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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General
Instructions. The following information is based on that document and is included here for

emphasis and tor the convenience ot the user ot the Code. It 1s expected that the Code user 1s
fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

ASME Performance Test Codes provide test procedures that yield results of the highest devel
of accuracy consistent with the best engineering knowledge and practice currently available.
They were developed by balanced committees representing all concerned interests and, specify
procedures, instrumentation, equipment-operating requirements, calculation methods;and uncer-
tainty analysis.

When tests are run in accordance with a Code, the test results themselves, witheut adjustment
for uncertainty, yield the best available indication of the actual performance’ef'the tested equip-
ment. ASME Performance Test Codes do not specify means to compare those ésults to contractual
guarantees. Therefore, it is recommended that the parties to a commercial test agree before starting
the test and preferably before signing the contract on the method to beé used for comparing the
test results to the contractual guarantees. It is beyond the scope~of any Code to determine or
interpret how such comparisons shall be made.
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FOREWORD

Performance Test Code Committee No. 4 on Stationary Steam-Generating Units was reorganized
in May 1958 to rewrite and bring up to date the 1946 edition of the Test Code for Stationary

Steam Generating Units.

During the formulation of the new test code, PTC 4.1-1964, the technical committee brought
to the attention of the Performance Test Codes Committee that for the air heater, an auxiliary
heat-absorption equipment common to all large steam generating units, there existed nogerférm-
ance test code. PTC Committee No. 4 recommended the development of such a test code’as part
of its assignment.

The Performance Test Codes Committee instructed PTC Committee No. 4 to\prepare such a
test code as a supplement to be known as PTC 4.3, on air heaters. This test code was developed
and its format follows closely that of PTC 4.1, the Test Code for Steam Gérlerating Units.

This test code was approved by the Performance Test Codes Committee‘on June 9, 1966. Final
publication was delayed, however, until a number of suggestions madebythe standing Committee
were considered and satisfactorily resolved. It was approved and*adopted by the Council as a
standard practice of the Society by action of the Policy Board, Codes and Standards on
November 8, 1967.

The code was subsequently approved as an American’ National Standard in 1974 by the
American National Standards Institute (ANSI).

Work on the current revision began with the first*meeting of the reorganized committee on
December 16 and 17, 1999, following the publicatiéfy of PTC 4, on fired steam generators.

The reasons for undertaking this revision were'multifold: (a) to include test uncertainty; (b)
to minimize the prescriptive guidelines and emiphasize the performance-based approach; (c) to
address air heater configurations with multiple flow streams; (d) to update measurement methods
to include improved instrumentation currently available, and to base combustion calculations on
O, instead of CO,; (e) to update nomenclature; and (f) to comply with Society Policy on SI units.

This Code was approved by the(PTC Standards Committee on October 12, 2016. It was then
approved and adopted by the Council as a Standard practice of the Society by action of the Board
on Standardization and Testirig on January 5, 2017. The Performance Test Code was also approved
as an American National Standard by the ANSI Board of Standards Review on February 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 interests. As such, users of this Code may interact with the Committee by requesting
interpretations, proposing revisions or a case, and attending Committee meetings. Correspon-

dence should be addressed to:

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Code to incorperate changes that
appear necessary or desirable, as demonstrated by the experience gained from the application
of the Code. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Code. Stich”proposals should be as
specific as possible, citing the paragraph number(s), the proposed wording, and a detailed descrip-
tion of the reasons for the proposal, including any pertinent doctimentation.

Proposing a Case. Cases may be issued to provide alterndtiye rules when justified, to permit
early implementation of an approved revision when the fieed is urgent, or to provide rules not
covered by existing provisions. Cases are effective immediately upon ASME approval and shall
be posted on the ASME Committee Web page.

Requests for Cases shall provide a Statement of Need and Background Information. The request
should identify the Code and the paragraph, figure, or table number(s), and be written as a
Question and Reply in the same format as existing Cases. Requests for Cases should also indicate
the applicable edition(s) of the Code to which the proposed Case applies.

Interpretations. Upon request, the PT€ Standards Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written request
sent to the Secretary of the PTC.Standards Committee.

Requests for interpretation should preferably be submitted through the online Interpretation
Submittal Form. The form is accessible at http://go.asme.org/InterpretationRequest. Upon sub-
mittal of the form, the Inquiter will receive an automatic e-mail confirming receipt.

If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary
of the PTC Standards‘€ommittee at the above address. The request for an interpretation should
be clear and unambiguous. It is further recommended that the Inquirer submit his/her request
in the following format:

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

Edition: Cite the applicable edition of the Code for which the interpretation
is being requested.

Question: Phrase the question as a request for an interpretation of a specific

requirement suitable for general understanding and use, not as a
request for an approval of a proprietary design or situation. Please

provide a condensed and precise question, composed in such a way
that a “yes” or “no” reply is acceptable.

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

Background Information: Provide the Committee with any background information that will
assist the Committee in understanding the inquiry. The Inquirer may
also include any plans or drawings that are necessary to explain the
question; however, they should not contain proprietary names or
information.
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Requests that are not in 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.

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,” “certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings
and/or telephone conferences that are open to the public. Persons wishing to attend any meeting

i

and/or telephone conference should contact the Secretary of the PTC Standards Committee.
Future Committee meeting dates and locations can be found on the Committee Page at
go.asme.org/PTCcommittee.
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INTRODUCTION

ASME Performance Test Codes (PTCs) provide uniform rules and procedures for the planning,
preparation, execution, and reporting of performance test results. These codes provide guidelines

tor test procedures that yield results ot the highest level ot accuracy based on current engineering
knowledge, taking into account test costs and the value of information obtained from testing!
PTCs were developed by balanced committees representing many concerned interests.

When tests are conducted in accordance with this Code, the test results themselveswithout
adjustment for uncertainty, yield the best available indication of actual performance of.the equip-
ment tested. ASME PTCs do not specify means to compare those results to contractual guarantees.
Therefore, it is recommended that the parties to a commercial test agree, before‘starting the test
and preferably prior to signing the contract, on the method to be used for comparing the results
to the contractual guarantees. It is beyond the scope of any PTC to deterthine or interpret how
such comparisons are made.

Test uncertainty is an estimate of the limit of error of a test result, It is the interval about a
test result that contains the true value with a given probability or level of confidence. It is based
on calculations utilizing statistics, instrumentation informationy caleulation procedure, and actual
test data. Code tests are suitable for use whenever performanice must be determined with mini-
mum uncertainty. They are meant specifically for equipment‘operating in an industrial setting.

PTCs are generally not used in troubleshooting equipment. However, they can be used to
quantify the magnitude of performance anomalies of equiipment that is suspected to be performing
poorly, or to confirm the need for maintenance, ifésimpler means are not adequate. PTCs are
excellent sources or references for simpler routite or special equipment test procedures, and
this Code includes a nonmandatory appendixion routine testing and performance monitoring.
Conducting periodic performance tests on équipment can uncover the need for further investiga-
tion, which can lead to preventive maintenance or modification.

Xvii
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AIR HEATERS

Section 1

1-1
(4

per
ing

(
cap

OBJECT

1) This Code provides procedures for conducting
formance tests of air heaters to determine the follow-
results:

(1) exit gas temperature

(2) air to gas leakage

(3) fluid pressure losses

(4) other fluid temperatures
p) It also provides procedures to determine the heat
acity ratio (X-ratio) and any or all of the performance

restilts specified above that may be necessary for

(1) checking actual performance against standard

or dlesign performance

wit

(2) comparing changes in performance over time
h standard or design performance
(3) comparing performance under yabious

Object and Scope

This Code does not cover difect-fired air hd

aters or

gas-to-gas heat exchangers. Inf the latter applicafion, this

Code may be used to determine both the ther
pressure drop performance; while alternate me
leakage measurement should be agreed upon 1
the parties. Thig;Code also does not cov|
exchangers where the heating fluid is condensg
passing through’the heater.

Air heafers in parallel shall be tested indi
(wherever possible) for purposes of checkin
performance.

13 MEASUREMENT UNCERTAINTY

This Code requires pretest and post-test ung
analysis in accordance with ASME PTC 19.1. Thy
uncertainty analysis is required in order to eff
plan the test. It allows corrective action to be tald

mal and
thods of
between
er heat
d while

vidually
b actual

ertainty
e pretest
ectively
en prior

opqrating COl’ldl.tl'Ol’lS ) . to the test, either to decrease the uncertainty t¢ a level
(4) determining the effect of changes in‘equipment . . .
consistent with the agreed-upon uncertainty, or to
reduce the cost of the test while still attaining the objec-
1-2l SCOPE tive. The post-test uncertainty analysis is used fo deter-
mine the uncertainty intervals for the actual test. This
This Code applies to all air heaters used in industrial  analysis should confirm the pretest systematic gnd ran-
application, e.g., air heaters servicing steam generators ~ dom uncertainty estimates. It serves to either [validate
and industrial furnaces. ThlS speciﬁcally includes the quahty Of the test resu]ts or to expose pro]: lems.
(4) combustion gas=tofair heat exchanger including Typical values of test uncertainties for varigpus unit
air heaters with maultisection air streams configurations and performance parameters fdr an air
(b) air preheater coils utilizing noncondensing (single ~ heater undergoing a performance test in accprdance
phdse) steamywater, or other hot fluids with this Code are presented in Table 1-3-1.
Table 1-3-1 Typical Test Uncertainties
Parameters Bi-Sector Multi-Sector
Corrected exit gas temperature, °F (°C) 2-6 (1-3) 2-6 (1-3)
Corrected air-to-gas leakage, % leakage 1-2 1-2
Corrected fluid pressure differential, in. wg (Pa) +0.5 (x125) +0.5 (x125)
Corrected exit air temperature, °F (°C) 2-6 (1-3) Not applicable

Corrected exit air temperature, weighted average, °F (°C)

Not applicable

2-6 (1-3)



https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Section 2
Definitions of Terms and Symbols

2-1 GENERAL

The Code on Definitions and Values (ASME PTC 2)
defines [the meaning and values of basic technical terms
and nugnerical constants that are used throughout this
Code.

NOTE: [For the purposes of this Code, the term flue gas shall be
used intgrchangeably with the term hot fluid to describe the hot
heat tranpfer fluid passing through the air heater.

2-2 DEFINITIONS

absolute|sensitivity (influence) coefficient: unit change in
result per unit change of the measured parameter.

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

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

accuracy check: the process of comparing the responseof
an instfument to a standard over some measurement
range (4lso see calibration).

additive] a substance added to a gas, liquid,/or solid
stream fo cause a chemical or mechanical reaction.

air, corrgcted theoretical: the theoretical ‘air adjusted for
unburnled carbon and additional‘oxygen required to
complete the sulfation reaction!

air, excegs: air supplied to burn-a fuel in addition to the
correctdd theoretical air. ExCess air is expressed as a
percentage of the corréeted theoretical air in this Code.

air heatdr: a heat exchanger that transfers heat from a
high-temperatufe medium, e.g., hot gas, to an incoming
air strepm. Regenerative air heaters include bi-sector,
tri-sectqr,.anid’ quad-sector types with fixed or rotating
heatingleléments Recuperative air heaters inclinde tnbn-

iT, Ifittrationy ingressTair that feaks into the steanr gener-
ator and/or air heater setting (same aspsetting
infiltration).
air, other: combustion air other than primany ait, secqnd-
ary air, and infiltration air, e.g., tertiary air, thqt is
encountered in the combustion processes covered by
this Code.

air preheater coils: a heat exchanger that typically tises
steam, condensate, and/or glycol to heat air entering the
steam generator and is often used to control corrosiopn in
regenerative and recuperative air heaters.

air, primary: the transport and drying air for the foal
from the pulverizers to the burners in pulverized oal
fired applications. The primary air is often at a tempepra-
ture differentfrom that of the secondary air as it legves
the regenerative air heaters in large steam generafors,
and typieally represents less than 25% of the total cpm-
bustion air. Oil and gas fired steam generators usujally
do riot have primary air. Primary air is the air used for
fluidizing the bed material at the base of the combustion
chamber in circulating fluidized beds.

air, secondary: the balance of the combustion air not pro-
vided as primary air in pulverized and fluid bed applica-
tions. All of the combustion air leaving the air heater is
usually referred to as secondary air in oil and gas fjred
steam generators. Secondary air may be split into oyer-
fire air or other streams as it enters the furnace; howdver,
it remains secondary air up to and including the wind
box.

air temperature rise: the increase in temperature of|the
airflow passing through the air heater. For multi-seftor
air heaters, this parameter is defined as the compgsite
air temperature increase of the total airflow (from} all
streams) passing through the air heater.
air, theoretical: amount of air required to supply the ekact
amount of oxygen necessary for complete combusfion
of a given quantity of fuel. Theoretical air and stoichio-

lar, plate, and heat pipe types.

air heater air-to-air leakage: air that leaks from a high
pressure air stream to a lower pressure air stream, e.g.,
primary air to secondary air leakage.

air heater leakage: mass of airflow passing from all air-
side streams to the heat transfer fluid. Note that this
calculated value will include any ingress air that may
be present between the air heater gas inlet and gas outlet
test planes.

TMetric aif are Synonymous.

analysis, proximate: laboratory analysis, in accordance
with the appropriate ASTM standard, of a fuel sample
providing the mass percentages of fixed carbon, volatile
matter, moisture, and noncombustibles (ash).

analysis, ultimate: laboratory analysis, in accordance with
the appropriate ASTM standard, of a fuel sample provid-
ing the mass percentages of carbon, hydrogen (excluding
hydrogen in moisture), oxygen (excluding oxygen in
moisture), nitrogen, sulfur, moisture, and ash.
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as-fired fuel: fuel in the condition as it enters the steam
generator boundary.

ash: the noncombustible mineral-matter constituent of
fuel that remains after complete burning of a fuel sample
in accordance with appropriate ASTM standards.

ash, bottom: all residue removed from the combustion
chamber other than that entrained in the flue gas leaving
the steam generator boundary.

coverage: the percentage of observations (measurements)
of a parameter that can be expected to differ from the
true value of the parameter by no more than the
uncertainty.

credits: energy entering the steam generator envelope
other than the chemical energy in the as-fired fuel. These
credits include sensible heat (a function of specific heat
and temperature) in the fuel, entering air, and atomizing

ash) fly: particles of residue entrained in the flue gas
leaying the steam generator boundary.

ash|pit: a pit or hopper located below a furnace where
residue is collected and removed.

biag error: see error, systematic.

caldination: the endothermic chemical reaction that takes
plage when carbon dioxide is released from calcium
carbonate to form calcium oxide, or from magnesium
carbonate to form magnesium oxide.

calgium to sulfur molar ratio (Ca/S): the total moles of
cal¢ium in the sorbent feed divided by the total moles
of dulfur in the fuel feed.

calgium utilization: the percent of calcium in the sorbent
that reacts with sulfur dioxide (SO,) to form calcium
sulfate (CaSO,). It is sometimes called sorbent
utilization.

calipration: the process of comparing the response of an
insfrument to a standard over some measurement range
and adjusting the instrument to match the standardif
appropriate (also see accuracy check).

capgcity: the maximum main steam mass flow rate the
stegm generator is capable of producing on'a'continuous
basfs with specified steam conditions and-cycle configu-
ration (including specified blowdown and auxiliary
stegm flow). This is frequently referted to as maximum
continuous rating.

capgeity, peak: the maximummain steam mass flow rate
the|steam generator is gapable of producing with speci-
fied steam conditions and cycle configuration (including
sperified blowdown-and auxiliary steam flow) for inter-
mittent operatién) i.e., for a specified period of time
without affecting future operation of the unit.

combustion chamber: an enclosed space provided for the
combustion of fuel.

contbrstHon—etficiencr—a—measure-oithe-comp 560
oxidation of all fuel compounds. It is usually quantified
as the ratio of actual heat released by combustion to the
maximum heat of combustion available.

combustion split: the portion of energy released in the
dense bed region of a fluidized bed, expressed as a
percentage of the total energy released.

composite air temperature: the mass weighted average
temperature of all the air streams either entering or
leaving a multi-sector air heater.

steam;energyfrompowerconversioninthepulyerizers,
circulating pumps, primary air fans, and gas\r¢circula-
tion fans; and chemical reactions, e.g., sulfation| Credits
can be negative, e.g., when the air tempetature {s below
the reference temperature.

dehydration: the endothermic chemical reaction that takes
place when water is released‘\from calcium hydroxide
to form calcium oxide, or from magnesium hyjdroxide
to form magnesium oxide,

design conditions: see specified conditions.

dilute phase: the portion of the bed in a circulating fluid-
ized bed combtstion chamber above the seconfdary air
inlet ducts (fnade up primarily of the circulatingfparticu-
late material).

efficienisy, fuel: the ratio of the output to the input as
chémical energy of fuel.

efficiency, gross: the ratio of the output to the totall energy
entering the steam generator envelope.

energy-balance method: Formerly the “heat loss njethod.”
A method of determining steam generator efficlency by
a detailed accounting of all energy entering and leaving
the steam generator envelope.

error, random: sometimes called precision error, random
error is a statistical quantity and is expected to be nor-
mally distributed. Random error results from [the fact
that repeated measurements of the same quantify by the
same measuring system, operated by the same|person-
nel, do not yield identical values.

error, systematic: sometimes called bias error; the differ-
ence between the average of the total population and
the true value. The true systematic or fixed efror that
characterizes every member of any set of measurements
from the population.

errot, total: combination of systematic error and ran-
dom error.

6 peratre: averas ke the flue
gas leaving the steam generator boundary. This tempera-
ture may or may not be adjusted for air heater leakage.

fixed carbon: the carbonaceous residue less the ash
remaining in the test container after moisture and the
volatile matter has been driven off in making the proxi-
mate analysis of a solid fuel in accordance with the
appropriate ASTM standard. Also see volatile matter.

flue gas: the gaseous products of combustion including
excess air.
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flue gas (hot fluid) exit temperature — excluding leakage:
the temperature at which the flue gas would have exited
the air heater if there were no leakage. If leakage is
present, this parameter is calculated by energy balance.
For the purposes of the energy-balance calculations, the
temperature of the leakage flow, including any ingress
air, is assumed to be the same as the entering air
stream(s).

humidity ratio: mass of water vapor in a gas per pound
of dry gas (also see specific humidity).

influence coefficient: see absolute and/or relative sensitivity
(influence) coefficient.

input from fuel: the total chemical energy available from
the fuel. Input is based on the higher heating value.

input—output method: a method of determining steam

gannrnl—nr QFF{ninnry 1‘\}7 direct measurement of ou Put

flue gas {fot flutd)exit temperatnure — iMciuding teakage: the
measur¢d temperature of the flue gas exiting the air
heater.

flue gas|(hot fluid) side effectiveness: the ratio of the flue
gas temperature drop, excluding leakage, to the temper-
ature he¢ad.

flue gas|(hot fluid) temperature drop — excluding leakage:
the dectease in the temperature of the flue gas passing
through the air heater, based on the fluid exit tempera-
ture exdluding leakage.

fluidized bed: a bed of suitably sized combustible and
nonconjbustible particles through which a fluid (air in
fluidized bed steam generators) is caused to flow
upward at a sufficient velocity to suspend the particles
and to jmpart to them a fluid-like motion.

fluidized bed, bubbling: a fluidized bed in which the fluid-
izing air velocity is less than the terminal velocity of
most of| the individual particles. Part of the gas passes
through the bed as bubbles. This results in a distinct
bed regjon because an insignificant amount of the bed
is carrigd away by the fluidizing air.

fluidized bed, circulating: a fluidized bed in whieh the
fluidizing air velocity exceeds the terminal ‘welocity of
most of|the individual particles, so that they-are carried
from the combustion chamber and later reinjected.

furnace:|an enclosed space provided for the combustion
of fuel.

heat capacity ratio (X-ratio):(the€ ratio of the mean heat
capacity of the air passing\through the air heater to the
mean heat capacity of'the flue gas passing through the
air heater. For a multi-sector air heater, the air-side com-
ponent s based©n'the composite air-side temperatures.
See parf. 5-5:9.

heating palue;/higher: the total energy liberated per unit

and input (I/O method).

instrument: any tool or device used in the measurenjent
of the present value of a physical, electrical, or’chenical
variable. These variables can include pressure, temppra-
ture, fluid flow, voltage, electric current, chemical cpm-
position, density, viscosity, siZze,~and power. This
includes sensors and any ancillary equipment usegl to
transmit, display, and record\these variables.

losses: the energy that exitsthe steam generator envelope
other than the energy in-the output stream(s).

loss on ignition: commonly referred to as LOI The Joss
in mass of a drieddust sample, expressed as a percenfage
of the initialmass, that occurs when the sample is hegted
in the presence of oxygen. Typically used to approxinpate
unburnied)carbon in residue.

maxiddm continuous rating: see capacity.

measurement error: the true (unknown) difference
between the measured value and the true value.

moisture: water in fuel or sorbent as determined by|the
appropriate ASTM standard(s), or water in the liquid
or vapor phase, present in other streams.

outliers: a data point judged to be spurious or erronepus.

output: energy absorbed by the working fluid that is|not
recovered within the steam generator envelope.

parties to a test: those persons and companies participat-
ing in the test.

precision error: see error, random.

primary variables: those used in calculations of fest
results. They are further classified as shown below
Class 1: those that have a relative sensitivity (influence)
coefficient of 0.2 or greater
Class 2: those that have a relative sensitivity (influence)
coefficient of less than 0.2 [Refer to ASME PTC [19.1

mass of-furet TporT LUllllJlCtC combustioras—determired
by appropriate ASTM standards. The higher heating
value includes the latent heat of the water vapor. When
the heating value is measured at constant volume, it
must be converted to a constant pressure value for use
in this Code.

heating value, lower: the total heat liberated per unit mass
of fuel minus the latent heat of the water vapor in the
products of combustion as determined by appropriate
ASTM standards (not used in this Code).

for the determination of relative sensitivity (influence)
coefficients.]

purge: to introduce air into the furnace or the boiler flue
passages in such volume and manner as to completely
replace the air or gas—air mixture contained within.

recycle rate: the mass flow rate of material being rein-
jected into a furnace or combustion chamber.

recycle ratio: the recycle rate divided by the fuel mass
flow rate.
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reference temperature: the datum temperature to which
streams entering and leaving the steam generator enve-
lope are compared for calculation of sensible heat credits
and losses.

reinjection: the return or recycle of material back to the
furnace.

relative sensitivity (influence) coefficient: percent change in
result per percent change in measured parameter.

sulfur retention: the fraction of the sulfur that enters with
the fuel that does not leave the steam generator as SO,.

supplemental fuel: fuel burned to supply additional
energy to the steam generator or to support combustion.

temperature head: the temperature of the flue gas entering
the air heater minus the temperature of the air entering
the air heater. For a multi-sector air heater, this air tem-
perature is the composite air temperature.

resiflue: the solid material remaining after combustion.
Residue consists of fuel ash, spent sorbent, inert addi-
tivds, and unburned combustible matter.

runf a complete set of observations made over a period
of time, with one or more of the independent variables
majntained virtually constant.

secdndary variables: variables that are measured but do
not|have a major effect on the result.

sengitivity: the ratio of the change in a result to a change
in @ parameter; see absolute and/or relative sensitivity
(influence) coefficient.

settfng infiltration: see air, infiltration/ingress.

sorllent: chemical compound(s) that reacts with and cap-
tur¢s a pollutant, or, more generally, a constituent that
reagts with and captures another constituent.

spedific humidity: mass of water vapor in gas per pound
of wet gas (also see humidity ratio).

spedified conditions: the specified contract design condi-
tions of all parameters at the test boundary. See’ also
standard conditions.

spet bed material: the bed drain residue removed from
a flpidized bed.

speqt sorbent: solids remaining after evaporation of the
mojsture in the sorbent, calcination/dehydration, and
weight gain due to sulfatiofi.

standard conditions: the yalues of all the external parame-
ters, i.e., parameters at the test boundary to which the
tesf| results are corfécted. The standard conditions may
be the specified design conditions or a set of user-
defined bourdary conditions. Non-contract boundary
conditions\are’referred to within this document as stan-
darfd cenditions and are typically used for performance
mohitoring.

fest: at least two runs at the same conditions,tHat yield
comparable results, or multiple sets of runs.at multiple
conditions, for the purpose of determining perf¢rmance
characteristics.

test boundary: identifies the location bf the mass of energy
streams that enter or leave the envelope of the eqhipment
being tested.

tolerance: the acceptable difference between fthe test
result and its nominal §x'guaranteed value. Tolerances
are contractual adjustnients to test results or to|guaran-
tees and are not, part of the Performance Test (odes.

traceable: availability of records demonstrating [that the
instrument of calibration gas can be traced through a
series of~calibrations to an appropriate ultimate refer-
ence.such as National Institute for Standafds and
Technelogy (NIST).

ustburned combustible: the combustible portion of{ the fuel
that is not completely oxidized.
uncertainty: the estimated error limit of a measfirement
or result for a given coverage. Uncertainty defines a
band within which the true value is expected to|lie with
a certain probability. Test uncertainty includes both ran-
dom uncertainty and systematic uncertainty.

uncertainty, random: an estimate of the plus-gr-minus
limits of random error with a defined level of confidence
(usually 95%).
uncertainty, systematic: an estimate of the plus-gr-minus
limits of systematic error with a defined level ¢f confi-
dence (usually 95%).
uncertainty, test: test uncertainty combines random and
systematic uncertainties.
user defined: a set of boundary conditions that mdy reflect
typical fuel and operating conditions, which [may be
something other than design conditions.
volatile matter: the portion of mass, except watdr vapor,
that is driven off in a gaseous form when solid fuel is

standard deviation: standard deviation of the mean unless
otherwise specified. Several types of standard deviation
are defined in statistical analysis (e.g., population stan-
dard deviation, sample standard deviation, and stan-
dard deviation of the mean).

sulfation: the exothermic chemical reaction that takes
place when calcium oxide unites with oxygen and sulfur
dioxide to form calcium sulfate.

sulfur capture: see sulfur retention.

heated in accordance with the applicable ASTM stan-
dard. Also see fixed carbon.

X-ratio: see heat capacity ratio.

2-3 CALCULATION ACRONYMS

The acronyms used throughout this Code are built
from symbols from the following groups. Wherever pos-
sible, for steam generator applications, these abbrevia-
tions follow the methodology set forth in ASME PTC 4,
Fired Steam Generators.
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2-3.1 Property Symbols

Af: flat projected surface area

Aid: area, inside dimension

Cp: mean specific heat at constant pressure
D: dry

Dg: any dry gas, typically air or flue gas

v: velocity
vh: velocity head

Vp: percent volume

2-3.2 Function Symbols
Ad: additional
Di: difference (delta)

Dn: derjsity
H: enthalpy
Hca: convective heat transfer coefficient

HHV: rIgher heating value, mass basis

HHVcv] higher heating value, constant volume basis
HHVv: higher heating value, volume basis

Ht: height

M: masp
Mo: mole
Mp: percent mass

Mg: maps per unit energy

Mr: mass flow rate

Mu: maps per unit volume

Muw: mglecular weight

P: presgure

Pb: atmpspheric/barometric pressure
Pp: partial pressure

Ps: saturation pressure

Q: energy
Qp: perfent fuel input energy
Qr: heat transfer rate

R: universal gas constant

Rhm: relativeshumidity

Fr: fractional
Mn: mean

Sm: sum

2-3.3 Equipment, Stream, and Efficiency Symbols

A: air

Ac: air heater coil

Ah: air heater

Al: air leakage

Ap: ash pit

Ag: air quality-edntrol equipment
As: ash

B: credit

Bd: blowdown

C: carbon

Ca: calcium

Cb: carbon burned
Cbo: carbon burnout
Cc: calcium carbonate
Cf: coefficient

Ch: calcium hydroxide
Clh: calcination and/or hydration
Cm: combustion

CO: carbon monoxide
CO2: carbon dioxide
Coal: coal

Cw: cooling water

E: efficiency, percent

| BETEPN

Rq: reqiired

Se: stack effect

Sg: specific gravity

T: temperature

Tdb: dry-bulb temperature
Thf: hot face temperature

Twb: wet-bulb temperature

El: electrical
Ev: evaporation
F: fuel

Fc: fixed carbon
Fg: flue gas

Fo: fuel oil

G: gaseous fuel
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Gr:
Hc:

gross

hydrocarbons, dry basis

I: input

In: inerts

L: loss

Lg:

leakage

Moc: magnesium carbonate
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Lv: outlet, exit, or leaving

m: measured

Re: reference

z: location (refer to Figs. 2-3.4-1 through 2-3.4-6
cific locations)

2-3.5 Correction Symbols

Cr: reading or computational correction

for spe-

Mh
N2
N24
NO
O:

02
Pc:

Pcif
cap|
Pr:

Rh:
Rs:
Ry:
S:3
Sb:
Sc:
Sh:
Slf:
SO
Src;
Ssb
St:
Th:
To:
Uub:
W:
Wo
X:

magnesium hydroxide
nitrogen

: atmospheric nitrogen
x: nitrogen oxides
butput

oxygen

[products of combustion

ture

pulverizer rejects
reheat

residue

recycle

ulfur

sorbent

sulfur capture
superheat
sulfation

p: sulfur dioxide
surface radiation and convection
spent sorbent
steam

theoretical

total

unburned

Wwater

water vapor

uxiliary

: products of combustion uncorrected for sulfur

Ds: design

2-3.6 Computational Acronyms Used In) Sectign 5 —

Computation of Results
See subsection 5-10.
2-3.7 Uncertainty Acronyms Used in Section
Computation of Results

See subsection 5-10%

2-3.8 General List(of Symbols Used In Sectio

See subsection’ 7-7.

