors and systematic errors, and for tracking the propa-
gation ¢f these errors into the uncertainty of a test result.

Pretdst and post-test uncertainty analyses are indispensable parts of a performance test.

7-1.1 Pretest Uncertainty Analysis

A pretest uncertainty analysis allows corrective action to be takeriprior to the test, either to decrease the uncertainty to
a level ¢onsistent with the overall objective of the test or to redtice the cost of the test while still attaining the object}ve.
This is most important when deviations from Code-specified*instruments or methods are expected. An uncertaipty
analysis is useful for determining the number of observations required to meet the test Code criteria for tests.

7-1.2 Post-Test Uncertainty Analysis

A podt-test uncertainty analysis determines thewhcertainty for the actual test. This analysis should confirm the prefest

systematic and random uncertainty estimates. It serves to validate the quality of the test results or to expose problems.
A sarpple calculation for uncertainty is.shown in Nonmandatory Appendix B.
Test fresults should be reported using.the following form: R + Up.

This Code does not coverardiscuss test tolerances; test tolerances are defined as contractual agreements regarding an

Jystematic Error. Systematic error is the portion of the total error that remains constant in repeated measuremgent

He-velte—H-a-testprocess—Systematic-error-is—caused-by-measurement—characterist hat-are—tahkeren 0 a
particular method of measurement, not to a particular plant or test. The estimated value of each systematic error is
obtained by nonstatistical methods, and it has many potential sources. This is usually an accumulation of individual errors
not eliminated through calibration.

(b) Random Error. Random error is due to limitations or repeatability of measurements. Random error is the portion of
the total error that varies in repeated measurements of the true value throughout the test process. Estimates of random
error are derived by statistical analysis of repeated independent measurements. The random error may be reduced by
increasing the number of instruments or the number of readings taken.
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Table 7-5-1 Format of Uncertainty Calculations

Systematic Systematic Random .
Sensitivity Uncertainty U.nce-rtamty Uncertainty Rand(-)m I.Jncertamt);

Measured Parameter Coefficient, 8; | (95% CI), i(b}?,-) Contribution, (0,'17)7‘.) (95% CI), £(sx,) | Contribution, (ﬂis)—(i)
Ambient air pressure %/% % %
Dry bulb ambient air %/°F °F °F

temperature
Otherparameters 9 9 9

Correlated Uncertainties

Surh of squares
Sqyare root of sum of squares % %
Corphbined expanded uncertainty of the results, Uggs %

In general, the overall uncertainty of a measurementis calculated as the square root of the sum of the squares (§
the systematic and random uncertainties. Sensitivity coefficients are used to correct an individual parameter’y
tainty for the impact on the total uncertainty.

SOURCES OF ERROR

entification of sources of error that affect the test results should be undertaken to determine if they are ran
sygtematic. Error sources may be grouped into the following categories:

) calibration error: a residual error not removed by the calibration process

) installation error: an error resulting from nonideal instrumehtation installation

) data acquisition error: an error typically resulting from analog-to-digital conversion

) data reduction error: an error introduced through truncation, round-off, nonlinear curve fitting, or data
algprithms

) sampling error: an error introduced from sampling techniques

correction methodology error: an error introduced by using a correction formula

ts
) model error: an error that occurs when equipment and system models do not properly account for changes
ameters or actual unit response

CALCULATION OF UNCERTAINTY

he elements of uncertainty calculations for a complete test can be presented in tabular form, with columns as s
le 7-5-1. Typical stream measurements for an IGCC ASU are listed in Table 7-5-2, but they are not all use
figurations.

he test uncertainty associated with each measured parameter includes the effects of its sensitivity, systemati
ihty, and random uneertainty. Each systematic and random uncertainty entry in the table is specified at a 959
ce interval, asds.the overall combined expanded uncertainty of the results.

he parametérs) used to calculate the uncertainty are as follows:

a) Measured parameter: the fluid or energy stream parameter that crosses the test boundary, required
calfulation\(sé€e table 7-5-2 for the list of measured parameters.)