2-4 ABBREVIATIONS

The'following abbreviations are used throug]
text of this Code:

A/D: analog to digital

AFBC: atmospheric fluidized bed combustion
AH: air heater

APC: air preheater coils

APH: air preheater

API: American Petroleum Institute

Ar: argon

ASTM: American Society for Testing and Mate|
C: carbon

Ca/S: calcium-to-sulfur ratio

Ca(OH),: calcium hydroxide

CaO: calcium oxide

CaSOy: calcium sulfate

CB: gasified carbon

CO: carbon monoxide

hout the

rials

Xp:
Xr:

2-3.4 Location, Area, Component, and Constituent

En:

Percent excess

X-ratio

Symbols

inlet or entering

f: fuel, specific or related

j: fuel, sorbent related

k: fuel, sorbent constituent

CO,: carbon dioxide

COs: carbonate

CT: current transformer

DCS: distributed control system

EPA: Environmental Protection Agency
ESP: electrostatic precipitator

FC: fixed carbon

FD: forced draft
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FEGT: furnace exit gas temperature

FG: flue gas

FID: flame ionization detector
FW: feedwater

GPA: Gas Processors Association

S0O,: sulfur dioxide
SOjz: sulfur trioxide
SO,: sulfur oxides
TC: thermocouple

TGA: thermogravimetric analysis

Hj: hydrogen THC: total hydrocarbons

H,S: hydrogen sulfide VM: volatile matter

HHYV: hjgher heating value

HHVF: higher heating value of fuel 2-5 ABBREVIATIONS FOR THE BOUNDARY.
HHVGH: higher heating value of gaseous fuels FIGURES

1/O: inplut/output 2-5.1 Property Symbols

ID: indiiced draft

K>0: pq
kKW-h: k
LOI: lod

tassium oxide
lowatt-hour

s on ignition

MAF: moisture and ash free

MB: msd
Mg(OH
MgCOy;

gabyte
»: magnesium hydroxide

magnesium carbonate

MgO: mpagnesium oxide

Nj: nitr
N,O: ni
Na,O: s
NH;: an
NIST: N
NO: nit
NO,: ni
NO,: ni|
O,: oxy,
Os: 0zo
PA: priy
ppmdv:

ppmu:
PT: potd
PTC: Pd

bgen
frous oxide

bdium oxide

hmonia

ational Institute of Standards and Techmelogy
Fic oxide

frogen dioxide

frogen oxides

ben

he

hary air

parts per million on a dry volume basis

arts per miillion on a wet volume basis
pnitial«transformer

rformance Test Code

Mr: mass rate
P: pressure

T: temperature

2-5.2 Equipment and ‘Stréeam Symbols

A: air

Al: air leakage

Fg: flue gas

HF: hotfliid (including the hot fluid in preheating ¢
P: primary

S; secondary

2-5.3 Location Symbols
En: entering
i, j: coordinates of a point within a grid

Lv: leaving

2-5.4 Correction/Design Symbols
Cr: reading or computational correction

Ds: design or standard condition

2-5.5 Air Heater/Air Preheater Boundaries
7: air entering air preheater coil

8: air entering air heater

9: air leaving air heater

14: gas entering air heater

15: gas leaving air heater

RAM: random access memory
RH: reheater, relative humidity

RTD: re

sistance temperature device

S: sulfur

SDI: spatial distribution index

SH: superheater, superheated

SI: International System of Units

SiO,: silicon dioxide, silica

HF: hot fluid entering or leaving air preheater coil

2-5.6 Sequence

ils)

Note that abbreviations in this Section are arranged
in the following sequence: Property > Stream > Location
> Correction/Design. For example, in a multi-sector air
heater, MrSAIFg refers to the mass flow of secondary
air leakage to the flue gas stream. Similarly, TA9 refers
to the temperature of the air stream at location 9 (the

air heater air outlet).
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Fig. 2-3.4-1 Tubular/Plate Air Heater

Flue gas
MrFg14,
TFgd4
PRg14
Air MrA9
TA9
PA9
Air MrA8
_ TA8
PR MrAFg N
MrFg15
TFg15
PFg15
Flue gas

!
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Fig. 2-3.4-2 Basic Regenerative Air Heater

T |

Air out .
Flue gas in
MrA9 MrFg14
TA9 TFg14
PA9 PFg14
MrAIFg
MFrA8 MrFg15
TA8 TFg15
PA8 PFg15
Airin Flue gas out

10
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Fig. 2-3.4-3 Tri-Sector Air Heater

T

T

Secondary Primary .
air out air out Flyggas in
MrA9S MrA9P MrFg14
TA9S TA9P TFg14
PA9S PA9P PFg14

MESAIFg
MrPAISA MrPAIFg

MrA8S MrA8P MrFg15

TASS TA8P TFg15

FA8S PASP PFg15

Primary Flue gas out
air in

11
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Fig. 2-3.4-4 Quad-Sector Air Heater

Secondary Primary Secondary Flue gasin
air out air out air out
MrA9Sa MrA9P MrA9Sb MyFg14
TA9Sa TA9P TA9Sb TFg14
PA9Sa PA9P PA9Sb PFg14
Mr8AlFg
MrPAISAa MrPAISADb
e R
MrA8Sa MrA8P MrA8Shb MrFg15
TA8Sa TA8P TA8Sb TFg15
PA8Sa PA8P PA8Sh PFg15
Seeondary Primary Secondary Flue gas out
air in airin airin

12
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Fig. 2-3.4-5 Air Heater Using Intermediate Fluid

Air out Flue gas in
MrAS MrFgt4
TA9 TFg14
PA9 PFg14

Intermediate Fluid
MrAlFg
MrA8 MrFg15
TA8 TFg15
PA8 PFg15
Airin Flue gas out

Fig. 2-3.4-6 _ Fluid-to-Air Air Heater Noncondensing Heating Fluid

Airin
MrA7
TA7
PA7
<
Heating fluid in
MrHFEnN
THFEN
) PHFEN
& >
Heating fluid out
MrHFLv
THFLv
MrA8
PHFL
TA8 v
PA8
Air out

13
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Section 3
Guiding Principles

TDADLILOCTIONAL 1 e Palll ] 1 1 i b - -
3'1 II ITRUUUCITIUN (]} Criolce U] lffolI’LUlU‘ofy. IS INSTruIrnertdation ind
methods of measurement discussed in the Codejare ¢on-
The primary purpose of this Code is to provide a  sidered to be consistent with best practice af the time

standarfl for the planning and execution of tests to deter-
mine aif heater performance. Furthermore, this Code is
intendefl for guarantee compliance testing (acceptance
testing)|or other tests that require high levels of accuracy
and repeatability. The requirements of ASME PTC 4.3
are designed to minimize test uncertainty and will neces-
sitate the use of rigorous test practices to allow the test
to be cqnsidered a “Code” test.

It is recognized that routine testing does not require
complignce with the strict standards mandated by this
Code. Tests for information, troubleshooting, or other
reasons|that do not require this level of detail are dis-
cussed |n Nonmandatory Appendix J.

Fundpmental test principles are as follows:

(a) Op Analysis. The necessary stoichiometric calcula-
tions are based on flue gas oxygen (O,) analysis (only)
in combination with laboratory fuel analysis. This Code
does ndt include procedures or calculations to support
the use|of carbon dioxide (CO,) analyzers.

(b) Ptetest Velocity Traverse. This Code requires‘a-pre-
test pdint-by-point velocity traverse by.\a\three-
dimendional probe of all test planes around the air
heater, in order to determine whether veldgity weighting
of the ajir and/or gas parameters is required.

(c) Multiple Air Heater Configurations. Each air heater
within g multiple air heater canfiguration on a given
unit shgll be tested individually)wherever possible. The
procedyres and necessary stipporting data are discussed
in subsé¢ction 3-5.

(d) Pretest Uncertainty Analysis. This Code requires
the use jof a pretest-incertainty analysis as discussed in
para. 32.2.

(e) Pgrforfisance-Based Standards. This Code includes
provisipns/for users to employ a performance-based

of writing. It is not the intention of this Code to0 exclude
the use of technology not yet available at'the timg of
publication, provided that this technelogy yields equjiva-
lent or superior accuracy to the teéhniques discussefl in
Section 4. Note that this Sectién specifically exclydes
the use of certain instruments@and methods that arelnot
considered to be suitable forithe conduct of a Code test.

(g) Selection of Supporting Standards. This Cpde
requires the use of 6ther PTC codes and supplements
where referenced. However, where other organizatipns’
standards (e.g5; ISA, ASTM, GPA) are referenced in [this
Code, parti€sto'the test may mutually agree to use ofher
internationally recognized standards.

(h) Units With Cold Primary Air Systems. Total|gas
flow-~éntering the air heater(s) shall be calculated gtoi-
chiometrically using O, and the ultimate fuel analysis.
The gas flows to identical air heaters shall be appor-
tioned by velocity traverse. See para. 4-7.1 and
subsection 5-4.

3-2 PREPARATION FOR THE TEST

Reasonable precautions should be taken when prepar-
ing to conduct a Code test. Indisputable records shall
be made to identify and distinguish the equipment to
be tested and the exact method of testing selected.
Descriptions, drawings, or photographs all may be ysed
to give a permanent, explicit record. Instrument locafion
shall be predetermined, agreed by the parties to|the
test, and described in detail in test records. Redundant
(backup) calibrated instruments should be provided for
those instruments susceptible to in-service failur¢ or
breakage.

For acceptance and other official tests, the manufac-

approach in the design and execution of a test program.
That is, the user is free to apply any of the techniques
or equipment detailed in this Code in order to meet the
objectives of the test. The performance (or objective)
based approach allows the user to incorporate consider-
ations of cost and physical plant configuration, among
other issues, into the design of the test. Contrast this
with a prescriptive standard that effectively defines the
only choices available for the selection of test equipment
and measurement techniques.

14

turer or supplier shall have reasonable opportunity to
examine the equipment, correct defects, and render the
equipment suitable to test. The manufacturer, however,
is not thereby empowered to alter or adjust equipment
or conditions in such a way that regulations, contract,
safety, or other stipulations are altered or voided. The
manufacturer may not make adjustments to the equip-
ment for test purposes that may prevent immediate,
continuous, and reliable operation at all capacities or
outputs under all specified operating conditions. Any
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actions taken must be documented and immediately
reported to all parties to the test.

Acceptance and other official tests shall be conducted
as promptly as possible following initial equipment
operation and preliminary test runs. Prior to each run,
the equipment should be operated for sufficient time to
demonstrate that intended test conditions have been
established, e.g., steady state. Agreement on procedures
and time should be reached before commencing the test.

(n) observations and data to be collected during the
test to comply with the test objectives.

(0) selection and calibration of test instrumentation
and the methods of measurement to be employed during
the test (see Section 4), e.g.,

(1) location of measurements
(2) number and location of points in grids
(3) type of sensor (thermocouple type, RTD, ther-

mnmcf-nr’ mnnnmofnr’ +TQﬂCA11FOV, Q-I—ypr pltot,

(Ince testing has started, readjustments to the equip-
ment that can influence the results of the test should
reqpire repetition of any test runs conducted prior to
thelreadjustments. The only permissible adjustments are
thope that are appropriate for reliable and continuous
opsgration of the equipment and are agreed to in advance
by hll parties to the test.

3-2.1 Pretest Agreements

Any acceptance test will require that the various par-
ties to the test reach agreement on a number of issues
that will define the scope and execution of the test. These
iteths shall be documented in the test plan and test
report, and shall include but not be limited to the
follpwing;:

(@) object of test.

(b) location and timing of test.

(¢) test boundaries.

() number of copies of original data required.

(¢) permissible deviations in totally corrected flue gas
exif temperature excluding leakage.

(1) establishment of acceptable operating egnditions,
including but not limited to the stability .of.the equip-
meft [including, for critical parameters) the maximum
short-term fluctuations, the maximum long-term devia-
tions, the averaging period for thelong-term deviations,
and the measurement to be used-for each, i.e., station
thermocouple(s), individualtestthermocouple, average
of g1l test thermocouples];the'air inlet temperature, the
position of dampers around the air heater, and the set
points of critical parameters and the means of controlling
them. See Table 3€231-1 for typical stability guidelines.
(¢) standard\er/design conditions.

(1) allocations of responsibility for all conditions that
affgct the test.

(1) ofganization of personnel, including designation
of lead test engineer.

Fechheimer, orifice, paramagnetic O, analyzet, Orsat,
etc.)

(4) method of recording individual datq points
(manual or, if electronically, the type of)data acquisition
equipment)

(5) frequency of measurements

(6) for measurements dn grids, point to point or
composite sampling

(7) method of calibration/accuracy check

(-a) loop or individual component a

check

fcuracy

(-b) number of points and range to be cpvered
(-c)A0t thermocouples, individual or representa-
tive (frefmn ‘spool)
(8)\.components of the systematic uncertainty and
théit\walues (excluding accuracy check data efflects)
(-a) systematic uncertainty of primary stpndards
(-b) tap location
(-c) corrections for known interferences (p.g., NO
concentration with paramagnetic O, analyzers
(9) method of correcting measured data and
determining accuracy check effects on sysfematic
uncertainty
(10) procedure to address drift in instrumgntation,
including maximum allowable drift (zero or gpan) of
oxygen analyzers

(p) maximum systematic uncertainty for egch per-
formance parameter defined in the test objectiye.

(g) distribution of residue quantities between|various
collection points, and their methods of sampling, analy-
sis, and estimating systematic uncertainty.

(r) type of probe to be used for the pretest velocity
traverse. As noted in paras. 3-1(b) and 3-2.5, [a probe
capable of measuring both yaw and pitch is fequired
for the initial pretest velocity traverse. Based on the
results of previous testing, the users may option|to select
a three-dimensional, two-dimensional, or ngndirec-

(j) number of load points, duration of test runs, and
the procedures to be followed during the test.

(k) cleanliness of the heat transfer surfaces and how
this will be maintained during the test.

(I) pretest inspection of equipment, including condi-
tion of those air heater components affecting air leakage.

(m) if applicable, the fuel to be fired and sorbent used,
the methods of obtaining samples, conducting labora-
tory analyses of those samples, and estimating system-
atic uncertainty.
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tional probe.

(s) for identical air heaters arranged in parallel, the
maximum flow imbalance that can exist and still assign
equal split of the total gas flow between the multiple
streams. See para. 3-5.1.

(t) how to determine flow splits for nonidentical air
heaters.

(1) the systematic uncertainty of the “electronics”
(any lead wires, junctions, data acquisition/display
equipment, or any other items in the loop, excluding
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the sensor and permanently attached wiring) for any
measurement system (temperature, flue gas analysis,
etc.) that does not have a calibration (or accuracy check)
of the entire loop, and if a calibration (or accuracy check)
is not performed on the “electronics.” See para. 4-5.4.2
and Mandatory Appendix III.

(v) methods of correction and values used for correc-
tions for deviations of test conditions from standard or
design conditions

with the calibration and proper use of their hardware,
including minor repairs of test equipment as required.
They should also be knowledgeable of the expected
range of data to be collected at their individual test plane
location. Note that both the pretest velocity traverse and
the preliminary test are useful in this regard to either
train test personnel or to confirm their suitability to
conduct the test.

(w) methods of computing results.

(x) methods of comparing test results with standard
or design performance conditions.

(y) basis to be used for rejection of outlier data or a
test run.

(z) ctiteria to establish the requirement for flow
weighting.

(aa) dstimate of efficiency losses and uncertainty of
the losges, if fuel input is calculated by the energy-
balance[method.

(ab) values of estimated parameters and their system-
atic undertainties.

(ac) thethod or instrumentation to be used to calculate
randonp uncertainty for measurements that require
traversgs.

(ad) When testing air preheating coils with a condens-
able flu{d, the minimum amount of superheat at the hot
fluid exjit. See subsection 5-8.

(ae) for direct-fired air heaters or gas-to-gas heat
exchangers, the method of leakage measurement.

3-2.2 H

A preftest uncertainty analysis is a mandatory require-
ment of this Code. This analysis allows action to be
taken prior to the test, either to decrease thé uncertainty
to a lev¢l consistent with the overall objéctive of the test,
or to refluce the cost of the test while.still attaining the
objectivie. An uncertainty analysis isuseful to determine
the nunyber of observations. This.analysis will be useful
in determining test variables;e:g., grid densities and the
frequeny of data collection;.that may require refinement
to imprpve the quality_6f'the test.

This ihvestigation‘will also include a sensitivity analy-
sis that{ will serve to highlight those parameters that
are mogt criticalMo the calculation of the final result.
Tables Jt1.2@-4;]-1.2.4-5, and J-1.2.4-6 in Nonmandatory
Appendix/J-summarize the parameters that generally

retest Uncertainty Analysis

3-2.4Pretest Checkout

The lead test engineer (see para. 3-2.3) must.ens
that the equipment to be tested is in good)epera
condition. In particular, the tightness of tubes, condi
of seals, cleanliness of all heat transfer $urfaces, and|the
condition of all ductwork and equipment inside the|test
boundary should be examined,and placed in prgper
operating condition. Bypass dampers, recirculatfing
dampers, and valves associated with air-preheating doils
should be checked for their ability to provide a tjght
shutoff if these devicestarehot to be used during the fest.

ure
ing
ion

3-2.5 Pretest Traverse

Each test shall\also include a mandatory pretest velloc-
ity traverse<of dll air and flue gas planes at each load
point to determine whether flow weighting wil| be
required."However, traverse(s) at the air inlet plarfe(s)
may.béwaived if air preheater coils will not be in seryice
during the test. Temperature, velocity (differential pyes-
stire), and, for flue gas locations, the percentage of O,
shall be measured at each point in the traverse. This
pretest traverse must employ a probe capable of meagur-
ing both yaw and pitch, unless all parties agree that a
two-dimensional or nondimensional probe is sufficient.

3-2.6 Preliminary Run

Preliminary test runs, with records, serve to deternjine
if equipment is in suitable condition to test, to check
instruments and methods of measurement, to check gdde-
quacy of organization and procedures, to train pergon-
nel, and to verify the attainability of the target fest
uncertainty. They are also useful to highlight the need
for minor operational or equipment adjustments fhat
were not evident during the preparation for the test{All
parties to the test may conduct reasonable preliminary
test runs as necessary. Observations during prelimirjary
test runs should be carried through to the calculafion
of results as an overall check of procedure, layout, pnd

raanizakion

have a primary influence on the calculation of flue gas
temperature, leakage, pressure drop, and air/gas mass
flows.

3-2.3 Selection and Training of Test Personnel

All personnel to participate in the test shall be trained
for the particular activities they will be responsible for
during the test. A lead test engineer shall be designated
to ensure proper execution of the test and assessment
of test results. Equipment operators shall be familiar

16
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If such a preliminary test run complies with all the
necessary requirements of this Code, it may be used as
an official test run with the consent of all parties to
the test.

3-3 METHOD OF OPERATION DURING TEST
3-3.1 Stability of Test Conditions

A test is a combination of a series of runs for the
purpose of determining performance. A run consists of
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a complete set of observations made for a period of time
for a specific set of operating conditions. It is important
that all controlling parameters remain within previously
established limits throughout the run. Conditions shall
be set at specified levels and be maintained stable for a
minimum of 30 min prior to the start of each run.

All test runs shall be conducted while the equipment

is at steady-state conditions. Steady state is defined by
the pr rating in iti f thermal an
chemical equilibrium. In the case of a steam generator or
a cgmbustion furnace, it is required that the combustion
prokess remain constant. If equipment such as air pre-
hedlter coils are to be tested separately, only the airflow
and outlet temperature need to be at steady state. For
the|purposes of this Code, refer to Table 3-2.1-1.
It is recommended that, as the run progresses, perti-
nerjt data be monitored continuously, to permit an
assessment of the conduct of the run. The pretest
agrepements shall include a table of allowable maximum
valfiations in operating parameters similar to
Tablle 3-2.1-1. During a test run, each observation of an
op€rating parameter shall not vary from the reported
megn for that condition by more than the allowable
“long-term deviation.” Long-term deviation is defined
as the maximum deviation of the average, over an
agreed-upon period of time, from the overall test aver-
agel Furthermore, the maximum variation between any
point and the preceding point shall not exceed the
“shiort-term fluctuation” limit. Plant instrumentation.
may be used to determine deviation of operating param-
etefs where test instrumentation is not available) e.g.,
when point-to-point traverses are utilized tel-measure
tenjperature and O,. Figure 3-3.1-1 illustrates-the appli-
catjon of the agreed limits.

3-3/2 Duration of Runs

Thhe duration of each run shall bé a minimum of 2 hr
and shall be extended as necessary to permit the collec-
tion of consistent observations. Furthermore, when the
test data is collected<via traverse(s), each run shall
include a minimumtef*two traverses at each required
tesf] plane. Readings shall be taken at such a frequency
as rhay be necessary to determine a value that represents
a tue average and to meet the uncertainty analysis/
random error requirement.

3-3/3\/Adjustments During Test

etc.) shall not be operated (moved) manually during a
test. If any of these devices are automatically controlled,
then care should be taken so that the test is paused and
data is not collected while the automatic system is in
operation.
Air heater sootblowers shall not be operated during
a test run. Operation of upstream sootblowers, especially
if the blowing medium is air, may jeopardize the validity
f th . Th rin; lowing should be

blowing periods. The run should be rejectedif
differences that impact the result.

3-3.4 Rejection of Runs

If serious inconsistencies affecting the resfults are
detected during a run or dfiring the calculation of the
results, the run must be invalidated completdly, or it
may be invalidated only\in part if the affected gart is at
the beginning or enid)of the run. A run that Has been
invalidated mustberepeated to attain the test objectives.
The decision, td_reject a run is the responsibilily of the
lead test engiheer and the designated representatives of
the parties\to the test.

Refer to Table 3-2.1-1 for an example for rejecting a
run.\Bor coal firing, the guideline for maximum long-
term deviation of inlet excess oxygen concentfation is
0:5% O, (absolute) from the mean. In this case, [the sus-
pect data is compared with the mean O, value as|defined
by data collected up to that point in time. A dpviation
of this magnitude is normally only caused by 4 failure
in the sampling system or by a significant change in the
process conditions. Both of these events are ekamples
of sufficient cause to invalidate the data in question —
either in whole or in part.

Note that the pretest checkout [subpara. 3-2.1(y)]
requires that the parties to the test agree on the|basis to
be used for rejecting data or a test run in its entirety.
3-3.5 Number of Runs and Repeatability CritJ:'

A test shall consist of a minimum of two ryins that
satisfy the repeatability requirements of this Code at
each specified condition. The criterion for repeptability
is that the corrected results from the runs in question
all fall within the uncertainty intervals of eadh other.
Figure 3-3.5-1 illustrates this graphically.

Prior to this comparison, the results must be pormal-

a

Control dampers in the vicinity of the air heaters that
might affect gas and airflow distribution between multi-
ple air heaters or sectors of multi-sector air heaters shall
not be operated (moved) to cause the limits shown in
Table 3-2.1-1 to be exceeded during a test run. This is
to include systems in place to control coal mill exit tem-
perature (tempering air) and control of air heater fouling
(air bypass or hot air recirculation).

Air leakage control devices (e.g., adjustable sector
plates, axial seals, hoods on stationary matrix heaters,

ized (corrected) fo a standard or design set of conditions.
The calculated uncertainty is then applied to the cor-
rected results for each run for the purpose of determin-
ing repeatability.

3-3.6 Multiple Runs

The results of multiple runs that satisfy the require-
ments of this Code shall be averaged to determine the
average test result. The test report shall include the cal-
culated uncertainties of each individual test run.
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3-4 COMPARING RESULTS WITH STANDARD OR
DESIGN PERFORMANCE

Operating conditions at the time of the test may differ
from the standard or design conditions that were used
to establish design or guarantee performance levels.
Subsection 5-6 provides methods for applying correc-
tions during the calculation of test results to account for
many of these differences. Parties to the test shall record

The balance of the total gas flow (see para. 5-3.5.9) is
then assigned to the remaining air heaters in a similar
manner to para. 3-5.1.

3-6 UNCERTAINTY

By agreement prior to the test, the parties to the test
shall establish the maximum uncertainty for each per-
formance parameter.

their agreement on the correction method.

3-5 MULTIPLE AIR HEATER CONFIGURATIONS

The gerformance of air heaters within a multiple air
heater ynit configuration should be determined individ-
ually wherever possible. This has the advantage of being
able to pompare performance between air heaters. The
individgyial air heaters may be tested simultaneously or
sequentiially at the discretion of the lead test engineer,
considefing factors such as uncertainty and cost. How-
ever th¢ data are collected, it is preferred that the per-
formange of each air heater be calculated as a separate,
distinct| system. Refer to subsections 4-7.1, 5-4.1, and
5-4.2.

3-5.1 Multiple Air Heaters of the Same Design/Type

Identjcal air heaters arranged in parallel will normally
not reqtiire special attention or procedures to partition
air and|gas flows. Generally, the performance of these
individyial air heaters can be determined by assigning
an equdl split of the total air and gas flow between’the
multiple systems.

If the| pretest velocity traverses indicate assighificant
entering gas flow difference between the -miiltiple air
heaters,|then the total flow must be propertioned accord-
ingly. Generally, a flow imbalance of (10% or more from
the mean is considered to be significant for this purpose.
In any cpse, this value must be agreed upon in the pretest
agreement; see subpara. 3-2-1(s).

Once| entering gas flow\through each air heater is
determined, the airflow)through each air heater can be
calculated by energy balance.

3-5.2 Multiple Air Heaters of Different Designs/Types

This gection covers configurations including primary
air heater(g) in parallel with one or more secondary air

A performance test must be designed and condugted
to obtain both a positive and a negative uncertainty [less
than or equal to the established maximum mneertajnty.
The choices of which parameters to measure, which
parameters may be estimated, what estimated valuds to
use, and the use of fewer or alternative instruments
will strongly influence the ability<to.meet the maximjum
uncertainty. It is then the responsibility of the lead |test
engineer to design a test thatwill meet this uncertajnty
level. Parties to the test shall reach agreement on these
choices prior to the test:

Note that this Code employs uncertainty only as a
measure of the quality of the test. Specifically, the paities
to the test must'reach agreement on the test maxinjum
uncertainty ‘level.

3-7 REFERENCES TO OTHER CODES AND
STANDARDS

The necessary instruments and procedures for making
measurements are prescribed in Section 4 and shquld
be used in conjunction with the following ASME
Performance Test Codes and Supplements on Instru-
ments and Apparatus and other pertinent publicatjons
for detailed specifications on apparatus and procediires
involved in the testing of air heaters. These referemces
are based upon the latest information available when
this Code was published. In all cases, care should be
exercised to refer to the latest revision of the document.

3-7.1 ASME Performance Test Codes

ASME PTC 2, Definitions and Values
ASME PTC 4, Fired Steam Generators
ASME PTC 6, Steam Turbines

ASME PTC 11, Fans

ASME PTC 19.1, Test Uncertainty

ASME PTC 19.2, Pressure Measurement
ASME PTC 19.3, Temperature Measurement

heaters.

For different air heaters arranged in parallel, it is first
necessary to determine the flue gas flow split between
the multiple air heaters in the system. Fundamentally,
one of the airflows on one of the air heaters must be
known or measured. In practice, this is usually the outlet
airflow of the primary air heater(s), as these process
signals are generally calibrated. For a given airflow and
tested leakage value, the inlet gas flow to that air heater
can be calculated via energy balance (see para. 5-4.2).
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ASME PTC 19.5, Flow Measurement — See also
ASME MFC-3M-2004 with MFC-3Ma—-2007 addenda,
Measurement of Fluid Flow in Pipes Using Orifice,
Nozzle and Venturi

ASME PTC 19.10, Flue and Exhaust Gas Analyses

ASME PTC 38, Determining the Concentration of
Particulate Matter in a Gas Stream

Publisher: The American Society of Mechanical
Engineers (ASME), Two Park Avenue, New York, NY
10016-5990 (www.asme.org)
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3-7.2 ASTM Standard Methods

ASTM C25, Standard Test Methods for Chemical
Analysis of Limestone, Quicklime, and Hydrated
Lime

ASTM D95, Standard Test Method for Water in
Petroleum Products and Bituminous Materials by
Distillation

ASTM D240, Standard Test Method for Heat of
(alorimeter

ASTM D482, Standard Test Method for Ash from

etroleum Products

AS['M D1298, Standard Test Method for Density,

Jelative Density, or API Gravity of Crude Petroleum
and Liquid Petroleum Products by Hydrometer
ethod

ASTM D1552, Standard Test Method for Sulfur
in Petroleum Products by High Temperature
(Jombustion and IR Detection

AS'M D1826, Standard Test Method for Calorific
(Heating) Value of Gases in Natural Gas Range by
(Jontinuous Recording Calorimeter

ASTM D1945, Standard Test Method for Analysis of

[atural Gas by Gas Chromatography

ASTM D2013, Standard Practice for Preparing Coal

amples for Analysis

ASTM D2015, Standard Test Method for Gross Calorific

alue of Coal and Coke by the Adiabatic Bomb
(alorimeter

ASTM D2234, Standard Practice for Collection of a.Gross

ample of Coal

ASTM D3173, Standard Test Method for Moisture in the
Analysis Sample of Coal and Coke

ASTM D3174, Standard Test Method for Ash in the
Analysis Sample of Coal and Cake\from Coal

ASTM D3177, Standard Test Méthods for Total Sulfur
in the Analysis Sample of Coal and Coke

ASTM D3178, Standard Test Methods for Carbon and

ydrogen in the Analysis Sample of Coal and Coke

ASTM D3179, Standaxd, Test Methods for Nitrogen in
the Analysis Sample of Coal and Coke

ASTM D3180, Standard Practice for Calculating Coal
and Coke—Analyses from As-Determined to
[pifferent Bases

ASTM P3228, Standard Test Method for Total Nitrogen
in ubricating Oils and Fuel Oils by Modified Kjeldahl

Na

. . _
Uil yurocdIrioo LC DOV DO 9

ASTM D3302, Standard Test Method for Total Moisture
in Coal

ASTM D3588, Standard Practice for Calculating Heat
Value, Compressibility Factor, and Relative Density
of Gaseous Fuels

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

ASTM D4239, Standard Test Method for Sulfur in the
Analysis Sample of Coal and Coke ing High-
Temperature Tube Furnace Combustion

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

ASTM D5142, Standard Test Methods for Prpximate
Analysis of the Analysis Sample of Coal and {Coke by
Instrumental Procedures

ASTM D5287, Standard Practice for Au
Sampling of Gaseous\Fuels

ASTM D5291, Standard Test Methods for Instrimental
Determination ofCarbon, Hydrogen, and Nitfogen in
Petroleum Products and Lubricants

ASTM D5373; Standard Test Methods for Determination
of Carbon, Hydrogen and Nitrogen in Analysis
Samples of Coal and Carbon in Analysis Sathples of
Coaland Coke

ASTM D6316, Standard Test Method for Determination
of Total, Combustible, and Carbonate Carbon|in Solid
Residues from Coal and Coke

ASTM E178, Standard Practice for Dealiq
Outlying Observations

Publisher: American Society for Testing and Materials
(ASTM International), 100 Barr Harbor Drive, P.O.
Box C700, West Conshohocken, PA 194P8-2959
(www.astm.org)

omatic

g with

3-7.3 GPA Standard

GPA 2166, Obtaining Natural Gas Samples for fAnalysis
by Gas Chromatography

Publisher: Gas Processors Association (GPA), 6p26 East
60th Street, Tulsa, OK 74145 (www.gpaglobal.org)

3-7.4 ISA Standard

ANSI/ISA-551.1, Process Instrumentation Ternjinology

mation
12277,

Publisher: The International Society of Autd
(ISA), 67 T. W. Alexander Drive, P.O. Boy
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Fig. 3-3.1-1

Illustration of Short-Term (Point-to-Point) Fluctuation and Long-Term Deviation

Time of 20| 25| 30| 35] 40 45| 50| 55 60| 65 70 75| 80| 85 90| 95| 100| 105| 110] 175| 20| 125 130| 135 [140
Readingp 302] 292| 302| 305] 303] 295 208 206] 305| 313 308] 309 311] 313] 308 307 309| 298] 311 207|<284] 294] 293 297| 298] [305
Test meqn  [302.4302.4/302.4/302.4|302.4{302.4|302.4|302.4|302.4|302.4{302.4| 302.4(302.4 302.4302.4|302.4 302.4/302.4{302.4|302.4{302.4|302.4{302.4|302.4/302.4|3p2.4]
5 pt runnifg avg 300.8/299.4(300.6(299.4(299.4(301.4/304.0[306.2[309.2(310.8[309.8(309.6| 309.6{307.0(306.6/304.4{301.8| 298.8/297.8(295.0[295.2|2p7.4
Max LT dlev. : 1.6/ 3.00 1.8 3.0/ 30/ 1.0 1.6/ 3.8/ 6.8 84 74| 7.2| 7.2| 46/ 42 20| 0.6 3.6/ 46| 7.4 7.2||5.0
Max ST Flux 10| 10| 3] 9 1 2 2 5 2| ¢11[\ 13| 14 4 1
B20
—o— Readings
----- Test mean
15 —— Five-point running average
Maximum short-tefrm
fluctuation
10
05 ¢
2 /
5 _._._._._._._._/.
©
&
00
_ A
P95 ¥ Yr—X
\/ Maximum lofigiterm \_‘\/
deviation\from mean
P90
-85 T T T 1 T T T T T T T T T T T T T T T T T T T T T
0 20 25 30N\8 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140
Time
GENERAL[NOTE:  This Rigure shows that the maximum short-term fluctuation (point-to-point) is 14 units (311 to 297) and the maximum |ong-

term deviption (with,a\five-readings running average) is 8.4 units (310.8 to 302.4).
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Number of Runs and Repeatability Criteria

® ® ®
® -1 -
1 1 _1_ ® 1 I8
2
®
2 —2—
8
(a) Repeatable (b) Not Repeatable (c) 2 and 3 Repeatable;

1 Not Repeatable

Legend ®

Test result plus positive uncertainty

< Testresult

Tést result minus negative uncertainty

GENERAL NOTE: Positive uncertainty and negative uncertainty are not‘usually equal magnitudes.

Table 3-2.1-1 Operating Parameter Deviations

Short-Term Fluctuation Long-Term Devidtion From
Parameters (Point to Point) Mean [Not¢ (1)]
Air Heater air inlet temperature 10°F (6°C) See Note[(2)
Air Heater gas inlet temperature 10°F (6°C) See Note[(2)
Air heater inlet flue gas flow[Note (3)]
Ailr heater inlet oxygensy{Note (4)]
Coal 1.0% 02 0.5% 02
Oil and gas 0.4% 0, 0.2% 0,
Upit steam flow [Note (5)]
Coal 4.0% 3.0%
Oil and\gas 2.0% 1.0%
Upitfuelflow [Note (6)] 2.0% 1.0%
Mill linlét air temperature [Note (7)] 10°F (6°Q) 10Q°F (6°

NOTES:
(1) See Fig. 3-3.1-1.

(2) These are generally uncontrollable parameters. However, the parties may agree to some limit.
(3) In order to minimize fluctuations in flue gas flow, O, and either steam flow or fuel flow should be controlled within the limits

indicated.
(4) Percentage values are absolute percent O,.

(5) Applicable to steam generators. Feedwater flow and/or first stage pressure can be used as the indication of steam flow.
(6) Applicable primarily to combustion furnaces. For oil- and gas-fired steam generators, controlling fuel flow may be preferable to control-

ling steam flow.

(7) Indication of inconsistent fuel moisture and/or tempering airflow.
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Section 4
Instruments and Methods of Measurement

4-1 INTRODUCHON

Variopis measurement techniques and apparatus are
available for obtaining the data that comprises an air
heater tpst. Several of the currently more-practical mea-
surement methods and devices are presented in this
Section| They are presented for guidance in defining the
specific|data acquisition, but in no particular order of
preference. The relative uncertainty of each technique
is presgnted and it is left to the lead test engineer to
select the appropriate apparatus to meet the desired
overall fest uncertainty; see subsection 3-6.

The instrumentation system selected for the collection
of data shall be durable and reliable in an environment
that is pften hot, dirty, and subject to vibration. All
instrumjents shall be inspected and calibrated properly
to achiepe the uncertainty specified by the manufacturer.

Expegted ranges of all data to be recorded shall be
calculated prior to the test, based on expected equipment
operatifg conditions, to ensure that the selected test
instrumjentation is suitable for the purpose intended.
Appropriate sampling rates for each test plane shall be
calculated, considering the rates, the size of the samplihg
lines, lofation, and response time of the instrumentation
system.

4-2 DATA REQUIRED

Depending on test objectives, sone or all of the follow-
ing datg will be needed to detérmine the performance
of the afir heater:

(a) temperature of the air entering and leaving each
section [of the air heater

(b) tegmperature of the flue gas entering and leaving
each se¢tion of the-air heater

(c) qliantities ©f/heated air leaving each section of the
air heater

(d) quantity of flue gas entering and leaving the air

() —quantity of atomizing Steant or any other matgrial
added to the flue gas stream
(n) quantity of combustible matter in fly ashiand other
refuse stream locations

4-3 GRID

4-3.1 Measurement Location

Air and gas flowing through a duct generally Have
nonuniform flow, temperature, and (in the case of flue
gas) composition, especially after an air heate}. A
multipoint measurentent using a grid of sampling pdints
is essential to detefmine the average value of efach
parameter accurately. After selecting a suitable locafion
for the multipoint sampling grid, the flue or dugdt is
subdivided'into a number of elemental areas and, uging
a suitable probe and sampling system, the velocity, tpm-
perattire, and gas constituents of interest are measyred
at a“point in each elemental area. The total flow is then
obtained by summing the contributions of each elenjen-
tal area (perhaps, depending on the measurement pnd
calculation technique, using different weighting facfors
for different areas). Average temperature and complosi-
tion are calculated in accordance with subsection 4r-4.

Many different techniques have been proposed| for
selecting the number of sampling points, establishing
the size and geometry of the elemental areas, and spim-
ming or averaging (theoretically integrating) the ihdi-
vidual readings from each elemental area. Options that
have been proposed include the placing of points bgdsed
on an assumed (log-linear, Legendre polynomial, or
Chebyshev polynomial) distribution, the use of graphi-
cal or numerical techniques to integrate the individual
readings, the use of equal elemental areas with sinmpple
arithmetic summing or averaging, and, in the cas¢ of
flow measurement, the use of boundary-layer correc-
tions to account for the thin layer of slow-moving fluid
near a wall. As a general rule, accuracy of the measjire-

heater
(e) inlet/outlet static pressure for each air stream
(f) outlet velocity pressure for each air stream
(g) flue gas (hot fluid) inlet/outlet static pressure
(h) flue gas (hot fluid) outlet velocity pressure
(i) specific humidity of inlet air
(j) concentration of oxygen in the flue gas entering
and leaving the air heater
(k) quantity of fuel fired in the furnace
() ultimate analysis of the fuel fired

ment(s) can be increased by either increasing the number
of points in the sampling plane or using more sophisti-
cated mathematical techniques (e.g., interpolation poly-
nomials, boundary layer corrections).

For velocity, temperature, and gas composition distri-
butions encountered in large flues and ducts, it is more
in line with the requirements of field testing, as well as
more realistic in light of the varied distributions that
actually occur in the field, to obtain the desired accuracy
of measurement by specifying a relatively large number
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of sampling points at the center of equal areas, rather
than by relying on assumed distributions or unsubstan-
tiated assumptions regarding such things as boundary-
layer effects. This Code requires the equal-area method
with measurement at a relatively large number of points.
For specific details on the use of Gaussian or Chebyshev
measurement methodology, refer to ASME PTC 19.5.

4-3.1.1 Rectangular Flues and Ducts. Rectangular

type air heaters, including rotating hood air heaters.
This discussion also applies to tubular air heaters,
although the magnitude of the outlet stratification may
be less.

4-3.2.1 Air Inlets. At the air inlet the composition
should be uniformly that of air, but temperatures will
be a function of heating processes through the FD fan
and air preheater coil if installed. The velocity distribu-

dugtsshatt-bedividedtoformma grid-withrequatareas:
Samples shall be taken at the centroid of each equal
areq. For ducts less than or equal to 324 ft?, there should
be from 9 to 36 sampling points and each equal area
shall be no larger than 9 ft*. For ducts greater than 324 ft?,
the|number of points shall be increased above 36 and
the|equal areas may be increased to no more than 12 ft2.
According to the systematic uncertainty models sug-
gesfed in para. 7-5.3.2, the systematic uncertainty due
to umerical integration decreases with the number of
points; therefore, using more points has an impact on
that component of the uncertainty.

Tlhere should be a minimum of three points spanning
each dimension (height and width) of the duct cross
section. The shape of the equal areas should be one of
the|following;:

(@) If there is no significant stratification, or if the
strgtification in both directions are similar or unknown,
the|aspect ratios should be kept comparable (i.e., the
long dimension of the duct is in the same direction as
the|long dimension of the equal areas), up to the equal
aregs being square. See Fig. 4-3.1.1-1.

(b) If thereis severe stratification in one direction only,
it i recommended that more points be added in that
dir¢ction, without regard to the aspect ratjo.

i-3.1.2 Circular Flues and Ducts. -Circular ducts
should be divided into equal areas-0f'9 ft or less. There
should be a minimum of nine sampling points. As noted
abgve, increasing the numberof.sampling points reduces
the|systematic uncertainty dtte to numerical integration
and a minimum number)of 24 is recommended by the
Codle for large ducts:\The number of sampling points
may be increased-foeet the 9 ft? minimum by dividing
the| cross sectioninto four, six, or eight sectors. The
location of €ach sampling point must be at the centroid
of dach equal area. The location of these sampling points
maly be€) determined by the method shown in

tion will be a function of mixing between the|fan exit
and the measuring plane. If an air preheater\doil is in
use, the velocity distribution of air at inlefand the inter-
nal fluid flow will influence the heat transfer anfl, there-
fore, the temperature distribution.
The combined effect of these complex processes can-
not be calculated prior to a test,but it is likely that point-
to-point variation will be staall in relation to tle mean
temperature. However, th€ proportional effects|on tem-
perature might not b&iso small if hot air recirfulation
from air heater air-exit to FD fan inlet is in op¢ration.

4-3.2.2 Gas(dnlets. The distribution of gas cbmposi-
tion, temperdture, and velocity will be a funftion of
heat transfer and mixing processes in the combustion
chamber‘and through the heat exchange systemny (super-
heaters and economizer) up to the air heater inlpt. Also,
ingress of ambient air in boilers operating under nega-
tive pressure will have an effect on the spatial dlistribu-
tion of all three quantities and particularly on [flue gas
composition. The closer the ingress point is to the mea-
suring plane, the greater will be the effect on the dlistribu-
tion of gas composition.

These processes of ingress, heat transfer, and mixing
will be very complex and also site and load driented,
and cannot be calculated prior to a test.

4-3.2.3 Air Heater Air Exits. As with the 3ir inlet,
the composition of exit air is considered to be uniformly
that of standard air. The small effects of carryover of
flue gas entrained in the rotor of a regenerativpe heater
are not considered in this Code.
The velocity distribution will be a function of the
distribution at air inlet, the hydrodynamics of transition
ducting and bends between the heater matrix ahd mea-
suring plane, and the influence of nonuniform| fouling
of the heat transfer surfaces.
The spatial temperature distribution will be a function
of the same effects but with the additional ipfluence

Fig| 43.1.2-1, which uses 20 points and four sectors as
an example.

4-3.2 Stratification

The distribution of gas composition, temperature, and
velocity at the air heater inlet and exit measuring planes
will be a function of the mixing and hydrodynamic pro-
cesses upstream and downstream of the measuring loca-
tion. It is likely that bends and /or dampers immediately
upstream will be the overriding effect on velocity distri-
bution. The following discussion applies to regenerative
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of the inlet velocity on heat transfer and temperature
distribution, together with the colder air that has
bypassed the heat transfer surface though circumferen-
tial seals, alongside heater baskets, and integral cold air
bypass.

The overriding effect on the range of values measured
will, however, arise from the heat transfer process in the
rotating heat transfer surface. At the exit from the heater
matrix, the preheated air temperature will vary during
the rotation, typically by 115°F (64°C) for an average
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temperature of 622°F (328°C), e.g., from 565°F to 680°F
(296°C to 360°C) for larger air heaters. This rotational
variation will be circumferentially linear with position
around the matrix but will become distorted and the
range reduced by the transition for semicircular to rect-
angular ducts and mixing effects up to the measuring
plane. While this temperature range at matrix exit is
calculable, the downstream mixing effects are not.

and time consuming. Therefore, velocity pressure,
temperature, and static pressure data collection in each
duct, and at each test condition at which the air heater
is to be tested, may be measured prior to testing and
the velocity results applied to the individual tests. If the
parties to the test agree that the flow-weighted average
of the data varies noticeably from the arithmetic average
of the data, the measured flow weighting data (recorded
prior to the actual testing) will be applied to the data

4-3.2.4 Gas Exits. The spatial distribution of gas
composition will be more disturbed at gas exit than at
gas inlet because of the presence of streams of air leaking
across sealing surfaces and entrained air. These streams
include|radial leakage at both the hot and cold ends,
togethet with air leaking around the rotor which will
appear ps cold end leakage. These are all localized flow
streams| that will mix into the main gas stream as it
progrespes through the ductwork.

Many of the points made above for air exit tempera-
ture disfributions apply equally to the air heater gas exit
but with the additional complication of the cooler air
leakage| streams.

As with the air exit plane, the overriding effect on the
range of values measured will, however, arise from the
heat transfer process in the rotating heat transfer surface.
At the pxit from the heater matrix, the undiluted gas
temperature will vary during the rotation, typically by
99°F (53°C) for an average temperature of 286°F (141°C),
e.g., from 235°F to 334°F (113°C to 168°C).

This fotational variation will be circumferentially lin-
ear in position around the matrix, but will become ‘dis-
torted pnd the range reduced by the transitiom for
semicir¢ular to rectangular and by mixing effects up to
the megsuring plane.

4-4 FIOW WEIGHTING

Duct Jayout around the airheater may prohibit locat-
ing the test planes at points.of uniform, fully developed
flow wifhin the ducts. {n'such cases, it may be necessary
to weight the individual data points with the flow at
these ppints to_compensate for the nonuniform flow
pattern| This maybe particularly important when large
temperatur&stratifications (e.g., exit ducts of regenera-
tive air| heaters, cross-flow air preheaters, and down-

recorded during all tests for the affected ducts/\Ppra-
graph 7-5.3.3 describes a technique to determine when
flow weighting should be applied, based or the pretest
velocity and temperature (and oxygen) data. That para-
graph also describes how to estimateythe systemfatic
uncertainty if flow weighting is used or if it is not uped.

The flow-weighted average ofayvariable may be calcu-
lated from

22X 210X

S s, I
where

Mr; = mass/flow rate in area associated with pojnt i

n =stotal number of points

v;¢ =) Vvelocity in area associated with point i
Xpyy, = flow-weighted average of variable X (tpm-

perature, O,, etc.)
X; = value of the variable at point i

Flow Mr; may be calculated from

stream of steam or glycol air preheating coils) and/or
large oxygen stratifications (e.g., exiting gas ducts of
regenerative air preheaters) are anticipated.

Flow weighting requires the measurement of the
velocity pressure and temperature of the fluid at the
points in the ducts where the fluid is sampled for the
individual point data. Two confirming data sets, includ-
ing velocity pressures, temperatures, and static pres-
sures, are required to verify repeatability of the velocity
data. The collection of this data may be labor intensive
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M}’i = Dn,»Aivi (4 4-2)
where
A; = area associated with point 7
Dn; = fluid density at point i
v; = velocity at point i
Since
DTll‘ = Kl[(PB + Ps/,)/(460 + TI)] (4 4-3)
where
K; = a constant, assuming an ideal gas, f¢r a
given fluid
Pp = barometric pressure, in. H,O
Ps; = fluid static pressure at point i, in. H,O (gage)
o Ay -5 IS £ £ 1t 4 O
F——Huid—temperatare-at-pointi—F
and
v; = Ky(4AP;/Dny)'/? (4-4-4)
where
K; = a constant for the probe used to measure
velocity pressure
AP; = velocity pressure at point i
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Equation (4-4-1) becomes

N
KiKy S {[APAPg + Ps)/ (460 + T)V2AX}
i=1

XWgtd = N
KiK; S {APAPs + Ps)/ (460 + T)I'?A}t
i=1 (4-4-5)
Constant K; may be cancelled out of the summation
since it is a function of unit conversion factors and the

mo

ecwlar ‘.‘.’“;g]"‘: ofthe {-‘Ini,-l, which—remain-constant

magnesia, or fiberglass). However, for the air inlet tem-
perature measurement(s), “homemade” thermocouples
(with exposed junctions) made from thermocouple wire
(not extension wire) are sometimes used.

To minimize systematic uncertainty, thermocouples
with continuous leads are used. To reduce cost, compati-
ble (same type) thermocouple extension wires frequently
are used. To minimize the increase in systematic uncer-
tainty when doing this, the extension wire should be

for|a given test plane. Constant K, has been cancelled
out|of the summation, assuming that the same velocity
prepsure test probe (and therefore the probe correction
factor) is used for all points at a given test plane. If
multiple probes are used to record the velocity pressure
datp in a single duct, K, will not necessarily be constant
and therefore should be moved within the summation.

TEMPERATURE MEASUREMENT

Tlhe primary application of temperature measurement
in this Code is for combustion air and flue gas in large
dudts. Secondary applications include the measurement
of ambient air, dry bulb, and wet bulb temperatures,
and when thermocouples are used with an ice bath for
megsuring the temperature of the ice bath.

Hor most temperature measurements, thermocouples
are|typically used. Other sensors include resistance
temperature detectors (RTDs) and liquid-in-glass
thermometers.

Hor a more complete discussion of temperature . mea-
surgment, see ASME PTC 19.3.

4-5

4-5(1 Thermocouples

f-5.1.1 General Description. A, thermocouple has
twq dissimilar electrical conductotscalled thermoele-
mefts, electrically insulated from each other except
where joined together to form junctions. There are neces-
sarily two junctions to eaeh'thermocouple, correspond-
ing| to the two extremities’ of the thermoelements. A
theymocouple develops.an emf that is a function of the
difference in temperature of its measuring (hot) and
refgrence (cold) junctions. If the temperature of the refer-
ence junction is known, the temperature of the measur-
ing|junction¢an be determined by measuring the emf
generated in the circuit. The use of a thermocouple in
temperature measurements, therefore, requires the use

attached to the thermocouple before the pretest dccuracy
check and remain attached through the post-tgst accu-
racy check, and the accuracy check of the thermpcouple
includes both the thermocouple and’its thermlocouple
extension wire.

Where a grid of thermocouples is used to easure
temperature in a duct, the thexmocouples should be read
individually and not be grouped together to pfoduce a
single output.

4-5.1.2 Measuring’/Instruments

(a) Potentiometers. Potentiometers comy
unknown quantity against a known quantity
dard. Accurate weighting, for example, is ofter|f accom-
plisheddy direct comparison against standard fweights
using-aaechanical balance. If the measured wejghts are
tooheavy for direct comparison, lever arms may|be used
tomultiply the forces. The potentiometer serves 4 similar
function in the measurement of voltage, the standard
voltage being furnished by a standard cell, the| “lever”
being resistance ratios, and the galvanometer sefving as
the balance indicator. If a potentiometer is usedl, an ice
bath should be used for the reference junction|

(b) Digital Thermometers. Digital thermometers are
devices that read the emf from the measuring junction of
a thermocouple and measure the ambient templerature,
typically with a thermistor. With these two npeasure-
ments and the standard thermocouple—emf relation-
ships, digital thermocouples (both handheld devices and
data acquisition systems) display/record the tempera-
ture at the measuring junction directly.

Where multiple thermocouples are connecfed to a
data acquisition system that uses an isothermal bar for
multiple inputs, extreme care must be taken to|prevent
temperature gradients between the inputs and|the iso-
thermal bar.

are an
or stan-

4-5.1.3 Accuracy Check. The preferred m¢thod of
conducting accuracy checks of a thermocouple tgmpera-

of an instrument capable of measuring emf.

The four most common thermocouple types are

(a) copper—constantan (Type T)

(b) iron—constantan (Type J)

(c) chromel-alumel (Type K)

(d) chromel-constantan (Type E)

The measuring junction of the thermocouple normally
is enclosed in a sheath, and is ungrounded (i.e., the
thermocouple junction is electrically insulated from the
sheath by some type of refractory material, e.g., alumina,
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ture measurement system is to evaluate the entire loop
(thermocouple, wiring, potentiometer/digital ther-
mometer/data acquisition system/etc.). Each accuracy
check should consist of at least four points, and cover
the entire range of measurements (i.e., at least one point
must be below the lowest reading and at least one point
must be above the highest reading). Note that while
only four points are required for the accuracy check,
in general, as the temperature spread between points
decreases, the systematic uncertainty will also decrease.
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An alternate method is to conduct separate accuracy
checks of the thermocouple and the electronic system
that displays/records the data. Both accuracy checks, the
one for the thermocouple and the one for the electronics
(digital thermometers/data acquisition systems/etc.,
and including any wiring not included with the thermo-
couple accuracy check), should consist of at least four
points, and cover the entire range of measurements (i.e.,
at least

of the stem being filled with the vapor of the liquid or
a mixture of this vapor and an inert gas. Associated with
the stem is a scale in temperature degrees, so arranged
that when calibrated the reading corresponding to the
end of the liquid column indicates the temperature of
the bulb.

Partial-immersion thermometers are designed to indi-
cate temperature correctly when used with the bulb and

one pm‘“t mustbe belowthelowest vninng and

at least|one point must be above the highest reading).
Note that while only four points are required for the
accuracy check, in general, as the temperature spread
between points decreases, the systematic uncertainty
will alsp decrease.

An exception to the above is where potentiometers
are usefl. Potentiometers do not require an accuracy
check, Bbut where they are used they should be set up
in positjon not less than 3 hr before a test run for subjec-
tion to the ambient temperature and for stabilizing the
standand cells. After stabilization, the potentiometer
should |be calibrated or “standardized” in accordance
with the manufacturer’s instructions.

Thergfore, when setting the range of temperatures for
the pretest accuracy check, take care when estimating
the antiripated minimum and maximum temperatures,
becausgif the average temperature from any thermocou-
ple is otitside its accuracy check range, that thermocou-
ple shoyld be considered to have failed.

Each fhermocouple may have its own accuracy check;
or two ¢r more thermocouples from each spool may. be
selected for an accuracy check, the results averaged.and
used fox all thermocouples from that spool. Theacetiracy
check data from these selected thermocouples will be
used tq determine the systematic uncertainty and
optionally to correct the measured temperatures for all
thermogouples from the spool. If mére than two thermo-
couples| are selected to be checKed, the data from each
must be used in the calculations (i.e., none can be
excludgd). The accuracy heck of the thermocouples
(either ¢very one or thejselected representatives from a
spool) may be donée\in a loop check (the preferred
method) or standwalone (the alternate method). When
the altgrnate m€thod is used, the accuracy check of
the rempining \components of each loop, including elec-
tronic systemnt, extension wire (if used), etc., should be

aspecified-partof-thetiqtidcolumminthestemexpgsed
to the temperature being measured, the remainder of
the liquid column and the gas above the liquideXpdsed
to a temperature that may or may not be different.
Where partial-immersion thermometers ate used (p.g.,
in an ice bath), the thermometer should have a lerjgth
and scale such that it can remain4mirersed in the fluid
to its immersion line while being read.
Total-immersion thermomefers are designed to i
cate temperature correctly when used with the bulb pnd
the entire liquid colufpm~in the stem exposed to|the
temperature being mieasured, the gas above the liquid
exposed to a temperature that may or may not be differ-
ent. Total-immersion thermometers should not be uped.
Complete’immersion thermometers are designed to
indicate temperature correctly when used with the bulb,
entire liquid column, and gas above the liquid expgsed
to,the temperature being measured.
Thermometers should have etched stems, where
scale is marked directly on the stem by etching.

hdi-

the

4-5.2.2 Accuracy Check. All thermometers usefl in
the test should have a certified calibration. The calibra-
tion should consist of at least three points.

4-5.2.3 Inspection. Prior to use, each thermomgter
should be inspected to ensure that the fluid column|has
not separated. If the fluid has separated, it mus{ be
reunited or the thermometer must be replaced. For a
mercury thermometer, the bulb only should| be
immersed in a dry ice/alcohol solution. For other fluids,
centrifugal force may be used or with the thermomgter
in a vertical position, gently tap the stem above|the
separation.

4-5.3 RTDs

performied.

4-5.2 Liquid-in-Glass Thermometers

4-5.2.1 General Description. Liquid-in-glass ther-
mometers are primarily used for relative humidity and
ice-bath measurements. They consist of a thin-walled
glass bulb attached to a glass capillary stem closed at
the opposite end, with the bulb and a portion of the
stem filled with an expansive liquid, the remaining part
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#=5.3.1Generat Destription. A Tesistance tempera-
ture detector (RTD) consists of a sensing element called
a resistor, and two to four wires that are used to connect
it to a resistance-measuring instrument. Most metals and
some semiconductors change resistance with tempera-
ture in a known, repeatable manner. The resistor in an
RTD is a pure metallic element (usually platinum, but
nickel and copper are sometimes used) usually in the
form of a coil of fine wire wrapped around a ceramic
or glass core, and hermetically sealed within a capsule,
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which is enclosed in a metallic sheath. If only two wires
were used, the measured resistance would include not
only the resistance of the resistor, but also the lead wires.
For this reason, three- or four-wire RTDs are used with
a bridge circuit to measure the resistance of the resis-
tor only.

4-5.3.2 Accuracy Check. Use the same methodology
as described in para. 4-5.1.3.

4-5.4.3 Accuracy Checks. There are three ways to
use the accuracy checks to determine the systematic
uncertainty due to interpolation between accuracy
checkpoints and to optionally correct the measured data,
as follows:

(a) calculate a specific correction factor from the pre-
test loop (or sensor and separate electronics) accuracy
check to be applied to each individual reading from

each-thermoecouple/RID-or point(this-is-the-preferred
4-5(4 Systematic Uncertainty method) B .
(b) calculate a specific correction factor from [the pre-

i-5.4.1 Thermometers. There are two components
of the systematic uncertainty of a thermometer — its
readlability and its accuracy. The readability of the ther-
mofmeter is the graduation interval divided by 2. The
component of the systematic uncertainty due to accuracy
is dalculated from the errors at the calibration points
and the interpolated error at the measured value. See
Mandatory Appendix III for an example of these
calqulations.