) Sensitivity coefficient, ©;: the percent change in corrected result caused by a unit change in the measured pat

RSS) of
uncer-

dom or

storage

) interpolation error: an error resulting from curyie fitting or from the shape of a curve between discrete formpulation

ninput

hown in
d in all

C uncer-
% confi-

for test

ameter

)\Systematic uncertainty, BX;: inherent systematic error for the type of measurement

2
(d) Systematic uncertainty contribution, (@IBXI) : the square of the product of sensitivity and systematic uncertainty

(e) Random uncertainty, SX;: the standard deviation of the mean statistically determined from multiple measurements

of the same variable

2
(f) Random uncertainty contribution, (@IS)TI) : the square of the product of sensitivity and the standard deviation
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Table 7-5-2 Measured Parameters Needed for Uncertainty Calculations

Power Input Production Rate Effectiveness Specific Power
Measured Parameter Uncertainty Uncertainty Uncertainty Uncertainty
Ambient air pressure X X X
Dry bulb ambient air temperature X X X
Wet bulb ambient air temperature X X X
Cooling water supply temperature X X X
Air supply pressure X X X
Air supply flow (wet) X X X
Product pirflow (dry, CO; free) X X
Air supply dew point X X
Air supply water content X
Oxygen discharge flow X X X X
Oxygen purity X X X X
Oxygen discharge pressure X
Oxygen dompressor power X X X
Gaseous joxygen discharge flow X X X X
Gaseous foxygen purity X X X X
Air comgressor power X X X
Utility nitrogen discharge flow X X X X
LP nitrogen discharge flow X
Inlet filtdr/silencer pressure drop X X X
The gverall uncertainty of a measurement, Uy, is the root-sum-square (RSS) total of overall systematic and random
uncertdinties
Ux = (b% + s,—%) (7-p-1)

The yincertainty of the result is calculated from the overall test random and systematic uncertainty terms. E
nticand random uncertainty entryin Table 7-5-1 is specified ata 95% confidence interval, so the overall combined

system,
expand
tainty (

where
b
SR
Ur

The

bd uncertainty of the result, U,-at:95% confidence is calculated from the sum of systematic and random ung
ontributions

Ur = (b}zi + 5}2{') (7-

the systematic/uncertainty of the result, the sum of systematic uncertainty contributions
the randomuncertainty of the result, the sum of random uncertainty contributions
overall/incertainty of the result

bxpanided uncertainty at 95% confidence is given by

hch

er-

-2)

Lo =20 (Z-5
IS ~N

.3)

Table 7-5-2 shows the measured parameters used to calculate uncertainty for each of the four test criteria using the
calculation procedures shown in Table 7-5-1.

7-6 SENSITIVITY COEFFICIENTS

Sensitivity coefficients indicate the absolute or relative effect of a measured parameter on the test result. Relative
sensitivity coefficients, which are calculated during the pretest uncertainty analysis, identify the parameters with the
largest impacts on the test objectives. A relative sensitivity coefficient should be calculated for each measured parameter
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to determine its influence on test results. Correction calculations are required for all measured parameters with relative
sensitivity coefficient values greater than 0.002. The relative sensitivity coefficient, 6, is calculated by either of the
following equations:

(a) Partial Differential Form

(7-6-1)

wh

wh
z
4

7-1
|
sy
the

usq
q

int
SR

wh

ere
R = the corrected test result
(.vg = the average value of the measured parameter
JOR = the change (partial differential) in the corrected test result

0X = the change (partial differential) in the measured parameter

b) Finite Difference Form

—

AR
AX

ere R and X, are as defined in (a) and
AR = the change (finite difference) in the corrected test result
\X = the change (finite difference) in the measured parameéter, typically 0.01X,,,

SYSTEMATIC UNCERTAINTY

dentification of the systematic error is an important’step in the uncertainty analysis. Failure to identify a sig

test objectives and methods of the test. Published data, calibration information, and engineering judgment sh
d to eliminate or understand systematic errors in measurements.

ystematic uncertainty of a measurementisidentified as by . The individual systematic uncertainties can be co|
b the systematic uncertainty of the result/by. The systematic uncertainty of the result can be calculated accordir
bS rule as follows:

’

(7-6-2)

hificant

tematic error will lead to underestimating the accuracy of the test. The process requires a thorough understanding of

ould be

mbined
gtothe

(7-7-1)

ere

br = the systematic uncertainty of the result

X, = the systematic uncertainty of the result of a measured parameter i

n = the’number of measured parameters

6; = therelative sensitivity coefficient for measured parameter i

'he’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 separately. If
different values of the systematic uncertainty have been calculated for positive and negative systematic uncertainty
limits, the larger value should be used to compute the total uncertainty.