4-5.4.2 Thermocouples and RTDs. There are several
possible components of the total systematic uncertainty
of g temperature measured with a thermocouple or RTD.
Thgse include, but are not limited to

(@) systematic uncertainty of the primary standard
(b) systematic uncertainty due to sensor installation,
thermowell, pad welding, etc.

(¢) temperature of the ice bath (thermocouples)

(4) uncalibrated lead wires

(¢) potential sensor drift

(1) sensor systematic uncertainty due to interpolation
betfveen accuracy checkpoints (since thevalue of a mea-
surement rarely coincides with a value‘from the calibra-
tion data)

(¢) data acquisition system-systematic uncertainty
dug to interpolation between aecuracy checkpoints
Hach component of the~tetal systematic uncertainty
COLﬂid be positive only/(causing the measured value to
be higher than the “trule” value), negative only (causing
the|measured valde“to be lower than the “true” value),
or hoth positive'and negative. When tabulating the val-
ues| for each’ component of the total systematic uncer-
tairjty, twoicolumns should be made, one for positive
valyies @nd the other for negative values.
Hor\thermocouples using potentiometers, accuracy

test loop (or sensor and separate electronics) gccuracy
check to be applied to the average reading (arfithmeti-
cally or by weight) from each thermocouple/RTD or
point

(c) no correction to the measured temperatufres, and
the pretestloop (or senserdnd separate electronig¢s) accu-
racy check data is uSed to determine the sygtematic
uncertainty in temperature for that test plane

See Mandatory, Appendix III for an example
calculations,

of these

4-5.5 Air and Flue Gas Measurements

In.order to determine the average air or gas tempera-
ture in a large duct, multiple measurements must be
taken. The duct is to be divided into several equil areas,
and the temperature (and possibly velocity) is measured
in the center of each elemental area in accorde];ce with

para. 4-3.1. If the air or gas velocities are “significantly”
different across the duct, the temperature measurements
must be weight averaged based on the mass flow (or
velocity) at each point, which is calculated from the
temperature and velocity at each point and tlhe static
pressure in the duct. Subsection 4-4 describes cohditions
when weight averaging is required. Even if weight aver-
aging is not required, it is permissible if all parties agree
to this. However, this may increase the overall systematic
uncertainty due to the uncertainty in the flow
measurements.

During a test run, where a fixed grid of temperature
sensors (typically thermocouples) are continuouply mea-
suring temperatures, it is not uncommon for sgme sen-
sors to fail. If a thermocouple in a fixed grid fails during
a test, if it failed during the second half of the tun (i.e.,
it made at least 50% of the number of readings as the

check data consists of only data on the thermocouple
itself (and wiring). For thermocouples using digital ther-
mometers and RTDs, accuracy check data includes data
on the sensor, wiring, and the device to display/record
the temperature. (In the descriptions below and in
Mandatory Appendix III, sensor is considered to be the
thermocouple or RTD and any permanently attached
wiring. Electronics are considered to be any lead wires,
junctions, data acquisition/display equipment, or any
other items in the loop excluding the sensor.)
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sensors that worked during the entire test), the readings
taken before the failure would be used, and the sensor
is not considered to have “failed.” Table 4-5.5-1 sets
upper limits on the number of sensors in any duct that
may fail during a test run without voiding the test run.
However, the uncertainty will be affected, and this may
cause the run to be voided. If any sensors fail during a
run, they should be replaced before the next test run,
unless all parties agree to proceed without replacing
them.
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In order to have relatively equal representation of the
temperature across the duct, it is important that any loss
of measurements be in a random manner. If adjacent
sensors fail, the systematic uncertainty of this measure-
ment increases but the magnitude cannot be estimated.
Figure 4-5.5-1 shows some examples of nonrandom
combination of points. Should any of these failure pat-
terns occur, the test should be aborted and restarted
after replacing the faulty sensors.

Precautions should be taken to protect the indicator
from the effects of wind, sun, and radiant heat. Periodi-
cally during the test, probes, hoses, and indicators
should be checked for leaks or plugging. Plugging can
result from either particulate buildup in the probe or
condensation in a portion of the system.

Indicators used for static or total pressure measure-
ment may have one tap open to atmosphere. If the indica-
tor is not located in the same atmosphere as the

In the flue gas ducts (inlet and outlet), in addition
to meaguring temperature, the O, concentration is also
measur¢d, at the same positions. If single-point travers-
ing is performed, the probe consists of one tube for
extracting a gas sample. The thermocouple may be
secured|to the outside of the tube, but more commonly it
is run infside a second tube for protection. The measuring
(hot) erfd of the thermocouple is at the same position
as the ¢nd of the gas sampling tube. Where multiple
gas sanjpling probes are installed and fixed in a single
port, onfe tube usually contains all temperature sensors.
Holes ate drilled in the tube containing the temperature
sensors|at points corresponding to the ends of each gas
samplinjg tube, and the measuring (hot) ends of the
thermogouples are routed out of the holes.

4-5.6 [

For determination of specific humidity, the dry bulb
temperpture, wet bulb temperature, and barometric
pressure are frequently used. These two temperatures
are usuplly measured with “matched” thermometers
that haye similar characteristics. The bulb of the wet
bulb thgrmometer should be covered by a braided; tubu-
lar clotlh wick that has been saturated (but is Wt/ drip-
ping) with distilled water.

4-5.7 1|

Where thermocouples are used with.a potentiometer
and ice|bath, a partial immersion liquid-in-glass ther-
mometgr is required to be placed in the ice bath. The
bulb of [the thermometer should be close to the bottom
of the ige bath.

ry Bulb (Ambient) and Wet Bulb Temperature

re Bath Temperature

4-6 PRESSURE MEASUREMENT

Total
ity pres
require

(a) ai

(b) air and gas side inlet/outlet velocity pressures
Additional information on pressure measurements
and flow derived from pressure measurements can be
found in ASME PTC 19.2, Pressure Measurement;
ASME PTC 19.5, Flow Measurement; and
ASME PTC 11, Fans.

pressuré.is,the sum of static pressure and veloc-
ure, Fot the air heater test, the pressure readings
include

4-6.1 Pressure Reading Instruments

Manometers or transducers are the practical instru-
ments currently used for measuring pressures.
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barometer, an additional measurement to determine the
difference in pressure is required.
(a) Manometers. The manometers shall generally be
vertical U-tubes or well type with a bore of % in. (8 thm)
or more and filled with oil or water. The spacing between
the scale graduations shall be no mete than Y% in. (3 njm).
The fluid density of the manometer shall be determined
at site temperature. For loty pressure readingsg, to
enhance readability, inclined\tube manometers shquld
be used. In this type of mtanometer, one of the tubgs is
inclined and the sloping design of the tube stretches the
graduations by an(amount proportional to the apgle
of inclination of«the tube. The inclined manometqr is
generally equipped with a bubble leveler and adjusfing
screws.
Manomieters shall be selected such that the s¢ale
lengthpand fluid density permit reading with an unjer-
tainty of no greater than 0.5% of the measured presgure
ot pressure differential. The uncertainty can be caysed
by readability, temperature dependence of the density
of the manometer fluid, capillarity effects, and the tilt
of the instrument.
(b) Transducers. Pressure transducers are pressyire-
sensing devices that produce an electrical output propor-
tional to the pressure applied. The pressure transdufers
utilize the variation in the properties of the sensor when
it is subjected to strain or distortion. The transdug¢ing
element can be a set of strain gages that rely on charlges
in electrical resistance when the length of a conduftor
(e.g., set of wires) is distorted under pressure. Similgrly,
the transducing element can be a semiconductor wpfer
or any other device that changes its electrical propeities
under pressure. The major sources of error in transdufers
are zero drift, hysteresis, temperature, and altitpde
dependence. The output from the transducer can be fead
on a meter or data logger. An in-situ pretest calibrafion
of the pressure measuring system, or a pretest and post-
estcatibration, shall be required. F'oT details on pressure
transducers, refer to ASME PTC 19.2.

4-6.2 Systematic Uncertainty

An estimate of the systematic uncertainty of a pres-
sure measurement is a combination of systematic uncer-
tainty from the primary element, installation effects, and
data acquisition. The typical potential instrumentation
systematic uncertainty for a manometer is one-half of the
graduation, while the typical potential instrumentation
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systematic uncertainty for a standard pressure trans-
ducer is +0.1% of span or less.

The total systematic uncertainty of the pressure mea-
suring systems includes the sensor, transmitter, and data
acquisition system (if any). Corrections shall be made
for any difference from calibrated conditions in density
of manometer fluid, gas head, and change in length of
graduated scale due to temperature.

4-6.3.2 Static Pressure Probes. The static pressure
probes are generally required where wall taps do not
provide representative readings due to flow distortions
resulting from irregular shape of duct or from duct
expansion joints. In such cases, the static pressure in the
duct can be sensed with static pressure probes. A simple
static pressure probe is in the form of a bent tube with
a rounded nose pointed into the flow. A series of static
taps are drilled along the stem. These taps are located

4-63 Static Pressure

The static pressure is the pressure measured such that
pffect is produced by the velocity of the flowing fluid.
static pressure can be used to determine the velocity
prepsure if the total pressure is known. The static pres-
surg can also be used to determine pressure drop in air
gas ducts. When static pressure is used for pressure
drop determinations, a differential measuring apparatus
(e.g., two legs of the manometer) should be used rather
two separate instruments to minimize the
undertainty.

atic pressure shall be measured with wall taps or
stafic pressure probes. The static pressure connection
shall be installed to minimize errors from gas velocity
impingement. This is accomplished by proper location
of the tap on the duct wall(s) or by use of specially
designed probes. When the duct walls are smooth and
parpllel with no flow interference, the static pressure
wall tap on one of the walls is expected to provide a
repfesentative reading. Otherwise, the static pressure
shall be taken as the arithmetic average of four wall tap
stations equally spaced around the duct in the-same
plahe and each read separately. This can also-be accom-
plighed by use of an averaging ring installed on the
outpide of the duct, and connected to thefour wall taps
and to a single pressure-sensing.device. The cross-
sectional area of this averaging ring'shall be at least as
large as the sum of the individual areas of the tapping
points.

i-6.3.1 Pressure Walt'Taps. As the fluid passes

diametrically opposed to each other to caneél jout any
airflow-induced errors. The static taps when.connected
to a pressure instrument (e.g., manometer)-will [provide
the static pressure. Static pressure cafi’also be measured
with a pitot-static tube (“L” type): No calibrfation is
required for the static pressure probe or the pitot-
static tube.

In case the static pressure openings are prone
ging, the Stauscheibe ptrobe (“S” type) can be
However, the “S” type'will require calibration.

In cases where \flow directions are unknown, both
pitot-static and-Stauscheibe probes are unsuitgble and
directional probes (like the Fechheimer tube) sljould be
used forstatic pressure after calibration. 4lso see
Mandatory Appendix V.

to plug-
htilized.

4-6.3.3 Readings for Static Pfessure
Measurements. The frequency of static pressufre read-
ings shall not coincide with the rotation of the air heater.

4-6.4 Velocity Pressure

Point values of pressure (velocity and total pr static
pressure) shall be measured using a probe thaf can be
positioned at the appropriate points by infsertion
through one or more ports as required. A probe|capable
of measuring static pressure, total pressure, thefr differ-
ential, yaw angle, and pitch angle is preferred. A probe
with only yaw-measuring capability can only pe used
if a preliminary test gives good evidence that thelaverage
of absolute values of pitch angle does not exceefd 5 deg.
A nondirectional probe may only be used where the

acrpss the tap, the fluid streamlines are deflected into  preliminary test gives good evidence that the |average
thefhole — creating eddies within the tap. This distorts ~ of the absolute values of neither yaw angle npr pitch
theltrue static pressure and results in a positive or nega-  angle exceeds 5 deg. See Mandatory Append{x V for
tive pressufe‘error. Large tap diameters and higher  details of various probes used to measure yelocity
velpcities.give larger errors. The wall taps should there-  pressure.

for¢ be‘small and have square edges. The taps shall be Pressure measurements shall be made at each traverse
smgoth, free from burrs and debris, and located such _ point for each traverse plane. The indicated [velocity

that there is no flow impingement or flow disturbances
due to elbows or duct internals.

Wall taps are typically % in. (9 mm) or % in. (12 mm)
diameter. If a single wall tap is being considered to
measure static pressure, readings shall be taken from at
least two wall taps in the same plane to determine if it
is representative. If not, either hydraulic (piezometer
ring) or arithmetic averaging of four taps, or a static
pressure probe, shall be used. In all cases, the pressure
sensing line shall be free of condensate.
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pressure and either the total pressure or static pressure
shall be measured. The remaining pressure can be deter-
mined arithmetically.

Total probe blockage shall not exceed 5% of the duct
cross-sectional area.

The velocity pressure is the difference between the
total pressure and the static pressure, and is expressed as

(air density) X (Velocity)2

2
o . 1bf/ft* (Pa)
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where 4-6.6 Calculation of Velocity and Mass Flow From
gc = mass conversion factor, e.g., 32.174 ft-lbm/ Velocity Pressure Measurements

2 2
Ibf-sec” (1.000 mkg/Ns°) In order to calculate mass flow at a point from data

collected with a nondirectional probe, the following

The velocity pressure is measured by various instru- i formation is required:

ments by conducting a velocity traverse of the duct.
The velocity traverse consists of measurements taken at Measure Symbol Units
numerous locations in a plane perpendicular to the flow.

.. Velocity pressure (measured) Py in. wg (kPa)
A probj;kﬁ—mﬁef@d—m%e—bhe—éﬂe@eﬁd—meas&reﬁ%&re—. -

. . Static pressure (measured) Ps, in. wg (kPa)
made at a number of locations corresponding to the g~ - pressure P, in. Hg \(§Pa)
centers jof equal areas. (measured)

Due fo the highly disturbed flow at typical flue gas Dry bulb temperature Tiom IR (K)
and air [flow measurement locations, velocity measure- (measured)
ment fot purposes of flow weighting (see subsection4-4), ~ Probe (nondirectional) coeffi- K

cient (from probe calibra-
tion, a constant or curve as
function of Re)

and/or|measurement of mass flow rate, should include
considefation for the direction of flow. Due to the errors
associafted with making measurements with probes

Probe diameter (from probe a, ft (m)
unable to distinguish flow direction, probes capable of geometry)
indicatihg gas direction and speed, hereinafter referred Duct cross-sectional area rep- A; > (m?)
to as djrectional probes, are generally required. Only resented by this point
the comfponent of velocity normal to the elemental area (from duct geometry)

is pertiment to the calculation of flow. Measurement of
this coj;ponent cannot be accomplished by simply
aligning a nondirectional probe parallel to the duct axis,
since suich probes only indicate the correct velocity pres- Measure Symbol Unit
sure when aligned with the velocity vector. Errors are

If a directional)probe is used, the following additi¢nal
information™is required:

generally due to undeterminable effects on the static Yawgngle (measured) v deg
. Pitch differential pressure APy in. wg (kPa)
(and to|a lesser degree, total) pressure sensing holes. (measured)
Therefofe, adequate flow measurements in a highly dis- \\"Curve of pitch angle versus @ vs. Cop
turbed fegion can only be made by measuring speed pitch pressure coefficient
and dirgction (i.e., yaw and pitch angles) at each sam- (from probe calibration)
pling pgint and then calculating the componentofveloc- ~ Curve of velocity pressure Ky vs. Co

coefficient versus pitch
pressure coefficient (from
probe calibration)

ity norrhal to the traverse plane.

. . Curve of total pressure coeffi- K; vs. Cy
4-6.5 |Averaging of Fluctuating Pressure cient versus pitch pressure
. ) coefficient (from probe

Since|pressures are seldom strictly steady, the pressure calibration)
indicatdd on any instrument\will fluctuate with time.  Drag coefficient of probe Cp
To obtdin a reading, either'the instrument shall be section (from probe
damped or the readings shall be averaged in a suitable calibration)

Frontal area of probe S, ft> (m?)

manner] Dampening ¢an be accomplished with some

exposed to calibration
type of pressure dampers or snubbers (e.g., porous plug

stream (from probe

type, orffice typé)that can be installed between the pro- geometry)

cess anf thie-pressure instrument. Averaging can be Cross-sectional area of calibra- C £ (m?)
accomplishied mentally if the fluctuations are small and tion jet or wind tunnel

regular. Tf the fluctuations are large and irregular, more- (fromrcatibratior factity

sophisticated methods shall be used. It is possible to geometry)

obtain a temporal average electronically when an electri- If the fluid being measured is air, the following addi-

cal pressure transducer is the primary element. Even  {jonal information is required:

though the spatial average velocity is obtained from the

square roots of the temporal average velocity pressures, Measure Symbol Units
it is not proper to take the square root of the raw data

. . . Humidity ratio (also referred w
before temporal averaging, as this may introduce a to as mass fraction of
systematic error into the average values. See water in dry air, MFrWDA;

ASME PTC 19.5, Section 6 for additional guidance. see Table 5-10.2-1)
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If the fluid being measured is flue gas, the additional
information below is required. Refer to para. 5-3.5 for
determination of flue gas composition.

4-6.6.1 Calculation of Pitch Pressure Coefficient, C4
(Dimensionless)

If Py, #0, Cgp = APg/P,,,, else Cy = 0
4-6.6.2 Determination of Pitch Angle, @ (Degrees).

gas, MwDg, including flue gas, shall be calculated from
the average volume fractions, (X),, using

MwDg = 44.01 (CO,) + 28.01 (CO) + 32.00 (O,) + 28.02 (N»)
+ ...

The molecular weight of moist gas, Mwg, shall be
calculated from MwDg and the humidity ratio, W.

Usg the curve of the pitch angle, @ versus the pitch
prepsure coefficient, Cg developed from the probe’s cali-
brafion. This curve may be a function of a Reynolds
numnhber; if so, an iterative process is required. For the
firsf iteration, assume a Reynolds number.

1-6.6.3 Determination of Velocity Pressure Coeffi-
cient, K, (Dimensionless). Use the curve of the velocity
prepsure coefficient, K,, versus the pitch pressure coeffi-
cient, Cy developed from the probe’s calibration. This
curfe may be a function of a Reynolds number; if so,
an Jterative process is required.

#1-6.6.4 Determination of Total Pressure Coefficient,
K; (Dimensionless). Use the curve of the total pressure
coefficient, K;, versus the pitch pressure coefficient, Cg,
developed from the probe’s calibration. This curve may
be & function of a Reynolds number; if so, an iterative
progess is required.

1-6.6.5 Calculation of Total Pressure, Py, [in. wg
(kPa)]

Pty = Py + Py

4-6.6.6 Calculation of Absolute Static Pressure, Pg,p,
[in.|wg (kPa)]

Py = Py, + P, X converSion' factor

The conversion factor is\13.62 in. wg/in. Hg
(1.9 kPa/kPa).

1-6.6.7 Calculation of Parameter Used to Correct
Prope Calibration for:Blockage, B (Dimensionless). To
do this, the compressibility correction factor for velocity
prepsure (1 —_&)-is required, but that requires 8 to be
kngwn, so_dn iterative process is required. For the first
iterptionsassume a value for 1 - e,.

Cp(l - &)
4-6.6.8 Calculation of Velocity Pressure Coefficient
Corrected for Probe Blockage, K,. (Dimensionless)
Ky = Kv/(l + ﬂKv)
4-6.6.9 Calculation of Molecular Weight, Mw, of Flue

Gas and Air [lbm/mol (g/mol)]. The molecular weight
of dry air is 28.963. The molecular weight of any dry
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T+ W
W I , Ibm/mol

18.02 © MwDg

Muwg =

To determine the humidity ratie, W (MFrWDA), for
air, see para. 5-3.4.2. To determine“the humidity ratio,
W (MFrWDEy), for flue gas,Aise’the ratio of the total
moisture in flue gas (see para. 5-3.5.8, MqWFgz) to the
dry flue gas weight (see{para. 5-3.5.10, MqDFg¥t).

~

4-6.6.10 Calculation of Specific Heat at Jonstant
Pressure, c, [Btu/lbm-°F (J/kg-K)]. Refer to subpsection
5-9 for determination of specific heat.

4-6.6.11~ Calculation of R {ft-lbf/(lbm-°R) [}/(kg-K)]}

R = Ry/Mw

where
Ry = 1,545 ft-Ibf/Ibm-mol-°R (8.314462 J/mfol-K)

4-6.6.12 Calculation of k (Dimensionless)

k=—F__
T -R/J

where
J = 7782 ft-Ib/Btu (1.0 ]/])

4-6.6.13 Calculation of Compressibility COJLrection
Factor for Velocity Pressure, 1 — ¢, (Dimensionless)

1-¢ = 1- (Kye/2k)(Pom/Psac)

If this doesn’t match the assumed value of 1
in para. 4-6.6.7, return to the step in para. 4-6.4.7.
Note that the instruments and methods of
ment specified in this Code are selected on the [premise
that only mild compressibility effects are present in the
- ity 7 'ermina-
tion provided for in this Code are limited to situations
in which the gas is moving with rate Mach number less
than 0.4. This corresponds to a value of Kypui/ps;j of
approximately 0.1 [see provision below eq. (V-8-9) in
Mandatory Appendix V].

4-6.6.14 Calculation of Compressibility Correction
Factor for Absolute Temperature, 1 — e (Dimensionless)

1—e =1+ 085k — 1)/kKyePom/Pse
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4-6.6.15 Calculation of Absolute Temperature, T,
[°R (K)]

T, = Tapm + conversion factor

The conversion factor is 459.67 for U.S. Customary
units (273.15 for SI units).

temperature range for these curve fits or the user already
has a program based on the ASME PTC 11 procedures,
it is recommended that those procedures be used.

For air and flue gas, the equation is

Vs = A + BT + CT? (4-6-1)

Toc [°R ()]

where
4-6.6.16 Calculation of Corrected Static Temperature, A B C = coefficients obtained from Table 4-6.6.23-1
F—=—temperature,°F
Vs = viscosity

ch = Tm/(l - ET)

4-6.6.17 Calculation of Corrected Total Pressure, Py,

[in. wg [kPa)]
Ptc = Ktptm
4-6.4.18 Calculation of Corrected Static Pressure, P,
[in. wg [kPa)]

Py = Py = KyPop

4-6.6.19 Calculation of Corrected Velocity Pressure,
P, [in. wg (kPa)]

Py = Koe(1 - Ep)Pvm

4-6.6.20 Calculation of Corrected Absolute Static
Pressurg, P, [in. wg (kPa)]

P, = P,. + P, X conversion factor

The fonversion factor is 13.62 in. wg/in. Hg

(1.0 kPgq/kPa).

4-6.6.21 Calculation of Fluid Density, Dn_. [tbm/ft?
(kg/m3)]. For air see para. 5-3.4.10 (DnA) and-for flue
gas see[para. 5-3.5.13 (DnFg), using the corrected static
tempenature (T;,) and corrected absolute static
pressure (Pg).

4-6.6.22 Calculation of Fluid Velocity, V, [ft/min
(m/s)]

V. = cps (W) x cos (D) X (P/Dn)'? x conversion factor

The cpnversion factoris 1,097 (Ibm/ ft-min*in. wg)l/ 2

[(2 000){/*(m?/s*Ra)t"?].

4-6.4.23 Calculation of Fluid Viscosity, Vs [lbm/ft-sec
(Pa-s)]. [ Forthis Code, the viscosity of air and flue gas
is calculated from second-order curve fits developed

Two approaches for developing the curve [fits for air
and flue gas were taken. The major variable’in deterrhin-
ing the viscosity of air or flue gas_is\the quantity of
moisture in the gas. As explained below, curve fits Were
developed for each with typical quantities of moisfure
and are referred to as “standard.” The second method
is to use the curve fit for dxy ait or flue gas and calcuflate
the viscosity based on the’f*as-tested” amount of mjois-
ture in the gas. These two methods for both air and flue
gas are discussed ir'thore detail below.

(a) Air Standdrd. The curve fit for standard air was
developed fox‘a/temperature range from 0°F to 1,000°F
and a moisture content of 0.013 Ibm/lbm dry air. This
moisture)ycontent is a typical value for design.
Table4-6.6.23-1 shows the uncertainty for two rarnges
ofvtnoisture content in the air.

(b) Water Vapor. The curve fit for water vapdr is
required for the second method when it is desiredl to
calculate the viscosity of air or flue gas for a spegific
water vapor content. Note that the range of temperatfires
for water vapor and flue gas is from 0°F to 1,500°H

(c) Dry Air and Water Vapor. To calculate the viscosity
of air with a specific water vapor, follow the two equa-
tions below.

JMwDA x VsDA
+ JMwWov X VsWo

VA = x VErWDA ) Ibm (Pas) (4]6-2)
MwDA ft-sec

+ /MwWv X VFrWDA

from the ASME PTC 11 standard procedures. Viscosity
is required to calculate a Reynolds number. The probe
calibration factor, K (or K'/2) is correlated versus a
Reynolds number. The maximum viscosity error for
these curve fits is approximately 2.5%. For a typical
Fechheimer probe, the error in calculated fluid flow for
a 5% error in viscosity is generally less than 0.05% when
on the flat portion of the calibration range (typically Re
from 10,000 to 50,000) and less than 0.1% at the ends of
the calibration range. If the traverse data is out of the
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VFrWDA =MFrWDA X ﬁz% , f2/£8% (m®/m®)
(416-3)
where
MFrWDA = mass fraction of water in dry lair,
Ibm/Ibm (kg/kg). Refer to para. 5-3.4.2.
MwDA = molecular weight of dry air (28.965),
Ibm/mol (kg/mol)
MwWv = molecular weight of water vapor
(18.0153), Ibm/mol (kg/mol)
VFrWDA = volume fraction of water in dry air,
ft®/ft3 (m®/m°)
VsA = viscosity of air, Ibm/ft-sec (Pa-s)
VsDA = viscosity of dry air, Ibm/ft-sec (Pa-s),

from Table 4-6.6.23-1
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VsWu = viscosity of water vapor, lbm/ft-sec
(Pas), from Table 4-6.6.23-1

(d) Flue Gas, Standard. ASME PTC 11 provides a pro-
cedure for calculating the viscosity of flue gas based
on each constituent in the flue gas. For this Code, the
committee developed an average viscosity based on the
average flue gas analysis of four different fuels with

4-6.6.24 Calculation of Reynolds Number, Re
(Dimensionless)

Re = Dn; x V. x d,/(Vs X conversion factor)

The conversion factor is 60 sec/min (1.0 s/s).

NOTE: If this Reynolds number does not match the one used in
paras. 4-6.6.2, 4-6.6.3, and 4-6.6.4, then return to para. 4-6.6.2 and
repeat using this Reynolds number.

typ'nn] excess-air values. The fuels were natural gas, oil

and two different coals. Considering that the test may
be gonducted at different excess levels and different fuels
wofld produce different volumetric constituent quanti-
ties, the uncertainty was estimated to be 2.5%. If it is
desjred to use the ASME PTC 11 procedure, it is recom-
mefded to use the calculated flue gas constituents based
on [the measured flue gas O, and test or typical fuel
anallysis. See para. 5-3.4.

(¢) Dry Flue Gas and Water Vapor. If a lower uncer-
tair|ty than estimated for the standard flue gasis desired,
the|viscosity of flue gas may be calculated from the two
equations below based on the dry flue gas coefficients
and water vapor. It is recommended that the water vapor
in flue gas be obtained from the combustion calculations
using the test or a typical fuel analysis and measured
excpss air. The uncertainty of this procedure, considering
the|variations in the actual dry flue gas constituents and
excpss air at the time of the test, is estimated to be 1.5%.

JMwDFg X VsFg
+ JMwWov X VsWo

VsFg = x VErWEg 1bm_ o o (4-6-4)
/MwFg ’ ft-sec

+ JMwWv x VFriWFg

4-6.6.25 Calculation of Mass Flow, m [li)m/sec
(kg/s)]

m = Dn; X V., X area X conversion factor

The conversion factor is 60 sec/min (1.0 s/s).

4-7 FLOW MEASUREMENT
4-7.1 General

Numerous metheds are employed in indiistry to
determine the flow rate of solid, liquid, or gaseous
streams. ASNIE PTC 11 is the preferred referende for air
and flue gas: ASME PTC 19.5 and ASME MFC-3M/
MEFC-3Ma are the primary references for flow nmeasure-
ments of other fluids. ASME PTC 6, Steam Turbines,
provides further information on flow measurement tech-
niques, especially for water and steam. These|sources
include design, construction, location, and installation
of flowmeters, the connecting piping, and compjitations
of flow rates.

For multiple air heaters, the total gas flow] can be
calculated stoichiometrically more accurately than mea-
sured. The total gas mass flow entering air heaters is
calculated stoichiometrically from input, MrFg14. See
para. 5-3.5.9.

For air heaters of the same type, when the inglividual
gas velocities (or flows) entering each indiviflual air
heater are measured, calculate the gas flow split between
multiple air heaters based on the ratio of meastired gas
velocity pressures or mass flow rates calculatpd from
velocity pressures and temperatures.

For multi-sector air heaters, see para. 5-4.1(b).

4-7.2 Air and Flue Gas

The total mass flow of air and flue gas crosping the
steam generator boundary is calculated stoichjometri-
cally. (This calculated flue gas flow normally can|be used

MuwF, 3,63 3/ 3
VFrWEg = MFrWEg X o) "f/£° (m?/m )(4_6_5)
where

MFrWFg = mass,fraction of water in the flue gas,
IbmAbm (kg/kg)

MwDFg =.molecular weight of dry flue gas. The
molecular weight of the dry analysis of
the four fuels used to develop the curve
fit should be used (30.37), Ibm/mol
HegFmeb-

MwWv = molecular weight of water vapor
(18.0153), Ibm/mol (kg/mol)

VFrWFg = volume fraction of water in the flue gas,
2 /ft> (m?/m°)

VsDFg = viscosity of dry flue gas, Ibm/ft-sec (Pa-s),
from Table 4-6.6.23-1
VsFg = viscosity of flue gas, Ibm/ft-sec (Pa-s)
VsWo = viscosity of water vapor, Ibm/ ft-sec (Pa-s),

from Table 4-6.6.23-1
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for the total flow entering the air heater; however, due
to air infiltration, atmospheric tempering air, etc., this
airflow cannot normally be used for the airflow through
the air heater.) When there is more than one air heater
or multiple flues/ducts, it may be necessary to measure
the air or flue gas flow in addition to the temperature
of the stream to account for an individual air or gas
stream that crosses the steam generator boundary. The
energy crossing the boundary in that air or gas stream
then may be calculated. See Mandatory Appendix V.
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4-7.2.1 Methods of Measurement. There are numer-
ous methods for the measurement of air and gas flow
(e.g., venturi, airfoil, velocity traverse, heat balance, etc.).
If plant instrumentation is used, it should be calibrated.
The flow may be calculated from velocity (as measured
according to para. 4-6.4), the density of the fluid, and
the duct cross-sectional area (see para. 4-6.6).

4-7.3 Liquid Fuel

the solid material into a container that can be weighted
rather than placing weights on the belt. For example,
the output of a gravimetric feeder can be directed to a
container suspended by load cells, and the rate of feed
indicated by the feeder can then be compared to the
timed catch in the container.

It is even more difficult to assess the accuracy of volu-
metric feeders. This assessment requires assumptions
about the volume of material passed per revolution and

The input-output method for efficiency determina-
tion requires the quantity of liquid fuel burned.

4-7.3.1 Method of Measurement. The quantity of
fuel may be determined by flow measurement device,
weigh tank, or volume tank. Refer to para. 4-7.4.1 for
discussjon of the use of flow nozzles and thin plate
orifices| If a level change in a volume tank is utilized
to deteymine the flow measurement, accurate density
determination is required. ASTM D1298 provides proce-
dures t¢ determine API gravity and density. Recircula-
tion of fuel between the point of measurement and point
of firing shall be measured and accounted for in the
flow calculation. Branch connections on the fuel piping
shall beleither blanked off or isolated with double valves.

4-7.4 Gaseous Fuel

For the input-output method, the quantity of gaseous
fuel bugned must be determined.

4-7.4.1 Method of Measurement. Measurement of
the relatively large volumes of gaseous fuel normally
encountered while testing steam generators requires‘the
use of hn orifice, flow nozzle, or turbine metetsThe
pressur¢ drop shall be measured using a differential
pressure gauge or differential pressure transmitter. Out-
puts from these devices can be read manually, via hand-
held meters, or with data loggers. When gas flow is
measur¢d, the temperature and pressure used in the
calculatjon of density are extrémely important. Small
variatiohs can cause significant changes in the calculated
gas denpity. In addition, the super-compressibility factor
has a sjgnificant effeet'on the determination of gas
density.

4-7.5 Solid Fuel-and Sorbent Flow

For dptermimnation of fuel flow, measuring steam gen-
erator dqutput’ and calculating fuel input and flow rate

the density of the material. The rotor may not be full,
the density may vary as a result of size distribltion or
other factors, and all these parameters ma¥)vary ¢ver
time.

Calibrations of solid flow measurement devjces
should be conducted just prior to(the testing andl at
frequent intervals to ensure theyminimum systemfatic
uncertainty.

4-7.6 Residue Splits

The amount of residué leaving the steam generitor
boundary is requiredyto determine the sensible heat Joss
in the residue $tteams and the weighted averagg of
unburned carbon (and CO, on units that utilize sorbpnt)
in the residue. Typical locations where the residuf is
removed, periodically or continuously are furnace pot-
tom ash’(bed drains), economizer or boiler hoppers,
mechanical dust collector rejects, and fly ash leaving] the
unit. The parties to the test may agree to estimate|the
split. See below if the split is to be measured.

4-7.6.1 Method of Measurement. The calculdted
total residue mass flow rate is used since it is normplly
more accurate than a direct measurement. Therefore, the
percent of the total residue that leaves each locafion
must be determined. Several methods can be used to
determine the split between the various locations.

(a) The mass flow rate should be measured at dach
location.

(b) The residue at one or more locations should be
measured (usually the locations with the highest lgad-
ing) and the quantity at the other locations should be
calculated by difference. Where there is more than jone
unmeasured location, the split between these locatjons
should be estimated.

(c) The residue percentage leaving each location fnay
be estimated based on the typical results for the type
of fuel and method of firing.

from fuetefficter Ty deternired b_y theteattossmethod
is preferred. The accurate measurement of solid flow is
difficult because of solid material variability.

4-7.5.1 Method of Measurement. Numerous meth-
ods are available to measure the flow of solids, e.g.,
gravimetric feeders, volumetric feeders, isokinetic par-
ticulate samples, weigh bins/timed weights, and impact
meters. To reduce uncertainty of any of these methods
below 5% to 10% requires extensive calibration against
a reference. The calibration can involve the collection of
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The parties to the test shall reach agreement on which
streams are to be measured and values for any estimated
splits prior to the test.

The fly ash concentration leaving the unit, determined
in accordance with subsection 4-10, is used to calculate
the residue mass flow rate leaving the unit. See para.
5-3.3.3 for calculating the mass flow rate from the grain
loading.

The mass flow rate of residue discharged from hop-
pers or grates in a dry state may be determined from
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weigh bins/timed weights, e.g., the number of rotations
of rotary feeders, screw speed, impact meters, etc. For
considerations regarding calibration and sources of
uncertainty, see subsection 4-13. Determining the mass
flow rate of residue discharged from sluice systems is
even more difficult than determining the dry state. Gen-
erally, the total discharge flow must be captured in bins
or trucks, freestanding water drained off, and the bin
or truck weigh i he tare weight.
Singe residue is considered to leave the unitin a dry state,
sture content of the sample must be determined, and
measured wet mass flow rate corrected for moisture.

4-§ 0, ANALYSIS

4-8.1 Electronic Analyzers

There are several different types of electronic gas ana-
lyz¢rs for measuring the oxygen content of flue gas,
including electrochemical, paramagnetic, and zirconia.
Eleg¢trochemical analyzers use fuel cells to generate an
elegtric current proportional to the amount of oxygen
that reacts with a consumable electrode. Paramagnetic
anallyzers use the fact that oxygen is attracted by a mag-
netjc field. Zirconia sensors use zirconium dioxide,
which behaves as a solid electrolyte, generating a voltage
proportional to the difference in the partial pressure of
oxygen on the two sides of the cell. For details on the
opsration, calibration, factors affecting the accuracy of
thejanalyzers, and typical systematic uncertainty values,
see|Nonmandatory Appendix E.

4-8{2 Chemical (Orsat)

Hlectronic analyzers are the preferred method for mea-
surjng oxygen in the flue gas. Orsats’are still used in
sompe circumstances, and are included in this Code for
that reason. An Orsat is a test instrument with which the
constituents of a combustion.gas-dre manually measured
through the use of gas-absorbing chemicals. The com-
bugdtion gas constituentsyof typical interest are carbon
diokide, oxygen, and\earbon monoxide. A systematic
megsurement of the’ehange in volume of the gas is used
to determine the constituents of a gas by the absorption
method. A gas.sample is passed through a series of gas-
absprbing teagents to first remove the carbon dioxide,
thep oXygen, and finally carbon monoxide. The indi-
cat¢d'decrease in volume of the gas sample is a measure

used, and the advantages and disadvantages of each
technique.

4-8.3.1 Types of Samples. The following two types
of samples can be collected:

(a) individual samples at each point

(b) a composite sample from the entire grid or from
individual probes, each with multiple holes

=873: i i : fTt=fo-point
sampling techniques are time-consuming angl labor-
intensive, in many cases they are consideréd\too fumber-
some to complete. Moreover, because individyal point
sampling is completed over an extended period of sev-
eral hours, during which time-thé'boiler conditions
might be varying noticeably{ peint-to-point spmpling
does not readily lend itself{t6 the high-frequency sam-
pling required for statistical analysis.
Nevertheless, pointsto-point sampling is reqpired in
applications where.there is a significant degree ¢f strati-
fication (composition and/or velocity) across the duct,
or where it is ithpractical /impossible to have flgw mea-
surement anid a means to control (equalize) the flow
from each ‘'sample line to the mixing device.
As:this sampling and analysis procedure takes some
timey-traverses must be made simultaneously|at both
the air heater inlet and outlet.
Apart from the use of velocity weighting to acqount for
spatial variations in the local gas composition measured
across the duct, additional minor corrections [may be
considered to account for the time-wise fluctudtions in
the average excess air level arriving at the aif heater
inlet during the duration of the traverse. The cdrrection
would be to continuously withdraw and analyzp a sam-
ple of the flue gas at the air heater gas inlef| from a
separate single representative sampling point dr to use
the station instrument(s). In this manner, each inglividual
gas sample and analysis can be referred to thg corres-
ponding instantaneous measurement from the fixed
sampling probe and, if appropriate, correctpd with
respect to the time-averaged gas analysis measuged from
the single-point sample.
An advantage of this method is that there ifn’t any
mixing device (bubbler or header), and there isn|t a need
for regulating the flow from multiple probes.
When sampling point-to-point and using electronic
gas analyzers, after the system has been purgef of gas

of the constituent removed from the sample after expo-
sure to a particular gas absorption chemical. See
Nonmandatory Appendix F for a detailed description
of using an Orsat.

4-8.3 Gas Sampling Techniques

The accuracy of any measured average gas analysis
across a sampling plane is dependent on both the sam-
pling technique and the instrument accuracy. This sec-
tion describes typical sampling techniques that may be
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from the previous point, sufficient measurements of the
flue gas composition (O,) shall be recorded (as fre-
quently as practical, e.g., every 5 sec or 10 sec for manual
readings) for a time period equal to two or more com-
plete revolutions of the heater, to allow an average value
to be calculated.

The other type of gas sample that can be collected is
a bulk (or composite) sample. A composite sample is
obtained by simultaneously collecting gas from all
points in the sample plane in a mixing device. There are
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two types of multiple-inlet, sample-mixing devices used
to create a composite sample — bubble jars and headers.
Abubblejar is a clear vessel with multiple inlets and one
outlet. The inlets’ tubes extend down near the bottom of
the vessel and the outlet is flush with the top of the jar.
The bubble jar is partially filled with water, so that the
inlet tubes are submerged. Headers are usually made
from stainless steel pipe, 4 in. or 6 in. (10.12 cm or
15.25 ¢m) diameter by 12 in. to 18 in. (30.36 cm to

between the water levels that might be caused by differ-
ences in the amount of condensed water vapor from the
flue gas. The bubblers and inlet tubes shall be arranged
to prevent drawback of water through the sampling lines
when the sampling pump is switched off and there is
suction pressure in the gas ducts.

(d) checking that there is no leakage in the sampling
system before the tests. This can be achieved by starting
the vacuum pump and blacking all sampling tubes at

45.75 crh) long, with multiple inlets and a single outlet.

Compposite sampling can only be used in situations
where yelocity weighting is deemed unnecessary and
will prqduce errors when there are significant areas of
low flow or recirculating flow across the sampling plane.

Wher considering composite sampling, at least one
full point-to-point sampling traverse must be completed
across Both the gas inlet and outlet ducts, in order to
determine if significant stratification exists. If composite
samplir|g is used, the pretest point-to-point traverse data
shall befused to obtain the spatial systematic uncertainty
for the D, readings.

Whil¢ bulk gaseous analysis using a sampling grid
may be| quick and convenient, care must be taken to
ensure that this produces a sample that is truly represen-
tative of the spatial average gas composition, by main-
taining |equal flow through all inlets. If a bubble jar is
used, ir} each of the sampling lines a small regulating
“pinch’{ clamp, needle valve, rotometer with a valve, or
provisigns to vary the depth of the inlet tubes must be
used. During sampling, these are adjusted to ensure that
there is pn even stream of bubbles (or indicated flow rate
when uging rotometers) from each submerged sampling
tube in the “bubbler.” If a header is used, a flow-indica-
tion (i.g., rotometer) with a regulating valve on each
inlet mist be used.

4-8.3.3 Sample-Mixing Device. { When using a sam-
ple-mixjing device to create a composite sample, it can
only be pperated effectively by attempting to produce an
equallypalanced samplingrate across all of the sampling
lines. This is generally achieved by a combination of the
following:

(a) ensuring that-each sampling probe and external
length gf sampletubing is the same diameter and length,
and hag the~same number of bends and/or “T” pieces
before thé biibbler.

their corresponding probe connection. After the presgure
at the pump suction has stabilized, isolate the sucfion
of the vacuum pump. If the system pressure incregses
more than 0.1 in. Hg in 2 min, locate the‘leak, repafr it,
and repeat the leak check.

(e) as these sampling tubes may¢be prone to intermit-
tent blockage during the test rdn, the operation off the
bubblers or the headers shall’be regularly checked ¢lur-
ing the test, readjusting the-individual flow rate$ as
appropriate. When testing)a unit that has a high level
of ash in the gas stream the water in the bubbler(s) will
sometimes get dirty, making it difficult to see the bubpble
streams from eagh inlet line.

Composite sampling, being a bulk sampling t¢ch-
nique, camn\be sensitive to problems such as a leaking
sampletline or a high oxygen level at sampling pgints
close to the wall due to local air ingress. Unlike poing-to-
point methods, the composite method does not provifle a
means of determining if such a problem is occurfing
and, consequently, a means of correcting the effeqt of
any such “spurious” (or erroneous) samples.

4-8.3.4 Sampling Techniques. There are two princi-
pal gas-sampling techniques; see Table 4-8.3.4-1. These
are the following:
(a) portable probe point-to-point traverse, usi
sampling probe with a single inlet and manually moy
it from point to point.
(b) fixed grid of sampling points uniformly arraniged
across the sampling plane. Four fixed-grid sampling
arrangements are described in this section.
The alternative features, advantages, and disadyan-
tages of each of these five sampling techniques|are
described in Mandatory Appendix II.

g a
ing

4-8.4 Preparation Methods

Almost all gas analyzers place some requirement$ on

(b) ensuring that the sample mixing devices are Jarge
enough, with sufficient inlets to allow one inlet per sam-
pling point.

(c) if using bubblers, ensuring that there is an ade-
quate level of water in the bubbler and all bubbler tubes
are submerged by the same amount (unless varying the
depth of individual tubes is the method used to equalize
the flows). If two bubblers are used in parallel, the depth
of water in each bubbler shall be the same. Care shall
be taken during the test to correct for possible variations
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the gas to be analyzed. These may include requirements
on dryness, temperature, and cleanliness. A fourth type
of preparation that is usually required is some device
to force the gas sample through the system.

(a) Sample Dryness. Most calculations require the gas
concentration to be on a “dry” basis. This requires that
the gas to be sampled is dried completely. The alterna-
tive is to ensure that no moisture is lost from the gas
sample before it is analyzed and that the moisture con-
centration of the flue gas be measured or calculated from
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the fuel and flue gas analysis. To convert from a wet
basis to a dry basis, the following equation is used:

% DryVOL =% WetVOL / (1 - % MoistureVOL/100)

Three general methods are used to remove moisture
from a gas sample. First, the sample can be cooled, con-
densing most of the water vapor, followed by a desiccant
filter to absorb the remaining water vapor. Second, a

differential. With these coolers the gas temperature is
typically reduced below 0°F (-17.8°C), which results in
a moisture content of about 0.14% by volume.

(3) Method 3. The third method is to pass the sam-
ple gas stream through a tube that absorbs water vapor
from the internal gas stream and discharges water vapor
to the gas on the tube’s outside diameter. This flow
of water vapor is driven by the humidity differential

betueen the samuple gas and the external gnc; { nrefore,

Pelfier cooler can be used to cool the sample to below
0°F} condensing essentially all the moisture. Third, tub-
ing|can be used that allows water vapor to flow through
it, dlue to a humidity gradient, but is impermeable to
othpr gases.

(1) Method1. The first method combines a condens-
ing|coil with a desiccant filter. A condensing coil alone
submerged in an ice-water mixture cannot remove all
the|moisture. A desiccant filter alone would have to be
extfemely large to prevent it from becoming saturated
dutfing a test run.

The first step is to cool the sample gas by routing it
through a coiled tube submerged in an ice bath, a mix-
ture of ice and water maintained at 32°F (0°C). Typically
Y4 in. or % in. (6.35 mm or 9.52 mm) copper or stainless
stegl tubing is used. The gas inlet is at the top of the
coil so that the flow helps push the condensate down
the|coil. As the water vapor condenses it can block the
gas|flow; therefore, either the coil must be periodically
drajined or, preferably, the coil can have a chamber at
the|bottom to collect water. By cooling the sample.gas
to 40°F (15.6°C), the amount of moisture remaining will
be gbout 1.8% by volume. Even if the gas sample were
cooled to 32°F (0°C), about 0.6% by volume’ moisture
wopld remain in the sample gas; thereforé, this device
mupt be followed by a desiccant filter.

The next step is to use desicgant to absorb the
remaining water vapor. Common desiccants include
anhlydrous calcium sulfate, eal¢iim chloride, and silica
gell The desiccant is usually’placed in a clear acrylic
coliimn with tube fittings~on each end. To protect the
desficcant from impugities, filters are usually placed just
doywnstream of the-inlet port. When the desiccant
apgroaches saturation, it must be either discarded or
regenerated/ One regeneration method is to heat it in an
oven to drive’off the moisture it has absorbed. Another
regenefation method is to have two chambers and use
sone \dry gas off the “in-service” column to regenerate

these devices must be supplied with a continuoup stream
of dry gas, usually air. One such type of-tube fis made
from a copolymer of tetrafluoroethylene. With these
devices, the gas temperature is typically reduced below
0°F (-17.8°C), which results in_a moisture coptent of
about 0.14% by volume.

(b) Sample Temperature. When analyzing gas ¢n a wet
basis, care must be exereised to ensure the temperature
of the sample, from the\probe to the analyzer, fremains
above the dew paint_this prevents any moistyre from
condensing. If somé moisture condenses, the measured
gas concentrations will be higher than the true wet basis
concentrations. Also the condensate can foul the|system,
which may+plug the sample line and/or analyzer. This
usually, requires that the sample tubing be hedt traced
(i.e ctinning along the tubing is an electrical resistance
heater, and both the tubing and the heater are inqulated).

When analyzing gas on a dry basis, if the|sample
hasn’t been sufficiently cooled during the njoisture
removal process, one of the two cooling systems men-
tioned above (running the sample through an fice bath
or a Peltier chiller) must be used.

(c) Sample Cleanliness. Most analyzers requir
complete removal of particles larger than 1 wm.|The use
of both coarse and fine filters may be required [in high-
dust loading environments. Typical filter matefials are
felt, Teflon®, glass fiber, and quartz fiber. Sintergd filters
are typically installed on probe tips in high-temperature
[above 600°F (315°C)] environments.

(d) Sample Pump. Many gas analyzers are e
with an internal pump; however, these pumps
ally inadequate to overcome the pressure drops through
a typical sampling system and, if sampling fromn| a nega-
tive pressure duct, the draft. Therefore, an exterpal sam-
ple pump is normally required. It should Be sized
appropriately to supply the flow-rate requirement of
the analyzer and the pressure requirement of the entire

b almost

quipped

are usu-

the other column. Some desiccant is “indicating,” mean-
ing that as it absorbs moisture it changes color, making
it easy to determine when it needs to be changed and
regenerated.

(2) Method 2. The second method is to cool the sam-
ple to a temperature at which essentially all the moisture
will condense. This is done by routing the sample gas
through a thermoelectric or Peltier cooler. These are
solid-state heat pumps, where a DC current applied
across two dissimilar materials causes a temperature
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sampling system (considering both the pressure drops
through the probes, tubing, and equipment and the duct
pressure, positive or negative). The pump must be
designed such that no air in-leakage can occur and no
contamination is introduced from pump-lubricating oils.
Diaphragm and ejector type pumps that are oil free are
recommended for the sampling system. When sampling
from ducts where the gas pressure is below atmospheric
pressure, one technique to reduce the head that the
pump must supply is to run tubing from the discharge
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of the gas analyzer back into the gas duct. With this
setup, the pump must only supply sufficient head to
overcome the system resistance. If this is done, be sure
that there is no air in-leakage where the sample is
returned to the gas duct, which could affect downstream
readings.

4-9 HUMIDITY MEASUREMENT

sampling program will be required to ensure representa-
tive samples.

Methods used to determine variances, standard devia-
tions, and random uncertainties for the samples
obtained during the test are discussed below. The esti-
mation of systematic uncertainties is also addressed.

4-10.2 Method of Solid Fuel and Sorbent Sampling

4-9.1 General

The moisture in the air must be taken into consider-
ation in| the heat and material balance calculations.

4-9.2 Yystematic Uncertainty for Humidity

lIeasurement
When estimating the systematic uncertainty of a
humidify measurement, test personnel should consider
the follgwing potential sources. Not all sources are listed,
and sorhe of those listed may not be applicable to all
measur¢ments.

(a) hygrometer

(b) weet/dry bulb thermometer type

(c) cdlibration

(d) dfift

(e) thermometer nonlinearity

(f) pdrallax

4-9.3 Method of Measurement

The Humidity of the inlet air to the unit shall be estab-
lished. $ince the specific humidity does not change with
heat addition unless there is a moisture addition, the
specificlhumidity of the combustion air leaving(the air
heater is the same as the specific humidity entering. To
determine specific humidity, either dryzbulb and wet-
bulb, of dry-bulb and relative humidity,” are needed.
Paragraph 5-3.4.2 addresses humidity ratio (pounds of
moisture per pound of dry air).and’specific humidity
(pounds of moisture per pound-ofwet air). The moisture
may be| determined with the“aid of a sling type psy-
chrometer, hygrometer. with temperature or similar
device, and an observéd-barometric pressure reading.

4-10
4-10.1

The methods of sampling shall be agreed upon by all
parties to the test and must be described in the test
report. An appropriate uncertainty must be assigned for
the method of sampling used for a test.

A representative sample of the fuel fired during the
performance test should be obtained using the methods
described in ASTM D2234, D4057, or D5287. Fuel oil and
natural gas typically have more consistent composition
than coal or other solid fuels, and therefore require fewer
samples. If fuel properties may vary because of outside
factors, e.g., changing source of fuel, a more rigorous

FUEL, SORBENT, AND RESIDUE SAMPLING

General
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%-10.2.1Sampte Cottectiom. ASTNM D2234 provides
guidance on sample collection. The “stopped belt ¢ut”
technique is the preferred or reference method. Zero
sampling systematic uncertainty should be assigndd if
the stopped belt technique is used.

In many cases, however, stopped belt’sampling is[not
practical; therefore, full-stream cut sampling should be
used. Full-cut sampling consists.0f taking full-divefted
cut of a moving stream. Figure4-10.2.1-1 shows a typfical
“full-cut” sampling methdd-

A third method, “pazt:stream cut,” is the most prz
cal but may produce the greatest systematic uncerta
A “thief” probe, as shown in Fig. 4-10.2.1-2, may be y
for taking a part‘cut from a flowing stream.

A pretest run'is recommended to identify and allevjiate
potential problems in the sampling techniques.

cti-
nty.
sed

4-10.2.2 Sample Location. Fuel, sorbent (if applica-
ble), and residue solids shall be sampled from a flowing
stream as near to the steam generator as practicdl to
ensure that samples are representative. If it is not pgssi-
ble or practical to sample near the steam generatqr, a
time lag may be incurred between when the sample is
taken and when it is actually injected or removed ffom
the steam generator. This time lag must be determined
based on estimated flow rates between the sample lpca-
tion and the steam generator. It is important that|the
time-lagged sample be representative of the actual mpte-
rial injected or removed from the steam generator.

Fuel or sorbent samples collected upstream of sflos,
tanks, and hoppers typically have larger systemhptic
uncertainty compared to samples collected downstr¢am
of silos, tanks, and hoppers. Samplings from upstr¢am
of silos, tanks, and hoppers are classified as alternative
procedures because of the possibility of samples |not
being representative of fuel fired during the test. Alter-
native procedures should not be used for acceptgnce
tests. For other test purposes, if alternative procediires

HSec = = S+—5H4 a5

systematic uncertainties.

4-10.2.3 Sample Interval. With one exception, the
samples shall be collected at uniform, not random, inter-
vals. The exception is when it is known that the collection
sequence corresponds with “highs” or “lows” in the
fines content. In that instance, random time intervals
should be used. Each sample should be of the same
weight. The elapsed time to collect all coal samples must
equal the duration of the test run.
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4-10.2.4 Sample Number. As a minimum, it is rec-
ommended to obtain (collect) a sample at the beginning
and end of each test including once every hour during
the test. Therefore, during a 4-hr test, five collections of
samples will be exercised.

The number of individual samples collected will
depend on the number of parallel streams. For example,
if there are five parallel streams, a total of 20 individual
samples will be collected.

cases and types of liquid fuels in the appropriate ASTM
standard.

For gaseous fuels, a representative sample of the fuel
fired during the performance test should be obtained
using the methods described in ASTM D5287, or
GPA 2166 should be consulted for the proper procedures
and equipment for sampling gas.

4-10.4 Residue Sampling

e recommended minimum number of sample col-
lections may be exceeded if the parties wish to increase
accpiracy of the fuel characteristics.

1-10.2.5 Sample Amount. For manual sampling of
coal or sorbent, individual samples typically weighing
from 2 Ibm to 8 Ibm (1 kg to 4 kg) are collected. For
autpmatic sampling devices, much larger samples can be
collected. Table 2 of ASTM D2234 provides information
abgut sample size.

-10.2.6 Parallel Streams. Parallel streams, e.g.,
coa| feed with belt feeders, have the potential for varia-
tion from stream to stream because of different flow
ratgs, particle sizes, and chemical composition. There-
forg¢, unless the chemical constituents of the samples can
be phown to be uniform, the samples must be taken
from each of the parallel streams. If the flows for the
parpllel streams are unequal, the amount of samples of
each parallel stream must be flow weighted. The flow
for|each of the parallel streams must be continue@s
thrgughout the test.

1-10.2.7 Sample Handling. Sampling must be car-
ried out only under the supervision of qualified person-
nell The procedure used must be developed and
cargfully implemented to ensure that.representative
sa{ples are obtained, and to prevént contamination in

sampling devices and storage eontainers. Samples col-
lected outdoors must be protected from external envi-
ronimental influences during collection. Airtight,
norjcorrosive storage containers prevent degradation of
the|sample until it is andlyzed. Each sample should be
sealed immediately-after being taken. Samples should
not|be mixed in'open air prior to analysis for moisture,
bechuse of the potential for moisture loss.

Samplesimast be properly labeled and described in
terms of-their significance to the test. The label should
incT:Ade, as a minimum, the date, time, location, and

resulting from the turning of the gas stream.
nately, the carbon is'1iot uniformly distributed
out the particle sizé range. The relative distribution of
the ash into thé various hoppers is also not acfurately
known. Thebest method for obtaining a representative
fly ash sample is to isokinetically sample the agh in the
flue gas upstream of as many ash collection hoppers as
possible. This usually means at the economizef outlet.
This obtains a sample that has a representatiye cross
section of particle size and carbon content. It alsolensures
that the sample is representative of the testing|period.

The bottom ash also presents challenges, in
of large chunks and poor distribution. A number of
samples and several analyses of each sample
required to obtain representative results. A sin,
ple may contain a chunk of coal not typically found in
other samples or may have no carbon content.

4-10.4.1 General. Fly ash may be sampled isokinet-
ically as particulate by drawing a flue gas|sample
through a filter and weighing the amount of pafticulate
gathered on the filter. The weight of the sampleland the
flue gas volume recorded during this process dqtermine
the particulate concentration in the flue gas stqeam. To
avoid altering the concentration of the gas strgam, the
velocity of the stream entering the sample nozzle must
equal the velocity of gas at that point in the dyct. This
process is known as isokinetic sampling. Multiple points
are sampled in the testing plane to compensate for non-

type of sample taken.

ASTM D2013 and D3302 should be followed in the
preparation of coal samples. Sorbent analysis procedures
are addressed by ASTM C25.

4-10.3 Methods of Liquid or Gas Sampling

For liquid fuels, a representative sample of the fuel
fired during the performance test should be obtained
using the method described in ASTM D4057. The type
of sample vessel and procedure is illustrated for various
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uniform va]nm'f} distributions and stratification of the

particulate concentration.

4-10.4.2 Methods of Sampling Fly Ash. All appara-
tus and test procedures shall be in accordance with either
ASME PTC 38 or U.S. EPA Reference Method 17 as
described below.