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
the mean, $X ; and a characteristic degree of freedom, v= N - 1. Test measurements need to be reduced to average values
and the standard deviation calculated before the performance and uncertainty calculations can be executed. The random
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standard uncertainty is calculated using the sample standard deviation. For a result, R, calculated from many measured
parameters, there is a combined standard uncertainty for the result, sg, for the combined measurement parameters.
(a) Sample Mean. The mean, X, for the sample is calculated from

X =

z| -

N
)X (7-8-1)
i=1

where
N = thenumberof readinasfor each-set
X; = [the average value for measurement set i
(b) Rooled Averages. For parameters measured several times during a test period that has M sets of measurements with
N readings for each set, the average value for measurement set k is as follows:
1 M
X = m X (7-8-2)
k=1
where
M =[the number of sets of measurements
X =| the sample set pooled average
X =| the average value for measurement set k
(c) Spmple Standard Deviation. For measurements that do not exhibit spatial variations, the standard deviation, s,, of an
averagdd measurement, X, based on statistical analysis is calculated from the N multiple measurements of X according to
the follpwing equation:
172
N 2
x=|3 X —X) (7-8-3)
N —
i=1
where
N = [the number of times the parameter is measured
(d) Random Standard Uncertainty of the Méarn The random standard uncertainty of the mean of an averaged measyre-
ment, ¥, based on statistical analysis is calculated from the N multiple measurements of X according to the followjing
equation:
X
SY = — (7-8-4)
X \/ﬁ
where
sX =| the standard dewviation of the mean
(e) Random Standard Uncertainty of the Result. The random standard uncertainty of the result is determined from the
propagation equation (see ASME PTC 19.1). There are two forms.
(1) The«absolute random standard uncertainty is determined using the following equation:
I 1/2
A | o} (7 5)
SR = IL (UisXi) J N
i=1
where
| = counter for correlated sources of systematic error
0; = absolute sensitivity coefficient
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(2) The relative random standard uncertainty of a result is determined using the following equation:

I . 5 1/2
2(9/ Xl]

ere | is as defined for eq. (7-8-5) and

7-

wh

7-]

)i
cor
me

apjy

T

I’,- = the relative sensitivity coefficient

RANDOM STANDARD UNCERTAINTY FOR SPATIALLY NONUNIFORM PARAMETERS

he spatial contribution to the systematic standard uncertainty, bspatial, for a given parameter is calculated as

Sspatial

bspatial = T

Sspatial =

ere
J = number of sensors (i.e., spatial measurement locations)
spatial = standard deviation of the multiple-sensor time-averaged values
X = grand average for all averaged measurands
X; = average for the sampled measurand i
0 CORRELATED SYSTEMATIC STANDARD UNCERTAINTY

or multiple measurements where systematic @rrors of measurements are not independent, systematic ert
related. Examples include measurements of different parameters taken with the same instrument, or multiplg
nts calibrated with the same standard..Eop'these cases, ASME PTC 19.1 should be consulted to address the)
roach for uncertainty calculations. The general equation for calculating the correlated systematic uncert

Z(eb)2+zz Z 0.0;bi

i=1k=i+1
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NONMANDATORY APPENDIX A
SAMPLE CALCULATION

A-1 ASU DESCRIPTION AND UNIT DISPOSITION

The ASU operates at elevated pressure and supplies compressed products to both the gasification and power blocks

All

of the incoming air feed is processed into oxygen or nitrogen product streams; the only losses are from egmpressor sgals

and pu
operatd
pretreal

ges. The ASU receives a portion of its air supply at pressure from the power block’s gas turbine. All utilitie
the ASU (electric power, steam, and cooling water) are supplied from the IGCC facility’sutility section. The
tment and distillation sections of the ASU neither consume nor generate power. A motoy-driven air compres

to
air
Joiy

supplempents the airflow to the ASU. The discharge pressure matches the pressure of the air supplied from the power

block’s

pressuifized dry air stream to the IGCC facility. There are two oxygen products that flowzte'the gasification block: a small

ilized but uncompressed stream used in the gas treatment section, and a compreSsed stream that constitutes mlost
tal oxygen generated thatis fed to the gasifier. A high-purity stream of utilitynitrogen is compressed for use within
 facility, most of which is dedicated to the gasification block. The remainder of the nitrogen available from the 4SU

pressu
ofthe tq
the IGC
is comy

The

of the u
power
providg

The
ambien|

A-2 TI

The ¢
(a) §
(1
¥
3
(4
(5
(b) S
(1
¥
(3)
(4
(c) S

gas turbine, and the flow is controlled based on the oxygen demand of the gasification block and supply

ressed and sent to the power block for injection into the gas turbine.