(a) ASME PTC 38. The particulate sampling train
generally consists of a nozzle, probe, filter, condenser,
dry gas meter, orifice meter, and vacuum pump or aspi-
rator. ASME PTC 38 illustrates different configurations
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of sampling trains and should be consulted for the type
of train to be used on specific installations.

(b) U.S. EPA Method 17. The U.S. Environmental
Protection Agency has established two methods for par-
ticulate sampling. Methods 5 and 17 are similar, except
that Method 17 uses an in-flow filter, whereas Method 5
uses an external filter. Method 17 is preferred since all
of the particulate catch remains in the filter holder.

(c) stratification of flowing stream

(d) number and location of sample points

(e) ambient conditions at sample location

(f) fuel (solid, liquid, or gas)/sorbent variability
(g) solid fuel/sorbent size

(h) sample handling/storage

(i) duration of test

(j) quantity of sample obtained

Method 5 requires an acetone wash of the probe assem-
bly, which may not be suitable for analysis for carbon.
Detailedl procedures for these methods are contained in
4OCFR% Appendix A.

Isokimetic sampling of the flue gas is both the reference
and thg preferred method for sampling fly ash. The
number of grid points on the traverse sampling plane
must bq in accordance with ASME PTC 38. The system-
atic undertainty associated with this method is assumed
to be zefro. There is still an associated systematic uncer-
tainty fpr the ash collected in the bottom ash, as well
as any Hoppers located upstream of the fly ash collection
point. If multiple samples are analyzed using multiple
analysig for the bottom ash, an estimate of the associated
systemdtic uncertainty can be made from this informa-
tion. THe procedure should also be reviewed to deter-
mine if pther sources of systematic uncertainty may also
be present.

4-10.4.3 Methods of Sampling Bottom Ash. For a
bottom fash sluice stream, the preferred method of sam-
ple collgction is to take the sample with a multi-holed
probe extending the width of the sluice stream.
Pages 213, 2-4, and 2-5 of EPRI Report EA-3610 illustrate
a multithole probe. Alternatively, a portion of the sluice
stream nay be diverted to a collection devicewhere the
ash is allowed to settle and a sample then-taken.

4-10{4.4 Other Residue Streams. Jn'some cases, the
parties [to the test may decide not te’sample from a
residue|stream that does not contribute significantly to
the energy loss. Possible examples of such streams are
air heater disposal drains er vent lines, where the flow
rate is njegligible, or bottemash drains, which may have
insignifjcant sensible.héat and unburned combustible
losses. Alternatively,samples of bottom ash sluiced to
a settling pond canvyield a result that is no more certain
than using an assumed value. If a solid stream is not
sampleg], the)appropriate systematic uncertainty shall

be assigned and the historical evidence documented in

Arrestimateof the Systermaticurncertaity fromraspm-
ple is a combination of systematic uncertainties\ffom
sample acquisition, location, and stream consistendy.

Sampling methods other than those recommenfded
must be assigned higher systematic uncertainties.

Before conducting a performance test;it is mandatory
that parties to the test make a pretest’inspection of| the
sampling locations, identify thesampling methodolpgy,
and make the sampling probes available. Careful atfen-
tion should be paid to areas, 'where samples might|not
be representative. Samplifig of coal and other solid miate-
rials from a movingistfeam can result in more of jone
size range of partiéles during collection. If systematic
errors are presefit in the sampling system, the erfors
must be corrécted or the parties must assign consefva-
tive (highér) systematic uncertainties.

4-10.6, Methods to Determine Average and Standard
Deviation of the Mean

Three methods to determine the average and standard
deviation of the mean for the fuel characteristics (i.e.,
moisture, ash, carbon, etc.) are available — individual,
partial-composite, and full-composite.

4-10.6.1 Individual Method. An analysis sample is
prepared from each individual sample, referred t¢ as
“increments” in the terminology of ASTM D2234. Hach
analysis sample is individually analyzed for the applica-
ble constituents, heating value, carbon content, moisture,
etc. The average value and standard deviation of|the
mean for each constituent are calculated using ¢gs.
(5-2-1) and (5-2-3). This procedure must be used when
there are no historical data available to estimate|the
random uncertainty of the samples.

4-10.6.2 Partial-Composite Method. Individual
samples are collected as described in para. 4-10.6.1. [The
samples are collected in “sets,” from which one s¢t is
individually analyzed for the variable constituents, ¢.g.,

the final report.

4-10.5 Systematic Uncertainty

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

(a) sampling location/geometry

(b) probe design

ash and moisture (and sulfur if SO, reduction is to be
considered). The average value and standard deviation
of the mean for each variable constituent are calculated
using egs. (5-2-1) and (5-2-3).

The second set is thoroughly mixed (if they are from
parallel streams) and analyzed for the composite constit-
uents. The average value of each variable constituent is
the measured value of the gross analysis sample. The
standard deviation of the mean for the composite con-
stituents is taken from valid historical data.
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This is an alternative to analyzing individual samples,
and is predicated on the availability of valid historical
data. The objective is to reduce laboratory costs. The
constituents are grouped into “composite” (e.g., carbon,
hydrogen, and nitrogen) and “variable” (e.g., water, ash,
and possibly sulfur) constituents.

The underlying premise for this alternative is that
“composite” constituents for both the historical and test
data_are from the same statistical population. As the

where
MpAsF; = ash content, %, of historical sample
increment i
MpH2OF; = moisture content, %, of historical sample

increment i

For carbon content, the conversion equation is

MpCFdaf; =M,UCF-( 100

constituents are from the same population, a standard
devjiation of the mean derived from historical data may
be fised for the test uncertainty analysis. Paragraph
7-41.4 provides additional background for this
altgrnative.

To simplify this discussion, coal constituents and ter-
minology are used; sorbent constituents and terminol-
ogy can be substituted as appropriate.

As coal is typically stored outdoors, the moisture con-
tenf of as-fired coal may have greater variability than
as-feceived coal. This increased variability may invali-
datp the premise that the historical as-received data and
the|test data are from the same statistical population.
Hoyvever, changes in moisture content do not affect con-
stitpients on a dry-and-ash-free basis. Where sulfur reten-
tion is an important consideration in the test, sulfur
content should be included in the variable constituents.
Thg variability of sulfur content is often relatively large.
This alternative is not suitable for residue samples.
The composition of residue is affected by operating cor,
ditions within the steam generator. There is no simple
way to ensure that historical and test data fordesidue
wolild be from the same statistical populatiof.
Hlistorical data should satisfy the following criteria to
balid for estimating random uncertainty:

(4) the historical and test coal (sotbent) are from the
sante mine/quarry and seam

(b) historical data are the anfalyses of individual (not
Ned) sample increments for, the coal (sorbent)

(¢) the historical and test samples are collected and
prepared in accordance with ASTM D2234 and
ASTM D2013

(4) the types pfiincrements of the historical data and
the| test datacare” ASTM D2234 Type 1, Condition A
(Stgpped-Belt ,Cut) or Condition B (Full-Stream Cut),
with systematic spacing

(¢) ithe/size of the historical samples is the same as

be

=1

m

(100 = MpHZOF; = MpZsF;

(4-10-2)
where
MpAsF; = ash content of the fuel, %y as-fired basis
(average of test analysis)
MpCF; = carbon content of the fuel, %,|as-fired
basis
MpCFdaf; = carbon content of the fuel, %, dry-and-
ash-free basis
MpH2OF; = moisttire content of the fuel, %,|as-fired
basis-(average of test analysis)
The conversion' equations for heating value} hydro-
gen, nitrogén, sulfur, and oxygen are $imilar.

ASTM D3180 addresses the conversion of analypis from
one basis to another and should be used.

Using the dry-and-ash-free values of the inglividual
historical samples, estimate the maximum pjrobable
standard deviation, Sojs of each composite conptituent.
Use Appendix A2, Method of Estimating the|Overall
Variance for Increments, of ASTM D2234 to ddtermine
s,- The use of this appendix requires for each composite
constituent 20 or more analyses of individugl incre-
ments. If fewer than 20 are available, calculate the stan-
dard deviation, STDDE Vi, of each composite constituent
using eq. (5-2-4).

The standard deviation of the mean for each gompos-
ite constituent is the following for 20 or more analyses:

Soj

N

STDDEVMN; = (4-10-3)

For less than 20 use

F,1,= X STDDEV?\!/2

STDDEVMN; = N

(4-10-4)

where
F n=lo =

the upper 5% point of the F distfribution

the

If the historical samples were taken at a different loca-
tion, an additional systematic uncertainty would likely
have been introduced.

The historical analyses are converted to the dry-and
ash-free (daf) basis by multiplying the as-received per-
centages (other than the variable constituents, ash and
moisture) by

size-of the Camp]oc collected Anving the-test

100
100 — MpH20F; — MpASF;

(4-10-1)
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for n — 1 and » degrees of freedom.
Table 4-10.6.2-1 provides selected values of
the distribution.

number of sample increments in the histor-
ical data

number of sample increments taken during
the test

maximum probable standard deviation of
each composite constituent on dry-and-
ash-free basis

Soj
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The degrees of freedom of this standard deviation of
the mean are infinite.

4-10.6.3 Full-Composite Method. This is also an
alternative to analyzing individual samples. For full-
composite samples, none of the constituents are classi-
fied as variable. This alternative may be applicable for
sorbents and coal when historical data are available and
changes in moisture or ash content are either very small
or of mfAoT concern.

A composite analysis sample is prepared from the
(gross) famples taken during the test and analyzed for
all constituents. The average value of each constituent
is the measured value of the mixed analysis sample.

The griteria and calculations given above for partial-
composite samples are applicable to full-composite sam-
ples ex¢ept that the conversion factors of eqgs. (4-10-1)
and (4-10-2) are excluded.

4-11
4-11.1

It is the intent of this Code that the samples be ana-
lyzed ir] accordance with the latest methods and proce-
dures. The parties to the test should choose a laboratory
by agrepment.

FUEL, SORBENT, AND RESIDUE ANALYSIS

General

4-11.2 |Systematic Uncertainty for Fuel, Sorbent, and

Residue Analysis

ASTNI provides guidelines for typical lab-to-lab repro-
ducibility. These values are listed in Tables 4-13-2, 4-18-3,
4-13-4, and 4-13-5 for use in estimating the systematic
uncertajnty of a sample analysis. In general, thesystem-
atic undertainty is taken as one-half the reproducibility.

4-11.3 |Methods of Fuel, Sorbent, and Residue

Analysis

4-11}3.1 Solid Fuels. For solid fuel fired steam gen-
erators, [the minimum fuel information required to deter-
mine efficiency is the ultimate analysis, proximate
analysiq, and the higher\heating value. Tables 4-13-2,
4-13-3, and 4-13-4 identify the ASTM procedures to be
used fof analysis<ASTM D3180 defines the procedures
for conyertingthe’ analysis from one basis to another.
The latgst versions of these procedures shall be utilized.

If ASTMI adds a new or revised procedure that is agree-

(calcium, magnesium, moisture, and inert). The determi-
nation of other solid sorbent qualities, e.g., sorbent siz-
ing, may be required, depending on the objectives of
the particular test.

4-11.3.3 Liquid Fuel. For liquid fuel fired steam
generators, the minimum fuel information needed to
determine efficiency is the ultimate analysis and higher
heating value of the fuel. The determination of other
= —may

be required depending on the objectives of the tést. [The
procedures for these determinations are(found in
ASTM D1298.

4-11.3.4 Gaseous Fuel. For gaseous fuel fired st¢am
generators, the minimum fuel informdtion needed to
determine efficiency is the constitdentvolumetric anply-
sis of the fuel. ASTM D1945 is fised for this determjna-
tion. This analysis is conveftéd to an elemental npass
analysis as detailed in parat:3.1.2. Higher heating value
may be determined bya_continuous online calorimpter

as defined in ASTM D1826. The parties to the test shall
agree on which method will be used.
4-11.3.5 Résidue. Particulate residue samples shall

be analyzed‘for total, combustible, and carbonate carpon
content according to ASTM D6316. This test method
comprises the use of any of several methods for detefmi-
nation-of total carbon content. If the instrument method,
ASTM D5373, is used to determine total carbon contient,
the instrument shall be capable of analyzing prepgred
residue samples of not less than 100 mg. Use of a oss
on ignition (LOI) analysis is not permitted for the dgter-
mination of unburned combustible loss, because seviral
reactions may occur in the combustion process that
reduce or increase the weight of the sample and fhat
have no heating value.

The test for total carbon in the residue includes|the
determination of hydrogen, and the hydrogen result
may be reported in addition to the carbon. This porfion
of the test is not mandatory for testing carbon in residlue,
and experience indicates that H, in fuel volatiljzes
readily and no significant quantity of H; exists in residue
in the normal combustion process. This test may result
in a hydrogen content measured on the order of 0.1%
or less. Hydrogen quantities of this order of magnitude
should be considered as zero in the combustion pnd
efficiency calculations. A potential source for errof in
the determination of free hydrogen is that, as with far-

able to
used.

The determination of other solid fuel qualities, e.g.,
fusion temperature, free swelling index, grindability, ash
chemistry, and fuel sizing, is important to judge the
equivalence of the test fuel and the specified fuel, and
may be required for other test objectives.

4-11.3.2 Sorbent and Other Additives. The mini-
mum information needed to determine the sulfur cap-
ture and efficiency is the sorbent ultimate analysis

Ll foe n +1 I 1] - 1 1
ULl }Jal LICTS U T 1E5L, Uldl PIULCUUIE ulay UT
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bon, this test method yields the total percentage of
hydrogen in the residue as analyzed, and the results
present the hydrogen present in the free moisture accom-
panying the sample as well as the hydrogen present as
water of hydration of silicates or calcium oxide,
Ca(OH),.

4-12 GENERAL MEASUREMENT REQUIREMENTS

This Code addresses the methodology to determine
performance characteristics.
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See Nonmandatory Appendix J, Tables J-1.2.4-3
through J-1.2.4-6, listing the parameters required to
determine each of these performance characteristics for
typical units as defined by the air heater system bound-
aries in Figs. 2-3.4-1 through 2-3.4-6.

4-13 DETERMINATION OF SYSTEMATIC
UNCERTAINTY DUE TO MEASUREMENTS

systematic uncertainties would be correcting readings
using calibration data when the measured value is not
equal distance between calibration points, which results
in positive and negative systematic uncertainties of dif-
ferent magnitudes. Some factors, e.g., an air leak into a
flue gas analyzer, should be considered and included
as a one-sided systematic uncertainty, since a leak can
only dilute the sample. (Obviously, all leaks should be
found and repaired prior to the beginning of the test,

Bstimating the systematic uncertainty is a key step in
desjigning the test and selecting instrumentation. The
totql systematic uncertainty associated with a particular
megsurement is the result of several systematic uncer-
tainties in the measurement system. The assignment of
an gppropriate systematic uncertainty value requires full
kngwledge of all components comprising the measure-
ment system, the process being tested, and all other
factors that may affect the systematic uncertainty of the
megsurement. The test engineer is in the best position
to ¢valuate these factors, and can use Tables 4-13-1
thrgugh 4-13-5 as a tool to assist in assigning values for
megsurement systematic uncertainties. (Other sources
that may be referenced for typical values of systematic
undertainty include ASME PTC 19.1, PTC 19.2, PTC 19.3,
PTC 19.5, PTC 19.10, and MFC-3M/MFC-3Ma; appro-
priate ASTM standards; and instrument manufacturer
spefifications.) These tabulated systematic uncertain-
ties, however, may not be representative of any specific
megsurement situation. It would be misleading for this
Codle to mandate specific values for systematic ancer-
tainty; therefore, systematic uncertainty values must be
agreed upon by parties to the test.

All factors that influence the measurement should be
considered. Most factors will be two-sided, resulting
in both positive and negative systematic uncertainties,
which may or may not have thé same magnitude. An
example of equal-magnitude ‘systematic uncertainties
coulld be the systematic uncertainty associated with the
primary standard of the-temperature calibration equip-
ment being +0.25°F. Anjexample of unequal-magnitude

[}

although it is recognized that a small leak could occur
during the test, or a very small leak may-not be found
prior to testing). All of the positive systematic urjcertain-
ties (and negative systematic uncertaifities) must then be
combined into a single positive systematic undertainty
value (and single negative systefnatic uncertainfy value)
for the parameter. Subsection %-5 describes the|process
of combining the systematiciuncertainties.

Many instruments ingltide an accuracy specification.
This accuracy is only.a-part of the potential systematic
uncertainty of that{inStrument. Other factors, efg., drift,
vibration, and influence of other gases on oxygen ana-
lyzers, can influence the measurement. Often the refer-
ence accufady of an instrument can be improved fthrough
calibratien. After a calibration, the accuracy of the refer-
ence standard, the repeatability of the instrumpnt, and
potential systematic uncertainty due to measurefl values
n6t coinciding with calibration points can be cqmbined
to estimate the positive and negative systematik uncer-
tainties of the instrument.

For each parameter that is estimated rather thlan mea-
sured, the value for the parameter, the value of |its posi-
tive systematic uncertainty, and the value of its pegative
systematic uncertainty shall be agreed upon by [the par-
ties to the test. The test engineer can usually grrive at
reasonable values by considering that the probability is
approximately 19:1 (95% confidence level) that the upper
and lower limits will not be exceeded, and by noting that
most processes are governed by well-known physical
principles (e.g., radiant heat transfer occurs from|a hotter
object to a colder object; air can only leak into § sample
train held under vacuum).
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Fig. 4-3.1.1-1 Sampling Grid — Rectangular Duct

A

< >
4Pl
A
[ J [ J [ J [ J b
[ ) o [ ] [ J b
B
o o ([ ] L] b
[ ] [ ] [ [ ] Ib
v
. . A _ a
(a) Same Geometric Shape as Cross Section (E = ?)
< A >
o SN I St I o S o P
A
[ J [ J [ [ [ J [ Ib
[ J [ ] [ ] [ ] [ ] [ ] b
[ J [ J [ () [ J [ ] b
[ J [ J [ ] [ [ J [ ] Ib
v

(b) More Nearly Square Than lllustration (a) (% > % and a> b)

A

<

>

PRATFREY RN PR LA e

® ([ ] (] ([ ] L] [ ] ([ ] [ ]

® (] [ ] [ ] [ ] (] L] [ ] b
L] ([ ] ® [ ] L] [ ] ([ ] [ ] b
L] [ ] (] ([ ] L] [ ([ ] ([ ] Ib*

(c) Square (a=b)

44



https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Fig. 4-3.1.2-1 Sampling Grid — Circular Duct

Formula for determining location of sampling points ja'eircular duct:
/ - 05
r,= R Pz
n

where

n = total number of points gn aradius

p = sampling point number,where p = 1to n.To be numbered from center of duct outward.
All points on the same.radius have the same number.

R = radius of duct

"

= distance from.center of duct to point p

GENERAL NOTES:
(a) Indicates points of location of sampling tube.

(b) rpwill be'in the same units as R.
(c) Example: For n =5, the distance to point 3 is

[ 3-05  [25

A
A

III"
& ©x o o o
oY N N O
- ¥ o o
M O K © O
c o o o o

r3=K — = K = K+« 05 = U./0/K
I "5
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Fig. 4-5.5-1 Examples of Nonrandom Failure Patterns

[

NP e

(a) Examples of Three Points in

oo
(b) Examples of Four Points in

(c) Examples of Five Points in

GENERAL

Step 1.

Nonrandom Patterns Nonrandom Patterns

Nonrandom Patterns

Fig. 4-10.2.1-1 Full Stream Cut Solid Sampling Process

Solids storage bin

Solids conveyor

@) C3

\
Ea

Sampling blade /

/ Solenoid valve

Air cylinder
/ actuator

Limit switch in
closed position

/ Sample chute

= Pipe with pipe cap

Main chute—/

v

To process
To sample collection
container
N@TE:~ There are five steps for obtaining a sample.
Close isolation gate on dust cnplnraccinn system This will eliminate fines removal

Step 2.
Step 3.
Step 4.
Step 5.

Initiate sample diverter gate to sample position. This is done pneumatically.

Adjust timer to obtain a proper sample size.
Throw away the first sample.

Collect 5-gal bucket and seal container. Prepare for riffling, crush, and size.
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Fig. 4-10.2.1-2 Typical “Thief” Probe for Solids Sampling in a Solids Stream

<———— Typical thief probe sampling location.

GEN
stre
rota

Convevor
14

Care must be taken to get a

representative sample.

—1>

HHHHH

=00

Sensor Failures

Section A~ A

FRAL NOTE: Design consists of two concentric pipes with the same sample hole configuration. The probe is inserted into a flo
m with the sample ports closed. (The inner tube rotates 18Q«deg relative to the outer tube from the sample position.) The inn
ed to align the sample holes and is rotated back with thé~inner tube now full of material.

Table 4-5.5-1 Maximum, Number of

Number of Sensors Maximum Allowable
n the Duct Number of Failures

6-10 Any 1 point

11-15 Any 2 points
16-20 Any 3 random points
21-25 Any 4 random points
26-30. Any 5 random points
31-35 Any 6 random points
B6-0r-more Any 7 random points

ing solids
er tube is
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Temperature
Quantity A B Cc Range, °F Uncertainty, %

Air, standard 1.08970E-05 1.76984E-08 —4.13800E-12 0 to 1,000 +0.5% for Wv = 0.009-0.017;

(Wv = 0.013) otherwise +1.0%
Air, dry 1.09831E-05 1.76963E-08 -4.11939E-12 0 to 1,000 +0.5%
Water vapor 5.50104E-06 1.43983E-08 -1.46824E-12 0 to 1,500 +0.1%
Flue gas, standard 1.02518E-05 1.63012E-08 -2.63308E-12 100 to 1,500 +2.5%
Flue gas, dey 1.07284E-05 1.64854E-08 =2 ZL7L0E=12 100 tg1.500 £1.59

Table 4-8.3.4-1 Gas Sampling Techniques
Type of Sample Collected
Individual|and
Sampling Technique Preference Individual Composite Composite

Portable probes point-to-point 4 X
Fixed grid [Note (1)]

Compogite [Note (2)] 5 -

Point-tg-point (single pump) 3 X

Point-tg-point (dual pump) 2 x .

Combirjation 1 X
NOTES:
(1) Thesg options do not allow simultaneous velocity traverses.
(2) This ¢ption can only be used if flow weighting is not necessary.

Table 4-10.6.2-1 F Distribution

n-1 Fo-1
1 3.8415
2 2.9957
3 2:6049
4 2.3719
5 2.2141
6 2.0896
7 2.0096
8 1.9384
9 1.8799
10 1.8307
12 1.7522
15 1.6664
20 1.5705
40 1.3940
120 1.2214
Infinity 1.0000
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Table 4-13-1 Potential Instrumentation Systematic Uncertainty

Instrument Systematic Uncertainty [Note (1)]
Data Acquisition See Note (2)
Digital data logger Per manufacturer’s specification
Plant control computer +0.1%
Handheld temperature indicator £0.25%
Handheld potentiometer (including reference junction) +0.25%
Temperature See Note (3)
Thermocouple
NIST traceable calibration See Note (4)
Premium grade, type E
32°F to 600°F +2°F
600°F to 1,600°F +0.4%
Premium grade, type K
32°F to 530°F +2°F
530°F to 2,300°F +0.4%
Standard grade, type E
32°F to 600°F +3°F
600°F to 1,600°F +0.5%
Standard grade, type K
32°F to 530°F +4°F
530°F to 2,300°F +0.8%
R¢sistance temperature device (RTD)
NIST traceable calibration standard SeeyNote (4)
32°F #0.03%
200°F +0.08%
400°F +0.13%
570°F +0.18%
750°F +0.23%
930°F +0.28%
1,100°F +0.33%
1,300°F +0.38%
Tgmperature gauge +2% of span
Mrcury-in-glass thermometer +0.5 graduation
Pregsure See Note (5)
Gauge
Test +0.25% of span
Standard +1% of span
Mgnometer +0.5 graduation
Trinsducer and transmitter
High accuracy +0.1% of span
Standard +0.25% of span
Aneroid barometer +0.05 in. Hg
Weather station See Note (6)
Velogity
Standard pitot tube
Calibrated +5% [see Notes (7) and (8)]
Uncalibrated +8% [see Notes (7) and (8)]
Sttypecpitot tube
Calibrated +5% [see Notes (7) and (8)]
Yneatibrated +8%—{see-Notes—{A-and—(8}
Fechheimer three- or five-hole probe
Calibrated +2% [see Note (7)]
Uncalibrated +4% [see Note (7)]
Hot wire anemometer +10%
Turbometer +2%
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Table 4-13-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Instrument Systematic Uncertainty [Note (1)]

Flow (Air and Gas)
Multipoint pitot tube (within range)

Calibrated and inspected (directional velocity probe) +5%
Calibrated with S-type or standard +10%
Uncalibrated and inspected +8%
Uncalibrated and uninspected +20%
Airfoil
Calibrated +5%
Uncqlibrated +20%
Flows (Stpam and Water) See Note (9)
Flow ngzzle
PTC 6 (with flow straighteners)
Calibrated and inspected +0.25%
Unjcalibrated and inspected +2.5%
Unjcalibrated and uninspected +5%
Pipe|taps
Calibrated and inspected +0.50% steam = 0.40%\Water
Ur|calibrated and inspected +2.2% steam * 2.1% water
Urlcalibrated and uninspected New plant — see\@bove
Existing plant~= variable
Venturi
Throgt taps
Calibrated and inspected +0.50% ‘steam + 0.40% water
Ur|calibrated and inspected #132% steam + 1.1% water
Unjcalibrated and uninspected New plant — see above
Existing plant — variable
Orifice
Calibrated and inspected +0.50% steam * 0.40% water
Unjcalibrated and inspected +0.75% steam + 0.70% water
Urjcalibrated and uninspected New plant — see above
Existing plant — variable
Weir +5%
Blowdgwn valve +15%
Coriolid flowmeter (for liquid) +0.1%
Liquid Fugl Flow (Calibrated)
Flowmdter
Positfive displacement meter +0.5%
Turbine meter +0.5%
Orifige (uncalibrated) +1.0%
Coridlis flowmeter +0.1%
Weigh fank +1%
Volumg tank +4%
Gaseous fuel Flow
Orifice
Calibjrated and/nspected +0.5%
Calibrated and\uninspected +2%
Uncalibratédand inspected +0.75%
Turboneters
Non-set~eorrecting +1-0%
Self-correcting +0.75%
Coriolis flowmeter +0.35%
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Table 4-13-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Instrument

Systematic Uncertainty [Note (1)]

Solid Fuel and Sorbent Flow
Gravimetric feeders

Calibrated with weigh tank +2%
Calibrated with standard weights +5%
Uncalibrated +10%
Volumetric feeders
Bealt
Calibrated with weigh tank +5%
Uncalibrated +15%
Screw, rotary valve, etc.
Calibrated with weigh tank 5%
Uncalibrated +15%
Weigh bins
Weigh scale +5%
Strain gauges +8%
Level +10%
Impact meters +10%
Residue Flow
Ispkinetic dust sampling +10%
pigh bins
Weigh scale +5%
Strain gauges *8%
Level £20%
S¢rew feeders, rotary valves, etc.
Calibrated with weigh tank +5%
Uncalibrated +15%

Agsumed split (bottom ash/fly ash)

Solig Fuel and Sorbent Sampling
Stopped belt

FYll cut

“Thief” probe

Time-lagged

Liquid and Gaseous Fuel Sampling

Flue| Gas Sampling
Pgint-by-point traverse
mposite grid

o

Residue Sampling
Ispkinetic dust sampling
“Thief” probe

ttom ash

B¢d drain

o

Fuel|Handling and, Storage
Limestone handling and storage
Résidue

Flue| Gas-Analysis
ygen-analyzer

o

10% of total ash

See Tables 4-13-2 and 4-13-3
+0%
>1%
>2%
>5%

See Tables 4-13-4 and 4-13-5

See Section 7
See Section 7

+5%

+200%

+50% [see Note (10)]
+20%

-10% / +5% of moisture value
0

Continuous electronic analyzer
Orsat analyzer
Portable chemical cell analyzer

Calibrated on air
Calibrated on cal gas
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Table 4-13-1 Potential Instrumentation Systematic Uncertainty (Cont’d)

Instrument

Systematic Uncertainty [Note (1)]

Electric Power
Voltage or current

Current transformer +10%
Potential transformer +10%
Handheld digital ammeter +5%
Watts
Wattmeter 40,
Humidity
Hygronjeter +2% RH
Sling ppychrometer +0.5 graduation
Weathdr station See Note (6)

NOTES:

(1) All systematic uncertainties are percent of reading unless noted otherwise.

(2) Forfthermocouples, error may be introduced depending on the method of correcting for a reference junctiofi. Also, the algorithm fpr
conpersion of thermocouple millivolts to temperature may introduce errors.

(3) See ASME PTC 19.3 for applicability.

(4)  NIST traceable instruments have a systematic uncertainty equal to the accuracy of the calibration’device. These systematic uncertpin-
ties| do not include drift.

(5) See ASME PTC 19.2 for applicability.

(6) Must be corrected for elevation and distance from weather station.

(7)  Thepe systematic uncertainties include user-induced errors, e.g., probe location.

(8) Thepe systematic uncertainty estimates are only applicable when it has been dem@énstrated that yaw and pitch angles do not excg¢ed
5 dpg.

(9) Forfthe methodology to determine more accurate systematic uncertainty for ‘stéam and water flow, see ASME MFC-3M/MFC-3Ma afd
ASNIE PTC 19.5, where tables and equations of uncertainty in discharge-cdefficients and expansion factors are provided based o
Reyholds number, beta ratio, pressure, and differential pressure.