tility nitrogen and compressed dry air supplies will be compressed and sent to the power block’s gas turbine
jugmentation and fuel gas dilution for nitrogen oxide (NOg) control. The ASU’s air compressor flow is adjuste
sufficient air to supply the required amount of oxygen products.

erformance test goal is to measure the performanegiof the ASU at full IGCC power output based on the prevail
t conditions.

EST BOUNDARY DESCRIPTION

est boundary diagram is shown in Figure A-2-1.
ower consumers that are individually determined include
air compressor
oxygen compressor
utility nitrogen compressor
LP nitrogen compressor
facility power
treams that require‘flow and pressure determinations include
compressed_air-supply
oxygen
utility ditrogen
LP nitregen
treams that require flow determinations include

fa

perating disposition of the ASU is to supply the required amount.of'oxygen products to the gasification unit sfich
that sufficient fuel gas can be produced to fully load the power block’sigas turbine. All remaining nitrogen after deduc]

jon
for
| to

ing

(1

LP oxygen

(2)

dry air

(d) Ambient air pressure, temperature, and water content need to be determined for air compressor performance
determination. Cooling water supply temperature needs to be determined for compressor power performance deter-
minations. Ambientair pressure and temperature need to be determined for production rate performance determination.

A-3 REFERENCE AND MEASURED CONDITIONS

Table A-3-1 contains reference data and measured test data that are the basis for determining the performance of the

ASU.
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Figure A-2-1 Example Case Flow Diagram
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i CORRECTED SPECIFIC POWER

uring the test, the ASU is operated to supply the oxygen, LP oxygen, dry air, and utility nitrogen flows demandgd from
the gasification and power block to maintain full power output from the power block. The remaining residual nitfogen is
corppressed and sent to the power block at the demanded pressure. Since the product flow and pressures will be different
those of the reference case,)the power consumption of each compressor will be corrected back to the reference
cornjditions using the multiplicative correction factors. The LP O, discharge pressure should be kept atits design ppintand
not require correction.

IIf the measured data.s sufficiently close to the reference case, then correction of individual compressor efficiercies for
ration significantly’ off the design points is not required. The only auxiliary power consumer within the ASU test

boyindary is a small facility consumption that does not require correction. The test equation for this specific ASU arjd test is

Easucorr = PASUcorr/ Mt

RAsUlorr = (PASUCImeas) MDFRASUCIMMCrsuciMSTaAsuciMSPAsuciMDPAsyciMCWITasyciMEFEysuc1)

(D Y(MBPER MMC.
T ASULCZmeas/ = -ASUL

MST MSD MBPDR
SUCZ ASULZ ASUCLZTHFASUL L

MCALTL
YRS

MEEE )
UC2 ASUTC2

+ (PAsUC3meas) (MDFRAgUc3MMCa sy c3sMSTasucaMSPasuc3MDPAsuc3MCWITy gy csMEFEy sy c3)
+ (PASUC4meas) (MDFRASUC4MMCasyc4MSTAsuc4MSPAsUC4MDPAsyc4MCWITAsuc4MEFE sy C4)

where
MCWIT ssyc, = multiplicative correction factors to individual compressor powers to correct to base reference cooling
water temperature

MDFRpsyc, = multiplicative correction factors to individual compressor powers to correct to base reference dry
flows
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Table A-3-1 Reference and Measured Data