(10) Botfom ash carbon content should be very low.
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Table 4-13-2 Potential Systematic Uncertainty for Coal and Residue Properties

Coal Property

Analysis Procedure

Systematic Uncertainty

Comments

ethod B

Sampling ASTM D2234 +10% of ash content <5% ash + 0.5%
+2% of other constituents
Sample preparation ASTM D2013 None
Air dry moisture ASTM D3302 +0.31% bituminous
+0.33% subbituminous
Ash [content ASTM D3174 +0.15% bituminous with no carbonate
+0.25% subbituminous with carbonate
+0.5% for 12% ash with carbonate and pyrite
Proximate ASTM D5142 Moisture = 0.12 + 0.017x Automated method
Ash = 0.07 + 0.0115x
VM = 0.31 + 0.0235x
Tota] moisture ASTM D3173 +0.15% for fuels <5% moisture
+0.25% for fuels >5% moisture
Carlon ASTM D5373 +1.25% (1 - %H,0/100) >100 mg sample
ASTM D3178 +0.3% [Note (1)]
Hydfogen ASTM D5373 +0.15% (1 - %H,0/100) >100 mg sample
ASTM D3178 +0.07% [Note (1)]
Nitrggen ASTM D5373 +0.09% (1 - %H,0/100) >100 mg sample n
ASTM D3179 +0.205x — 0.13
Sulfpr ASTM D4239 +0.05% bituminous
+0.07% subbituminotis
ASTM D3177 +0.5% for fuels™<2% sulfur
+0.1% for fuels*>2% sulfur
Higher heating value ASTM D2015 +54 Btuflb dry basis — anthracite/bituminous
+70 Btu/lb dry basis — subbituminous/lignite
Conyerting analysis to ASTM D3180 None
different basis
GENERAL NOTE: All systematic uncertainties are~absolute unless otherwise indicated.
NOTE:
(1) Estimated based on repeatability.

Table 4-13-3 Potential Systematic Uncertainty for Limestone Properties

Limestone Property Analysis Procedure Systematic Uncertainty Corhments
Limgstone constituents ASTM C25 Calcium oxide +0.16% Test mpethod 31
Magnesium oxide +0.11% Test method 31

Sam

pling

See para. 4-7.5.1

Free moisture +10% of value
Inert by difference £5.0% of value

+2.0% thief sample
+5.0% other

GEN

ERAL NOTES:

(@) All systematic uncertainties are absolute unless otherwise indicated.
(b) Free moisture, inerts, and sampling systematic uncertainty are suggested values.
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Fuel Oil Analysis Procedure Systematic Uncertainty Comments
Sampling ASTM D4057 +0.5% for multiple samples
+1% for single sample
+2% for supplier analysis
API gravity ASTM D1298 +0.25 API for opaque (heavy oil)
+0.15 API for transparent (distillate)
+5 APl if estimated
Water conjtent ASTM D95 +0.1% for fuels <1% water
+5% of measured value for >1% water
Ash ASTM D482 +0.003% for fuels < 0.08% ash
+0.012% for fuels 0.08% to 0.18% ash
Sulfur ASTM D1552 S,% IR lodate
<0.5 0.07% 0.04%
0.5-1 0.11% 0.06%
1-2 0.14% 0.09%
2-3 0.19% 0:13%
3-4 0.22% 0.20%
4-5 0.25% 0.27%
Carbon ASTM D5291 +(x + 48.48) 0.009
ASTM D3178 [Note (1)] +0.3% [Note (2)]
Hydrogen ASTM D5291 +(x*%) 0.1157
ASTM D3178 [Note (1)] +0.07% [Note (2)]
Nitrogen ASTM D5291 +0.23 Reported to .00
ASTM D3228 +0.095 N°2
Heating value ASTM D240 86 Btu/lbm
ASTM D4809 £49 BtG/lbm, all fuels
+5TBtu/lbm, nonvolatiles
+44 Btu/lbm, volatiles
GENERAL[NOTE:  All systematic uncertainties are absolute unless otherwise indicated.
NOTES:
(1) Modified for oil.
(2) Estimated based on repeatability.
Table 4-13-5 ) Potential Systematic Uncertainty for Natural Gas Properties
Natufal Gas Analysis Procedure Systematic Uncertainty Comments
Sampling ASTM D287 +0.5% for multiple sample
+1.0% for single sample
+2.0% for supplier analysis
Online analysis — use supplier specification for
guidance
Gas constituents. ASTM D1945 Mole percent of constituent

Higher heating

ASTM D3588

value, calculated

Higher heating value

ASTM D1826

0.0-0.1: x0.01%
0.1-1.0: x0.04%
1.0-5.0: £0.05%
5.0-10.0: £0.06%
Over 10: £0.08%

None

0.3% to 0.55%

Perturbed with fuel constituents

GENERAL

NOTE:

All systematic uncertainties are absolute unless otherwise indicated.
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Section 5
Computation of Results

5-1
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INTRODUCTION

his Section describes the data required and the computation procedures for determining the performan|
ters covered by this Code. Since most air heater applications are in conjunction with fired steam ger
Section includes the calculations necessary to determine steam generator efficiency and inputfrom fug
rgy-balance method. Since the air heater performance parameters are the key measured parameters for ds
steam generator efficiency, this method will generally provide the lowest uncertainty, compared to mg
, air, and flue gas flows. Data acquisition principles, instruments, and methods of measurement are
lions 3 and 4. Derivations of certain equations are detailed in Nonmandatory Appendix H. The com;
ations use acronyms for variables that consist of alphanumeric characters that may be used directly in ¢
orams without loss of interpretation. The format for these acronyms, definitions of letters or letter combj
a summary of developed acronyms are described in Section 2. The alphanumerical designations that
locations of gaseous and liquid streams in relation to the air heater components are listed in subsection
wn schematically in Figs. 2-3.4-1 through 2-3.4-6.
pction 5 is generally arranged in the sequence required to compute/air heater performance after comp

rded during a performance test must be reduced to averagévalues before performance and uncertainty
s are completed. Subsection 5-2 provides guidance for féducing test measurements to average values

section 5-3 presents the steam generator combustion.and efficiency calculations. Subsection 5-4 presents eq
determining flue gas and airflows through the\air heater(s). Subsection 5-5 presents the general ai
formance calculations. Subsection 5-6 provides the method to calculate air heater performance corr

stamdard or design conditions. Subsection 5-7 presents the equations to determine the systematic comp

the
pre

5-2
5-2
V
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uncertainty and the remaining equations: required to complete the test uncertainty analysis. Subsed
sents how to calculate corrected performance for noncondensing air preheater coils.

MEASUREMENT DATA REDUCTION

|1 Calibration Corrections

Vhen an instrument has been calibrated, the calibration correction should be applied prior to data re

brmined statistically via laboratory measurements. Similarly, an error correlation versus mV determin|

fmocouple in_adaboratory should be applied to the measured result prior to averaging.

L this same-Category is any dependent variable that is a result of multiple measurements. Measurement]

v is a comumon example. The flow result is a square-root function of differential pressure, and an appro»

ar functioh of temperature and pressure. The calculated result should be used in the data average. The
systematic error of the instruments required to determine flow should be incorporated in the total

andg

ce of air
lerators,
1 by the
termin-
asuring
piven in
butation
mputer
nations,
identify
2-5 and

etion of

st, beginning with determining input from fuel based upon steam generator efficiency. The test measurements

calcula-
; it also

sents the equations to determine the standard deviation of the mean for uncertainty analysis calcfilations.

juations
I heater
bcted to
nent of
tion 5-8

Huction.

example is a pressufeytransducer for which an actual pressure versus output reading (e.g., mV output) has been

ed for a

of fluid
imately
random
random

systematic uncertainty of the measured flow parameter (refer to sensitivity coefficient in subsection j

7).

5-2

.2 Outliers

The first step in determining the average value for a measurement is to reject bad data points or outliers. Outliers
are spurious data that are believed to be not valid, and should not be included as part of the calculations and
uncertainty analyses. Causes of outliers are human errors in reading and writing values, and instrument errors
resulting from electrical interference, etc. Several documents provide guidance and statistical methods for determin-
ing outliers; among them are ASME PTC 19.1 and ASTM E178. This Code does not recommend a particular statistical
method for determining outliers. It is important to note that the use of statistical methods to determine outliers
can produce unrealistic results, depending on the method and criteria used. Most outliers are obvious when all
data recorded for a given parameter are compared. The rejection of outliers based on engineering judgment and/
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or pretest agreements by the parties involved in the test is recommended. It is also recommended that the test
engineer and all parties involved determine the likely cause of any outliers.

5-2.3 Averaging Test Measurement Data

The average value of a parameter measured during a performance test is determined before or after the rejection
of outliers. The average value can provide important information that can be used to determine outliers. If the
average value is calculated before determining outliers, it must be recalculated after all outliers are rejected.

Parameters measured during a performance test can vary with respect to time and spatial location. The majority
can be vpmgpd on the basis that the parameter has pprh]rhafinnc about a constant value This incliides ny
paramefer measured at a single point to determine the value, e.g., air heater differential pressure, steam tempetatture,
or stearh pressure. During a steady-state performance test (as defined in Section 3), some single-point patameters
may exhibit time dependency. However, for purposes of this Code, such parameters are assumed to have|aconsfant
value eljiual to the arithmetic average.

Some| parameters measured during a test run must be considered with respect to space as well as time (i.e.,
paramefers that are not uniform within a plane perpendicular to the direction of flow). Thiswould include pny
measured parameter determined from more than one point at a given location. Air heater fluegas outlet temperature
measur¢ments using a point-by-point traverse (or a grid of thermocouples) is a typical/example. Parameters fhat
vary W;E/h space as well as time are averaged differently from parameters that vary only ‘Wwith time.

The average values of the parameters, along with their standard deviations of thelméan and degrees of freedpm,
are usedl to calculate the overall random uncertainty.

5-2.3.1 Average Value for Spatially Uniform Parameters." The average valué-of a parameter that is not expegted
to exhibjit spatial variations is calculated by averaging readings taken over\time.
For pprameters modeled as constant in/over space (e.g., steam temperattire or pressure, or air heater differential
pressure), or values of a parameter at a fixed point in space (e.g., &xit flue gas temperature at one point in|the
thermog¢ouple grid), the equation used to calculate average values*is

1 1 <
XAVG = E (X] + X + X3 £\... + X,,,) = E EX,‘ (5 2-1)
i=1
where
= number of times parameter x is measured
Xav = arithmetic average value of a measured parameter
A, = value of measured parameter i at\any point in time

5-2.3.2 Summary Data. It is common for data acquisition systems to print out (and store on electronic meflia)
average| values and standard deviatiofissfor measured parameters several times during a test period. These|are
called summary data. The total set-of_measurements for a test consists of m sets of measurements. Each set has n
readingp. The average value, Xy j-for set k is given by eq. (5-2-1) with the addition of a subscript to denote|the
set. The overall average value-ef-such parameters is

m

1
Xave = > Xavck (512-2)
=1

Sumrhary datacanonly be used if individual measured parameter data and standard deviation information| are
available for eachy'set of measurements. If this information is not available, the subsets should be treated as individual
sampleg.

5-2.3.3/Average Value for Spatially Nonuniform Parameters. The average value of parameters having spatial
variations can be determined by first calculating the average value of all the data for each defined point in a
measurement grid. The average value of all points in the grid is then determined.

! Some parameters measured at a single point in space may exhibit a time dependency, e.g., combustion air temperature due to ambient
air temperature changes. This Code recommends using eq. (5-2-1) to calculate the average value of such parameters and increasing the
number of readings to reduce the standard deviation of the mean. However, at the option of the parties to the test, a polynomial may
be fitted to the data for a fixed point in space. If a curve fit is utilized, the user must

(a) statistically validate the model
(b) mathematically integrate the fitted curve to determine the average value of the parameter
(c) develop the method for calculating the variance of the average value for determining the standard deviation of the mean

56


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

5-2.4 Random Uncertainty

General guidelines for calculating the standard deviation of the mean for individual measurement parameters
are given below. A more-detailed description of uncertainty analysis calculations along with derivations is included
in Section 7. Section 7 should be reviewed prior to beginning any uncertainty calculations. The random component
of uncertainty must be calculated using several steps. Each measured parameter has a standard deviation, standard
deviation of the mean, and a certain number of degrees of freedom. There is also an overall standard deviation of
the mean and number of degrees of freedom for all measurement parameters combined. These cannot be calculated
until after the air heater performance computations shown in subsections 5-3 through 5-6 are completed. The

calglattons—of—the—overal—test—standard—deviation—of—the—mean—and—the—random \.uultluucut of uu\.cj.tainty are
prepented in subsection 5-7.
Thhe first step in determining the standard deviation of the mean and degrees of freedom for a measufed parameter
is tp calculate the average value and standard deviation using the data recorded during a test. The javerage value,
standard deviation, and degrees of freedom for a measured parameter are calculated differently for pafameters
that vary in both time and space and those parameters that vary only in time.

b-2.4.1 Random Uncertainty for Spatially Uniform Parameters. For multiple measuréments of a param¢ter that
is 1ot expected to exhibit spatial variations, the standard deviation and standard deviation of the mear] for the
parpmeter are calculated from

STDDEV?\'"? 1 ks
STDDEVMN = (T) = {m ié‘,l(xi =X Avc) ] (5-2-3)
12 2
STDDEV = [E _El(xi - XAVG)Z} (5-2-4)
i=
or
n 1/2
STDDEV = |(BSTDDEV)? — (5-2-5)
n-1
where
n = number of times parameter‘is’measured
PSTDDEV = population standard deyiation for a measured parameter
STDDEV = standard deviation estithate from the sample measurements
STDDEVMN = standard deviation of‘the mean for a measured parameter
Xave = arithmetic average value of a measured parameter
x; = value of meaSured parameter i at any point in time

Tlhe equations are presented.in the above format because some electronic calculators and spreadsheet programs
calqulate the population(stahdard deviation, while others calculate the sample standard deviation. Some also
calqulate the standard deyiation of the mean. It is important that the individual calculating the standard dpviation
of the mean used fo-determine random uncertainty understands the differences between population standard
devjiation, samplestandard deviation, and standard deviation of the mean. With the use of a computer or dcientific
calqulator, if theunction for “sample standard deviation” is used with the measured values of the paramgter, the
resqilt would-be STDDEV. If the function for “population standard deviation” is used on these values, the result
wolld be-RSTDDEYV. If the function for standard deviation for the mean or “standard error of the mean” [is used,
the|resudld would be STDDEVMN. An understanding of the differences will help in the use of the correct flinctions
and_formulas. T

The degrees of freedom for the standard deviation of the mean of a spatially uniform parameter is determined
from eq. (5-2-6).

DEGFREE = n -1 (5-2-6)

where
DEGFREE = number of degrees of freedom

5-2.4.2 Random Uncertainty for Spatially Nonuniform Parameters. The standard deviation of the mean (random
uncertainty) and degrees of freedom for a parameter with spatial variations must be determined in a manner
consistent with the integration methods discussed in subsection 7-4 for use of weighted or unweighted averages.
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First, for each grid location, i, calculate the average, STDDEV, STDDEVMN, and DEGFREE. Then calculate the

average

of all the points in the grid.

The standard deviation of the mean for an integrated average parameter is

m 1/2
STDDEVMN = ~ | S STDDEVMN? (5-2-7)
m

i=1

The associated degrees of freedom are

DDEVANE
AN

where
O
D

STD
STD

The d
taken a
of the f

(a) nfimber of points in the grid, m

(b) ny
The 1
Equa
factors
points &
average
If we
traversq
mean o
arrange
There a

The |
of the n

where
FW 4
n 3

<
DEGFREE = ——7T (5
" STDDEVMN?}

>

i=1 m*DEGFREE;

EGFREE = degrees of freedom for the average parameter

FGFREE;, = degrees of freedom for the parameter at point i
m = number of grid points
DEVMN = standard deviation of the mean for the average parameter

DEVMN,; = standard deviation of the mean for the parameter at point i

legrees of freedom must fall between minimum and maximum values based on the number of read
each grid point and the number of grid points. The minimum possible degrees of freedom is the sma
bllowing:

imber of readings taken at each grid point minus 1, n -1

haximum possible degrees of freedom is the product of the two items listed above.

ions (5-2-7) and (5-2-8) are for unweighted averages and,also for weighted averages when the weigh
hre measured simultaneously with the parameters so thatthe standard deviations of the mean at the
re calculated by using weighted parameters (Xpw = F;X;). This calculation should be used for weigh
s only when there are a large enough number of readings at each grid point to assure statistical significa
ghted averages are to be employed in performance calculations, with only a small number of simultang
s (fewer than 6), giving only a small number.of readings at each point, then the standard deviation of]
f the weighted average is estimated using a single probe as described in subsection 7-4. This prob

d to simultaneously measure velocity,and-the parameter of interest (temperature or oxygen) at a fixed pq
Fe 1 readings at the single point. The.readings are multiplied as follows:
Xew; = |2 |x 6
FW,i — VAVG i

pmple standard deviation of Xpy, STDDEYV, is calculated from eq. (5-2-4) or (5-2-5). The standard devia
hean for the weighted.average parameter is

(5-2

2\1/2
STDDEVMNpyy = (M)

n

= weightéd average
= _number of readings at the single point

2-8)

ngs
ller

ing
brid
ted
hce.
ous
the
e is
nt.

=

2-9)

ion

-10)

The

andard deviation of the meart 15 determired fron the standard deviatiorn of the singte point. if weigt

ted

averages are to be employed in performance calculations with weighting factors (velocities) determined separately
from the weighted parameter, then the standard deviation of the mean of the weighted average parameter is

calculat

where

PARAVGry

ed from

STDDEVMN = [STDDEVMNyn? + (PARAVGyw — PARAVGpw)? STDDEVMN,2/ Vayc2]'? (5-2-11)

weighted average value of the parameter

PARAVGw = unweighted average value of the parameter

STDDEVMN 1w

standard deviation of the mean of the unweighted average
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STDDEVMNy standard deviation of the mean of the velocity
Vavg = average velocity

If the velocity distribution is determined by a limited number of traverses, STDDEVMNy can be estimated from
a large number of velocity readings taken over time at a single point, as described immediately above, with V;
used in place of Xpy;.

5-3 COMBUSTION AND EFFICIENCY CALCULATIONS

T[his subsection deals with the calculations related to air heaters where flue gasis the heafing fluid. The conjbustion
calqulations are taken from, and the same as, ASME PTC 4. This subsection is intended to be an jabbteviated
prepentation of the required calculations. Refer to ASME PTC 4 for a more-comprehensive discussion
The combustion calculations are based upon the following principles and follow in the general ordefr of the
calqulation process:

(4) measure O,

(b) calculate excess air and flue gas products stoichiometrically
(¢) estimate UBC if not measured

(4) calculate sorbent reaction corrections if applicable

(¢) calculate wet gas weight

(1) calculate flue gas Mw and density

Refer to Nonmandatory Appendix A for an example of the calculationforms. This subsection addrepses the
combustion and efficiency calculations.
Items that can be expressed on a unit of fuel basis (Ibm/Ibm fuel) ¢an be normalized by using an ingut from
fue] basis. The concept of mass per unit of fuel input is valuable when determining the impact of differgnt fuels
on fombustion calculations. In the text, the primary units used ifv'the calculations are Ib/Btu (kg/J). For practical
application such as on the calculation forms, 1b/10,000 Btu (kg#10 M]J) is used as a convenient size with rdspect to
the[decimal place.

5-311 Fuel Properties

5-3.1.1 Heating Value of Fuel. Higher heating-value, HHVF, refers to the “as-fired” higher heating value on a
constant-pressure basis. For solid and liquid fuels,HHVF is determined in a bomb calorimeter, which is a cpnstant-
volfime device. Since fuel is burned in a steam-generator under essentially constant-pressure conditions, the bomb
calgrimeter values must be corrected to a‘¢onstant-pressure basis

HHVF = HHVFco + 2.644 MpH2F, Btu/lbm (J/kg) (5-3-1)

where
HHVFcv = higher heating value of the fuel on a constant-volume basis as determined from a bomb calgrimeter
MpH2F = mass percent of H, in the fuel

The user should ensfire that the laboratory performing the fuel analysis has not made this correction. For [gaseous
fuels, the higher heating value is determined under constant-pressure conditions; therefore, the calorimeter values
do pot need correction.
The calculations throughout this Code utilize higher heating values expressed in units on a mass basis, Btu/lbm
(J/kg). Forfgaseous fuels, the higher heating value, HHVGF, is normally expressed on a volume basis, [Btu/scf
(J/IN-m’)sFor compatibility with the units used in the calculation procedure, the higher heating value must be
converted to an energy per unit mass basis, Btu/lbm (J/kg), as follows:

HHVGF

HHVE = "5.GF -

Btu/Ibm (J/kg) (5-3-2)
where
DnGF = density of gas at the standard temperature and pressure conditions used for HHVGE, Ibm/scf (kg/ N-mS)

5-3.1.2 Chemical Analysis of Fuel. The calculations in this Code are based upon the ultimate analysis of the
fuel expressed on a percent mass basis. The constituents considered are carbon (CF), hydrogen (H,F), nitrogen
(NF), sulfur (SF), oxygen (O,F), water (H,OF), and ash (AsF). The water in the fuel is on an “as fired” basis. Note
that the hydrogen (or oxygen) does not include the hydrogen (or oxygen) in the water in the fuel. The total of the
ultimate analysis must be 100%.
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A gaseous fuel analysis expresses the individual hydrocarbon compounds and the other constituents on a
volumetric percentage basis. For the combustion calculations in this Code, the gaseous fuel analysis is converted
to a mass basis. The calculations follow the general logic below.

MuFk

MpPk = 100 ]WGF , % mass (5-3—3)

MwGF = 3MuvFk, Ibm/mol (kg/mol) (5-3-4)

AT Al “VpG] MOk] Ha. 1_£ Wal 1 £ 1) V= 3_5)
MoHe=tvwk 2—— 5 T tbmy/motfuet{lg/mot-fuet) {5

where
j = fuel components expressed on a by-volume or mole basis, e.g., CH, and C,Hg
k = fuel constituents expressed on a mass basis. For this Code, these are C, H,, Ny, S, Qp, and H,O. |For
a gaseous fuel, it is assumed that water is in a vaporous state, and the acronym H,Ovis tsed throughout
the calculations.
Molkj = moles of constituent k in component j. For example, for component j = C;H§.and k = C, Mokj 3
For component j = C,Hg and k = H,, Mokj = 3.

I}
N

MpHk = mass percentage of constituent k
MuHk = mass of constituent k per unit volume of fuel, Ibm/mol or Ibm/ft* (kgZmol or kg/m?)
MwGF = molecular weight of the gaseous fuel, Ibm/mol (kg/mol). This is¢the sum of each MvFk value ¢n a

mass per unit mole (or volume) basis, Ibm/mol (kg/mol).
Mulk = molecular weight of constituent k, Ibm/mol (kg/mol)
Vp(dj = as-fired fuel components (e.g.,, CHy and C,Hg), percent by yolume

5-3.2 Yorbent and Other Additive Properties

This gection addresses solid and/or gaseous material other than fuel that is added to the gas side of the st¢am
generatpr envelope. Additives can impact the efficiency and eombustion process in the following ways:
(a) Additives may increase the quantity of residue and “sensible heat of residue” losses.
(b) Additives may introduce moisture that increases \“foisture in flue gas” losses and alters the flue gas $pe-
cific heat.
(c) AHditives may undergo a chemical change andalter the flue gas composition or may alter the air requirement.
(d) Chemical reactions that are endothermig xéquire heat, which is an additional loss.
(e) Chemical reactions that are exothermi¢ add heat, which is an additional credit.
For ah air heater test, the parameters associated with sorbent, e.g., sulfur capture and calcination fraction, fnay
be estimated based on experience. Referito ASME PTC 4 if these parameters are to be rigorously determined.
Since|limestone is widely used for'sulfur removal, this Code specifically addresses the impact of the addition of
limestofe on the efficiency and combustion calculations. The term sorbent is used throughout the Code to refer to
any malterial added to the flue.gas (within the steam generator envelope) that is not fuel. The calculations| for
limestope demonstrate the-principles of calculation required for the effect of most additives on efficiency pnd
combustion products. In addition to limestone, the calculations address hydrated lime, which consists of calcjum
hydroxide, Ca(OH),, and*magnesium hydroxide, Mg(OH),, as a potential sorbent for reducing SO,. When ihert
materials such as sand'are added, the calculations below should be made as if limestone containing only ipert
material and moiSture were used.

5-3.2.1 MFrSb — Mass Fraction of Sorbent, lbm/lbm Fuel (kg/kg Fuel). The mass fraction of sorbent is required
for the reaction calculations. It may be determined from the measured sorbent rate or the estimated Ca/S molar ratio.

Mr5b

MFrSh = MIE Ibm/Ibm fuel (kg/kg fuel) (5-3-6)
or
_ MpSF _MuwCak
MFrSb = MoFrCaS MuwS Em , Ibm/lbm fuel (kg/kg fuel) (5-3-7)
and
MoFrCaS = MFrSb Mws EMp_Cak mol/mol (5-3-8)

MpSF ~MuwCak ’
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where
MoFrCaS = calcium-to-sulfur molar ratio

MpCak = percent of calcium in sorbent in form of constituent k, % mass
MpSF = percent sulfur in fuel
MrF = mass flow rate of fuel, Ibm/hr (kg/s). Repeat efficiency calculation until the calculat
converges.
MrSb = measured mass flow rate of sorbent, Ibm/hr (kg/s)
MuwCak = molecular weight of calcium compound k, Ibm/mol (kg/mol)
= 100.089 for CaCQs,, calcium carbonate (Cc)

ed MrF

the

wh

—

(4

_ ~ ~

q

per
rea
flui]
Ca(
of 1

ma

from the measured O, and SO,. Se¢ ASME PTC 4. For this Code, use the expected or previously tested va

an
[

retg

req

5-3.2.5 MqThAAd — Additional Theoretical Air Due to Sulfur Capture/Retention. The sulfur/SO, that is cg

= 74.096 for Ca(OH),, calcium hydroxide (Ch)
MuwS = molecular weight of sulfur, 32.065 Ibm/mol

5-3.2.2 MFrSbk — Mass of Constituents in Sorbent, lbm/lbm Fuel (kg/kg Fuel). The important lconstif
sorbent are the reactive products, the moisture, and the inerts. The mass of each constituent-is conver
ks / mass-from-fuel basis

MpSbk

MFrSbk = MFrSb 00’ Ibm/Ibm fuel (kg/kg fuel)

bre
k
pSbk

constituent in the sorbent
percent of constituent k in the sorbent

he reactive constituents specifically addressed are
) CaCO;, calcium carbonate (Cc)

h) MgCOj3, magnesium carbonate (Mc)

) Ca(OH),, calcium hydroxide (Ch)

/) Mg(OH),, magnesium hydroxide (Mh)

b-3.2.3 MoFrClhk — Calcination Fraction for Constituent'’k. The calcination fraction is the moles of CO,
mole of constituent. Two constituents are addressed directly by this Code. Magnesium carbonate (Mc)
lily at partial pressures of CO, typical of combustion with air and normal operating temperatures of atm

[O; (Cc) is converted to CaO and CO,, howéver. A value of 0.90 is recommended for this Code with an und
-0.05 and —0.10. For determination analytically, refer to ASME PTC 4.

5-3.2.4 MFrSc — Sulfur Capture/Retention Ratio, lbm/lbm (kg/kg). The sulfur capture/retention raf]
s of sulfur removed divided by the'total mass of sulfur available. The sulfur capture/retention ratio is det

hppropriate uncertainty. If estimated, an uncertainty of +0.05 Ibm/Ibm for the retention ratio is sugge

ined is converted 0 €aSO,. The reaction

CaO + SOZ + %02 - CaSO4

ires an additional % mol of O, per mole of sulfur captured.
_0.02155 MpSF MFrSc
MqThAAd = T , Ibm/Btu (kg/J)

uents in
ted to a

(5-3-9)

released
calcines
spheric

dized bed steam generators, and thus the cdlcination fraction is normally considered to be 1.0. Not a]l of the

ertainty

jo is the
brmined
ue with
ted.

ptured/

(5-3-10)

It is noted that this correction is included in the corrected theoretical air, MqThACr, below.