Measured Parameters Reference Value Test Value
Ambient Conditions
Ambient air pressure 14.696 psia 14.600 psia
Dry bulb ambient air temperature 59.0°F 65.0°F
Wet bulb ambient air temperature 51.0°F 57.0°F
Relative humidity 60% 62%
Ambient air water content 0.00634 1b/lb dry air 0.00858 1h/lb dry air
Main Airl Compressor
Motor]efficiency 98.36% 98.36%
Motor|losses 1.64% 1.64%
Inlet fllter/silencer pressure drop 0.1 psi 0.1 psi
Air compressor discharge pressure 181.0 psi 176.0 psi
Airfloy (dry) 641,346 Ib/hr 655,911 1b/hy
Gas pgwer 97.28% of total 97.28% ,0f total
Powe] to first stage 23.89% 23.89%
Intercpoler approach temperature(s) 10°F 10°F
Oxygen Compressor
Motor]|losses 2.44% 2.44%
Suctioh pressure vs. air supply pressure 56.07 psia 53.51 psia
Dischqrge pressure 600 psia 605 psia
Gas pgqwer 96.2% of total 96.2% of total
Power] to first stage 24.7% 24.7%
Suctioh temperature 83°F 87°F
Intercpoler approach temperature(s) 10°F 10°F
Utility Njtrogen Compressor
Motor|losses 4.31% 431%
Suctioh pressure vs. air supply pressure 171.88 psia 166.62 psia
Dischqrge pressure 650.0 psia 660.0 psia
Gas pqwer 95.6% of total 95.6% of total
Power] to first stage 47.5% 47.5%
Suctioh temperature 83°F 87°F
Intercpoler approach temperaturé(s) 10°F 10°F
LP Nitrogen Compressor
Motor|losses 1.87% 1.87%
Suctiop pressure vs. air supply pressure 53.0 psia 50.5 psia
LP nitfogen compressor discharge pressure 300.0 psia 305.0 psia
Gas pqwer, 96.65% of total 96.65% of total
Power] ta first stage 31.93% 31.93%
Intercooler approach temperature(s) TO°F TOF
Suction temperature 83°F 87°F
Facility auxiliary power 64 kW 64 kW
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A

corfrection factors, and the four individual corrected compressor powers for the' ASU. MEFF was set equal to 1.
exgmple for all compressors because they were operated sufficiently close(to the reference conditions.

exdmple case; they cannot be used for other performance test cases:

A

A

cornjditions. The only two factors affecting the oxygen production rate are ambient pressure and ambient temp
whiich determine the amass flow of inlet air to the ASU.

regpectively, and their empirical equations are shown below.

ASME PTC 47.1-2017

MDPasuyc, = multiplicative correction factors to individual compressor powers to correct to base reference

discharge pressure

MEFFssyc, = multiplicative correction factors to individual compressor powers to correct for deviations from base

reference conditions

MMCasycn = multiplicative correction factors to individual compressor powers to correct to base reference

moisture content

MSPasucn = multiplicative correction factors to individual compressor powers to correct to base reference inlet

(suction) pressure

MST = multiplicative carrection factors ta individual compressor nowers to carrect ta base refere
I I I

ce inlet

(suction) temperature

The subscripts are defined as follows:
'l = air compressor

2 = oxygen compressor
[3 = utility nitrogen compressor
4 = LP nitrogen compressor

1.1 Corrections to Specific Power

Tables A-4.1-1 through A-4.1-4 contain the basis for determining discrete correction factors, values for the

[Note that the algorithms used to determine individual correction factefs are for the purpose of demonstra

1.2 Corrected Specific Power Performance

Fundamental performance results for the sample case are’summarized in Table A-4.2-1.

5 CORRECTED ASU EFFECTIVENESS

orrected ASU effectiveness is calculated from the performance results described in para. A-4.2 as shown in Ta

5 CORRECTED OXYGEN PRODUCTION RATE
The corrected oxygen productiontrate is calculated using eq. (5-1-4), which is repeated here:
Meorr = (MOZmeas + MLpO2meas T AODMOZ) X (MSTamb) X (MSPamb)

Iin this example, correctioh AODy;o, was set equal to zero because the ASU operated sufficiently close to the r¢

The correction curves for ambient pressure and temperature in this example are shown in Figures A-6-1 an

liscrete
in this

ing the

ble A-5-

(5-1-4)

ference
brature,

l A-6-2,
(A-6-1)

(A-6-2)

MSPb = 1/(0.1192 + 0.0947 X Byp — 0.0024 X Pambz)
MST, b = 1/(1.0849 — 0.0009 X T,p — 844 X 10_6 X Tambz)
where
P.mp = ambient pressure, psia
T.mp = ambient temperature, °F

Performance results for this sample case are summarized in Table A-6-1.
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