5-3.2.6 MqC0O2Sb — Gas (CO,) From Calcination of Sorbent, lbm/Btu (kg/J). When heat is added to
carbonate and magnesium carbonate, CO, is released. This increases the dry gas weight

MoCO2Sb = 3SMoFrClhk %jkbk , mol/Ibm fuel (mol/kg fuel)

MFrCO2Sb = 44.0098 MoCO2Sb, Ibm/Ibm fuel (kg/kg fuel)

MFrCO2Sb

MgCO28h = =

, Ibm/Btu (kg/J)
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constituents that contain carbonates, typically calcium carbonate (Cc) and magnesium carbon-
ate (Mc)

mass fraction of gas (CO,) from sorbent, Ibm /lbm fuel (kg/kg fuel), where 44.0098 is the molecular
weight of carbon dioxide

moles of gas (CO,) from sorbent, mol/lbm fuel (mol/kg fuel)

calcination fraction for constituent k, moles CO, released /mole of constituent

mass of gas (CO,) from sorbent on an input-from-fuel basis, Ibm/Btu (kg/J)

molecular weight of constituent k, Ibm/mol (kg/mol)

5-3.2.7 MgWSb — Water From Sorbent, lbm/Btu (kg/J). The total moisture added due to sorbent is the SI.I]IIl of
the moipture in the sorbent and the moisture released due to the dehydration of calcium hydroxide and magriesfum

hydroxide.

where

MFrWSh =
MoWSsh =
MgWSsb =
MrWSb =

MFrH20Sb MFrSbk

MoWSb = 80153+ p Mok’ mol/lIbm fuel (mol/kg fuel) (5-3-14)

MFrWSb = 18.0153 MoWSb, Ibm/Ibm fuel (kg/kg fuel) (5-3-15)
MFrWSb ]

MgqWSb = HEVE Ibm/Btu (kg/J) (5-3-16)

MrWSbh = MFriWSb MrF, Iom/hr (kg/s) (5-3-17)

constituents that contain water or hydroxides that are dehydrdted, typically calcium hydroxide (Ch)
and magnesium hydroxide (Mh). These constituents are“conisidered to be 100% dehydrated in|the

combustion process.

mass fraction of total water from sorbent, Ibm/Ibm.fuel (kg/kg fuel)

total moles of water from sorbent, mol/lbm fuel (xnol/kg fuel)

mass of total water from sorbent on an input-trom-fuel basis, Ibm/Btu (kg/J)
mass flow rate of total water from sorbent, Ibm/hr (kg/s)

5-3.2.8 MFrSsb — Mass Fraction Spent Sorbent, Ibm/lbm Fuel (kg/kg Fuel). Spent sorbent is the solid res{due
remaining from the sorbent after evaporation of the-moisture in the sorbent, calcination/dehydration, and npass

gain due to sulfation.

where
MFrQ3ACr

MFrSsb = MFrSb — MFrCO2Sb — MFriWSb + MFrSO3, Ibm/lbm fuel (kg/kg fuel) (5-3-18)
MFrSO3 = 0.025 MFrSc MPSF, Ibm/Ibm fuel (kg/kg fuel) (5-3-19)
MFrSsb |
MqSsb = HAVE ’ Ibm/Btu (kg/J) (5-3-20)
MFrO3ACr 4
MoO3ACr = W , mol/mol (5-L -21)
MFrO3ACr i
MqO3ACr = W s Ibm/Btu (kg/]) (51 —22)
MFrO3ACr = 0.6 MFrSO3, Ibm/lbm (kg/kg) (5-3-23)

mass fraction of oxygen from air required to form SOj; in the sulfation process, Ibm/Ibm (kg/
kg). The constant 0.6 is the molecular weight of O; divided by the molecular weight of SO,

MM563

MoO3ACr
MgO3ACr
Mw03

IITdSS flClL,tiUll Uf SO3 fUllllCd ill t}lc Dbl}f(ltiull (Dulful Lat)tuuc) t)lULCDD, lblll/llblll fuc} (11\5//11\5). The
constant 0.025 is the molecular weight of sulfur divided by the molecular weight of SO; and
divided by 100 to convert percent mass to mass fraction.

dry gas flow correction for the oxygen in air required to form SO;, mol/mass fuel

dry gas flow correction for the Oj in air required to form SO;, Ibom/Btu (kg/J)

molecular weight of O3, 47.9982 mass/mol

5-3.3 MpUbC and MpCb — Unburned Carbon in Fuel and Carbon Burned, Percent Mass

The percent mass unburned carbon may be calculated from an estimated unburned carbon loss, QpLUbC, or
calculated from either an estimated or measured unburned carbon in the residue, MpCRs. For estimated values,
appropriate uncertainty values should be used.
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5-3.3.1 Unburned Carbon in Fuel From Percent Unburned Carbon Loss

HHVF

% mass (5-3-24)
where
HHVCRs = heating value of carbon as it occurs in residue, 14,500 Btu/lbm (33 700 kJ/kg)

5-3.3.2 MpCRs — Unburned Carbon in the Residue, Percent. The unburned carbon in the residue, MpCRs, refers
to the free carbon and is used to determine unburned carbon from fuel. The residue contains carbon in the form
of qarbonates as well as free carbon when limestone is utilized, and from fuels with a high carbonate/content in
the|ash. The standard tests for carbon in the residue determine total carbon (MpToCRs). It is also.necepsary to
detprmine the carbon dioxide content in the residue (MpCO2Rs), and correct the total carbon results’to-d fre¢ carbon
basfs (MpCRs). Refer to subsection 4-11 regarding the analysis methods to be specified. If the fab analysjs is not
clegr whether total carbon (MpToCRs) or free carbon (MpCRs) is reported, it should be clarified,When sorbgnt with
cal¢ium carbonate is utilized, the CO; in residue is required to calculate the quantity of CaCO; in the resiflue and
the(calcination fraction of calcium carbonate in the sorbent.

12.011 .
MpCRs = MpToCRs — 340098 MpCO2Rs, % mass (5-3-25)

When residue is collected at more than one location, the weighted averages of carbon and carbon dipxide in
residue are calculated from

MpRsz MpCRsz

MpCRs = 3, 100

. Ao'ass (5-3-26)

MpRsz MpCO2Rsz

MpCO2Rs = 3, 0

, % mass (5-3-27)

b-3.3.3 MFrRs — Mass of Residue, lbm/lbm Fuel (kg/kg Fuel). The ash in fuel and spent sorbent are cgnverted
to 4 mass of residue per mass of fuel basis

MpAsF 100 MFrSsb

MFrRs = 100 = MpCRs , Ibm/lbm fuel (kg/kg fuel) (5-3-28)
where
MFrSsb = mass fraction of spent sorbent per mass of fuel, Ilbm/lbm fuel (kg/kg fuel)
MpAsF = ash in fuel, % mass
MpCRs = unburned carbon-in the residue, % mass

5-3.3.4 MpUbC — Unburned Carbon in Fuel, Percent Mass. The unburned carbon in the residue is|used to
calqulate the percent of the)carbon in the fuel that is unburned

MpUbC = MpCRs MFrRs, % mass (5-3-29)

5-3.3.5 MpCb = Carbon Burned, Percent Mass. The actual percent mass carbon in the fuel that is burngd is the
difference between the carbon in the fuel from the ultimate analysis and the unburned carbon. The actua) carbon
burned (MpCh) is used in the stoichiometric combustion calculations in lieu of carbon in the fuel (MpCF)

MpCb = MpCF - MpUbC, % mass (5-3-30)

5-3.4 Combustion Air Properties

5-3.4.1 Physical Properties. The calculations and derivation of constants used in this Code are based upon a
composition of dry air as follows:? 0.20946 O,, 0.78102 N, 0.00916 Ar, 0.00033 CO, moles per mole of air (and other
trace elements), yielding an average molecular weight of 28.9625. For simplification of the calculations, N, includes
the argon and other trace elements and is referred to as atmospheric nitrogen (Ny,), having an equivalent molecular
weight of 28.158.

2 Jones, F. E. The Air Density Equation and the Transfer of the Mass Unit. Journal of Research of the National Bureau of Standards. Vol. 83,
No. 5, September—October 1978.
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The following is a summary of the nominal properties of air used in this Code:
(a) volumetric basis: 20.95% oxygen, 79.05% nitrogen
(b) mass basis: 23.14% oxygen, 76.86% nitrogen

5-3.4.2 MFrWDA — Moisture in Air, lbm H,0/lbm Dry Air (kg H,0/kg Dry Air). The moisture in air is determined
from measured inlet air wet-bulb and dry-bulb temperature, or dry-bulb temperature and relative humidity in
conjunction with psychrometric charts, or calculated from vapor pressure as determined from Carrier’s equation
[eq. (5-3-32)] when wet-bulb temperature is measured or eq. (5-3-33) when relative humidity is measured.

PyIAL
MFriWDA = 0.622 £

2 A
Pb— PyWoA ’ Ibm H,O/Ibm dry air (kg H,O/kg dry air) 5-3-31)

(Pb — PsWoTwb) (Tdbz — Twbz)

PpWvA = PsWoTwb — 2830 — 1.44 Twhz , psia (5-3-32)
PpWovA = 0.01 Rhmz PsWuTdb, psia (5-3-33)
PsWoTz = C1 + C2T + C3T* + CAT? + C5T* + C6T°, psia (5-3-34)
where
C1 = 0.019257
"2 = 1.289016E-3
"3 = 1.211220E-5
C4 = 4.534007E-7
C5 = 6.841880E-11
C6 = 2.197092E-11
Pb = barometric pressure, psia. To convert in. Hg to psia; divide by 2.0359.
PpWpA = partial pressure of water vapor in air, psia. This may be calculated from relative humidity or yvet-
and dry-bulb temperatures.
PsWulz = saturation pressure of water vapor at wet-bulb temperature (PsWovTwb) or dry-bulb temperature

(PsWoTdb), psia. The curve fit is valid for.témperatures from 32°F to 140°F
Rhjnz = relative humidity at location z

Tdbz = temperature of air (dry-bulb) at location z, °F

Tupbz = temperature of air (wet-bulb) at lpeation z, °F

5-3.4.3 MqThACr — Theoretical Air (Corrected), lbm/Btu (kg/J). Theoretical air is defined as the ideal mininpum
air reqyired for the complete combustion of the fuel, i.e., carbon to CO,, hydrogen to H,O, and sulfur to SOj. In
the actual combustion process, small atfiotints of CO and nitrous oxides (NOy) are formed and commonly measufed.
Also, :Tall amounts of SO; and gaseous hydrocarbons are formed but less frequently measured. The impadt of

these miinor species is negligible-on-the combustion calculations addressed by this Code.
MFrThA ]
MthA = W ’ Ibm /Btu (kg/]) (S-L —35)

MFrThA ;=<X0.1151 MpCF + 0.3429 MpH2F + 0.0431 MpSF — 0.0432 MpO?2F, Ibm/Ibm fuel (kg/kg fuel) (5-3-36)

where fluel constituents MpCF, MpH2F, MpSF, and MpO2F are on a percent mass basis.

For typical fossil fuels, the value of calculated theoretical air is a good check on the reasonableness of the fuel
analysiq. EXpressed on a Ibm/million Btu (MBtu) basis (MqThA x 10°), a valid fuel analysis should fall within|the
following\ranges of theoretical air:

(a) for coal (VMmaf > 30%), 735-775 Ibm/MBtu

(b) for oil, 735-755 Ibm/MBtu

(c) for natural gas, 715-735 Ibm/MBtu

The theoretical airs for carbon and hydrogen, 816 and 516 Ibm/MBtu, respectively, are the practical maximum
and minimum values for hydrocarbon fuels.

For monitoring operation and analysis of combustion, the theoretical air required to produce the gaseous products
of combustion is more meaningful than the ideal value defined above. In commercial applications, particularly for
solid fuels, it is not feasible to burn the fuel completely. The gaseous products of combustion are the result of the
fuel that is burned or gasified. When additives are used, secondary chemical reactions may also occur. For example,
when CaO reacts with SO, in the flue gas to form CaSO, (a method of sulfur reduction), additional O, supplied
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from air is required. Therefore, for the purposes of the calculations in this Code, corrected theoretical air that
accounts for the actual combustion process is used.

Corrected theoretical air is defined as the amount of air required to complete the combustion of the gasified fuel
and support secondary chemical reactions with zero excess O,. By definition, the theoretical products of combustion
would have no CO or gaseous hydrocarbons.

MFrThACr

MqThACr = =z, 1bm /Btu (kg/J) (5-3-37)
A A CH———0-H5 - Mpeh——0-3420-MpH2F——0-043-MpSF———6-5-24H+5¢) (5-3-38)
—0.0432 MpO2F, Ibm/Ibm fuel “as-fired”
MFrThACr v e 1m
MoThACr = 589625’ mol/mass fuel “as-fired (5-3-39)
where
MFrSc = sulfur capture ratio, lbm/lbm. This item is normally assumed to be zere‘when the sulfur femoval
occurs external to the steam generator envelope. Refer to para. 5-3.4.4for calculation.
MoThACr = theoretical air (corrected), mol/mass fuel as-fired
MpCb = MpCF - MpUbC
= carbon burned on a mass percentage basis
MqaThACr = theoretical air (corrected), Ibm/Btu. Note that when a sulfur removal process is employed, the

reqpired, divided by the theoretical air, and expressed as a percentage.

I
0%

thr

the|flue gas. O, is used as the basis for calculation of excess air in this Code.

Sampling System Is Used)

Hor efficiency and air heater leakage calculations, excess air must be determined at the air heater gas inl¢
and (14B), as well as air heater gas exits (15)(15A), and (15B). Refer to Figs. 2-3.4-1 through 2-3.4-6 and pa

excess air and combustion calculations are dependent,upon where the sulfur removal o
relation to the flue gas composition measurements.

b-3.4.4 XpA — Excess Air, Percent Mass. Excess air is the actuall quantity of air used, minus the theor
MFrDA — MFrThACr MgDA — MqThACr

XpA =100 =y irThacy = 100 =y mhacy

, % mass

1 this Code, corrected theoretical air [eq. (5-3-37)}.is/used as the basis for calculating excess air. Defined
O; in the flue gas corresponds to 0% excess aif:

ugh 2-5.6 for boundary data identification numbers. Excess air is determined from the volumetric compo,
b-3.4.5 0, Analysis on Dry Basis-Where the Moisture in the Flue Gas Is Condensed (Such as When an E)

DVpO2 (MoDPc + 0.7905 MoThACr)

ccurs in

btical air

(5-3-40)
as such,

ts (14A)
as. 2-5.1
sition of

ttractive

XpA =100 MoThACr (20.95 — DVpO?2) » % (5-3-41)
_ MpCb B MpSF  MpN2F
MoDPc = o1t (1 = MFrSc) 32064 T 280132 * MoCO2Sb, mol/mass fuel (5-3-42)
where
DVpQ2<{# oxygen concentration in the flue gas, percent by volume, dry basis
M#ErSe = mass fraction of sulfur capture, lbm/lbm fuel (kg/kg fuel)
MoCO2Sh = moles of gas from sorbent, mol/Ibm fuel (mol/kg). Refer to para. 5-3.2.6 for the calculatipn.
MoDPr—motes of dry productsfronr the combustiomrof fueH €O fromrcarborr burmed); actuat SOz produced

(excluding sulfur retained due to SO, capture techniques), N, from fuel, and the dry gas from

sorbent, CO,, mol/mass fuel
5-3.4.6 Calculation of DVp02, DVpCO2, DVpSO2, DVpN2F, and DVpN2a on a Dry Basis When Excess Air is

0.2095 MoThACr XpA

DVpO2 = MoDFEg , %
MpCb 100 MocO25b
DYscor — 12011 y
pee = MoDFg $
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where
DV

DV
DV]

DV|

M

MoO

5-3.4
Heated

where
MFr¥

MFV|

MpSF
e, Doed (1 - MFrSc) ) )
VpsSO2 = MoDFg % (5-3-45)
_ MpN2F .
DVPN2E = 35134 MoDFg * (5-3-46)
DVpN2a = 100 — DVpO2 — DVpCO2 — DVpSO2 — DVpN2E, % (5-3-47)
Mnnrg = MaoDPc b A/fn’T‘hAf’v/n 7005 X(;;A\ A/TnﬂQAf‘v, mol/mace fuial (R 2 48)

be added.
pN2a = atmospheric nitrogen (refer to para. 5-3.4.1) in the flue gas, % volume
pN2F = nitrogen from fuel in the flue gas, % volume. This term is shown separatelyAfrom the atmosph
nitrogen from the air to note the technical distinction between the twd./Since the quantit
nitrogen from the fuel is generally insignificant compared to the nitrégen in the air, calcula
of this term is sometimes omitted.

pSO2 = sulfur dioxide in the flue gas, % volume
pbDFg = moles of dry gas per Ibm of fuel as-fired
BACr = dry gas flow correction for the oxygen in air required to form’SO;, mol/mass fuel

fired.” Measured values of-stéam and fuel flow are usually sufficiently accurate for this calculat
VDA = moisture in air, Ibm HyQY¥lbm dry air

bCO2 = carbon dioxide in the flue gas, %. Note that for comparison to an Orsat analysis, DVpS8O2 must

leric
; of
rion

-49)

-50)

-51)

T

as-
on.

1.7 0, Analysis on Wet Basis Where the Flue Gas Sample Includes Moisture (Such as In-Situ Monitors jand
Extractive Systems)
B VpO2 [MoWPc + MoThACr {©:7905 + MoWA)]| ]
XpA = 100{ MoThACT [2095 — VpO2 (1 + MoWAY | 7 (5
MoWA = 1.608 MFrIWRA, mol/mol dry air (5-
B MpH2F  MpWF~  MFriWAdz ]
MoWPc = MoDPc + 201.59 + 180153 + 180153 + MoWSb, mol/lbm fuel (5-9
Adz = additional moisture at locatjon'z, e.g., atomizing steam and soot-blowing steam, Ibm /lbm fuel

MpPWA = moles of moisture i _air, mol H,O/mol dry air
MoWPc = MoDPc plus moles_of wet products from the combustion from fuel, plus the wet products ffom
sorbent, plus ahyjadditional moisture, mol/mass fuel
Mo[WSbh = total water from sorbent, moles/lbm fuel. Refer to para. 5-3.2.7.
MpWF = H,0 in fuel,/% mass basis
WrO2 = oxygemconcentration in the flue gas, percent by volume, wet basis
1.608 = molecular weight of dry air divided by the molecular weight of water
5-3.4.8 Calculation of Vp02, VpCO2, VpS02, VpH20, VpN2F, and VpN2a on a Wet Basis When Excess Air Is Knqwn
_ 0.2095 MoThACr XpA ]
VpO2 = NoFg L % (5-3-52)
% + 100 MoCO2Sb
VpCO2 = ToFg L % (5-3-53)
MpSF
, 32,064 (1 - MFrSc) )
VpsSO2 = NoTg ) % (5-3-54)
]\%11_152; + Afgglfg + Ag’;gévl‘gz +100 MoWSb + (100 + XpA) MoThACr MoWA
VpH20 = = : : % (5-3-55)

MoFg
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MpN2F

VPNZF = m , % (5-3-56)

VpN2a = 100 — VpO2 - VpCO2- VpSO2 — VpH20 — VpN2E, % (5-3-57)
XpA

MoFg = MoWPc + MoThACr [0.7905 + MoWA+ %5 (1 + MoWA) (5-3-58)

where
MoFg = moles of wet gas per Ibm fuel as-fired

5-3.4.9 MqDAz — Dry Air, lbm/Btu (kg/J). The quantity of dry air entering the steam generator ahead of|location
z is| calculated from the excess air determined to be present at location z as follows:

MgDAz = MqThACr (1 + %), Ibm/Btu (kg/]) (5-3-59)
XpAz
MFrDAz = MFrThACr (1 + 100 ) Ibm/Ibm fuel (kg/kg fuel) (5-3-60)

Z

[ote that this item is used to calculate flue gas flow. See subsection 5-4 for caleulation of airflow leaving the air
heaters.

5-3.4.10 DnA — Density of Air, lbm/ft? (kg/m>). The density of wet air is calculated using the ideal gas reldtionship
_ C1(C2Pb + PAz)

[ S — 3 3 a

Dnd = E G + Az Pm/ i (s8/m) (5-3-61)
R ftbf 1N

RE'= Mok " om=R (kg.K) (5-3-62)

MwA = — P MEPWDAS /ol (kg/mol) (5-3-63)

1 N MFErWDA ’
28.963 (148.0153

where

C1 = 5.2023 Ibf/ft (1.0 J/m?)

C2 = 27.68 in. wg/psi (1.0 Pa/Pa)

C3 = 459.7°F (273.2°C)

MwA = molecular weight of wetair, Ibm/mol (kg/mol)

PAz = static pressure of airzat'point z, in. wg (Pa)
Pb = barometric pressure,,psia (Pa). To convert in. Hg to psia, divide by 2.0359.

R = universal molar-gas constant, 1,545 ft-Ibf/Ibm-mol-°R (8 314.5 ] /kg-mol-K)

Rk = specific gas constant for gas k, ft-Ibf/Ibm-°R (J/kg-K)

TAz = temperatufe of air at point z, °F (°C)

5-3{5 Flue Gas Products

Hlue gas quantity is calculated stoichiometrically from the fuel analysis and excess air. Computations| are not
valid if significant quantities (in comparison to flue gas weight) of unburned hydrogen or other hydrocarlons are
prepent in.the flue gas.
The total gaseous products are referred to as wet flue gas. Solid products, e.g., ash from the fuel, unburned|carbon,
and spent sorbent, are considered separately and are not part of the wet flue gas mass. Wet flue gas is required for
calculations such as air heater leakage, hot air quality control equipment energy losses, and draft loss corrections.
The total gaseous products excluding moisture are referred to as dry flue gas and are used in the energy-balance
efficiency calculations. The general logic of this section is that wet flue gas is the sum of the wet gas from fuel (fuel
less ash, unburned carbon, and sulfur captured), combustion air, moisture in the combustion air, and any additional
moisture, e.g., atomizing steam and moisture and gas added from the addition of sorbent. Dry flue gas is determined
by subtracting all moisture from the wet flue gas.

5-3.5.1 MgFgF — Wet Gas From Fuel, lbm/Btu (kg/))

100 — MpAsF — MpUbC — MFrSc MpSF

MyFgF = 100 HHVF

, Ibm/Btu (kg/J) (5-3-64)
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where
MFrSc = mass fraction of sulfur capture, Ibm/lbm (kg/kg)
MpAsF = ash in fuel, % mass
MpSF = sulfur in fuel, % mass
MpUbC = unburned carbon, % mass
5-3.5.2 MgWF, MgWvF — Moisture From H,0 (Water) in Fuel, lbm/Btu (kg/J)
_ MpWF -3-
MgWF = sosbmrs , Tom/Btu (kg/)) (5-3-65)
where

MpWF = water in the fuel, % mass

For gaseous fuels, moisture is assumed to be in a vaporous state. Water vapor from fuel (MpWyF) must be
accounted for separately from liquid water for the energy-balance calculations.

5-3.5.3 MgWH2F — Moisture From the Combustion of Hydrogen in the Fuel, lbm/Btu (kg/})

_ 8.937 MpH2F
MgWH2F = =35—ie , Tom /Btu (kg /) (5-3-66)

5-3.5.4 MqCO2Sb — Gas From Sorbent, lbm/Btu (kg/J)
MqCO28b = % , Ibm/Btu (ke/J) (5-3-67)

5-3.5.5 MgWSb — Water From Sorbent, lbm/Btu (kg/J)

MFrWSb

MaWsb = ~HrvE -

Ibm/Btui{Kg /) (5-3-68)
5-3.5.6 MqWDAz — Moisture in Dry Air, lbm/Btu (kg/J). Moisture in dry air is proportional to excess air [and
must bg calculated for each location where excess air is determined.

MgqWDAz = MFrWDAMgDAz, Ibm/Btu (kg/]) (5-3-69)

5-3.3.7 MqWAdz — Additional Moisture in Flue Gas, lbm/Btu (kg/J). This item accounts for any moisture added
to the flue gas not accounted for above. Typical sources are atomizing steam and soot-blowing steam. Additi¢gnal
moisture measured on a mass flow basis is:converted to a mass per mass of fuel basis for the stoichiomgtric
calculatjons. For the initial calculations, either/the measured or an estimated fuel rate is used. Where the quarftity
of addifional moisture is small compared, to-the total moisture, this is usually sufficiently accurate. If the efficigncy
calculatfons are reiterated for other purposes, the mass fraction of additional moisture with respect to mass fate
of fuel should also be corrected.

MFrWAdz

MqWAdZ = W ’ Ibm/Btu (kg/]) (5-; -70)
MFrIWAdz = A% , Ibm/Ibm fuel (kg/kg fuel) (5-3-71)

where
MrSty = suminmation of the measured additional moisture sources entering the steam generator upstream of

location z, Ibm/hr

Moisturé due to evaporation of water in the ash pit is considered negligible with regard to the mass flow fate
of flue gas and ignored in this calculation. However, if measured, it should be included here.

5-3.5.8 MqWFgz — Total Moisture in Flue Gas, lbm/Btu (kg/J). The total moisture in flue gas at any location z
is the sum of the individual sources.

MqWFEgz = MqWF + MqWuF + MqWH2F+ MqWSb + MgWAz + MqWAdz, Ibm/Btu (kg/J) (5-3-72)

5-3.5.9 MqFgz — Total Wet Flue Gas Weight, lbm/Btu (kg/)). The total wet gas weight at any location z is the
sum of the dry air (less the dry gas flow correction for the oxygen in air required to form SO;), moisture in air,
wet gas from the fuel, gas from sorbent, water from sorbent, and any additional moisture

MgFgz = (MqDAz — MqO3ACr) + MqWAz + MqFgF + MgCO2Sb + MqWSb + MqWAdz, Ibm/Btu (kg/])  (5-3-73)
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The mass flow rate of wet flue gas at any location z may be calculated from

MrFgz = MqFgz QrF
= MgFgz MrF HHVF, Ibm/hr (kg/s)

(5-3-74)

5-3.5.10 MqDFgz — Dry Flue Gas Weight, lbm/Btu (kg/)). The dry flue gas weight is the difference between the
wet flue gas and the total moisture in flue gas at location z.

det

flud
solj

wh

ide
cald

V
cald

calg

MqgDFgz = MgFgz — MgWFgz, Ibm/Btu (kg/J)

(5-3-75)

brmining the flue gas enthalpy.

MqWFgz

MpWFgz = 100 MaFgz

, % mass

5-3.5.12 MpRsFg — Residue (Solids) in Flue Gas, Percent Mass. The solids in flue gag-add to the ent
gas. When the mass of residue exceeds 15 Ibm/MBtu input from fuel or when sorbént is utilized, the

ds in gas should be accounted for.
_ MpRsz MFrRs
MpRsFgz = —Mngz HEVE ' Jo Mass
bre
[pRsz = total residue (solids) in the flue gas at location z, % wet gas

5-3.5.13 DnFg — Density of Wet Flue Gas, lbm/ft> (kg/m3). Thé density of wet flue gas is calculated y
1 gas relationship. Refer to para. 5-3.4 for calculation of theflue gas constituents on a volumetric b
ulation of the density of air.

C1 (C2Pb +PEg?)
Rk (C3 +JIFgz) ’

e — MR felbf (]
=) MwFg " Ibm-°R \kg-K

DnFgz = Ibm/f£ (kg/ m3)

Vhen the flue gas constituents have been calculated on a wet basis, the molecular weight of wet fly
ulated as follows:

MuwFg = 0.31999 Vp@2\+ 0.4401 VpCO2 + 0.64063 VpSO2 + 0.28013 VpN2F + 0.28158 VpN2a
+ 0.18015, VpH20, mass/mol

Vhen the flue gas constituents have been calculated on a dry basis, the molecular weight of wet flue ga
ulated as follows:

MoDFg
MoFg ’

MuwFg = (MwDFg + 0.18015 DVpH20) , Ibm/mol (kg/mol)

MuwDFg = 0.31999 DVpO2 + 0.4401 DVpCO?2 + 0.64063 DVpSO2
+ 0.28013 DVpN2F + 0.28158 DVpN2a, mass/mol

p-3.5.11T MpWFgz — Molisture tn Flue Gas, Percent Mass. 1he percent moisture in wet 1lue gas is reqfired for

(5-3-76)

halpy of
mass of

(5-3-77)

sing the
hsis and

(5-3-78)

(5-3-79)

e gas is

(5-3-80)

5 can be

(5-3-81)

(5-3-82)

MoFg — MoDFg K

DVpH20 = 100 —mm

Hzo dI'y

(5-3-83)

where

Cl = 5.2023 Ibf/ft (1.0 J/m® Pa)
C2 = 27.68 in. wg/psi (1.0 Pa/Pa)

C3 = 459.7°F (273.2°C)

MoDFg = moles dry gas. Refer to eq. (5-3-48) for calculation.
MoFg = moles wet gas. Refer to eq. (5-3-58) for calculation.
MwDFg = molecular weight of dry flue gas, Ibm/mol (kg/mol)

MuwFg = molecular weight of wet flue gas, Ibm/mol (kg/mol)

Pb = barometric pressure, psia (Pa). To convert in. Hg to psia, divide by 2.0359.
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PFgz = static pressure of flue gas at point z, in. wg (Pa)

R = universal molar gas constant, 1,545 ft-Ibf/lbm-mol-°R (8 314.5 J/kg-mol-K)

Rk = specific gas constant for gas k, ft-Ibf/Ibm-°R (J/kgK)
TFgz = temperature of flue gas at point z, °F (°C)

5-3.6 QrF — Fuel Input, Btu/hr (W)

It is necessary to know the input from fuel in order to calculate air and gas mass flow rates. Fuel input may be
calculated from the measured fuel flow and higher heating value or calculated from efficiency determined by the

energy-
necessa
steam q
for soli
determ]
difficulf
an air H
balance
This
assigne
The g
are med
and car
input. ]
second
time ba
in ordet
The 1

where
HLuk

HRek| =

MnCpk
Mgk

QpLk

Jd‘ldllLe lIleLllUd dlld llledbuled output. FUI [LlllldLe dPPliLdliUllb l‘IldL dU IOt PIUduLE d stedlit output,
Iy to use the measured fuel flow to determine input. For steam generator applications, where a measur
utput is produced, determining fuel input from efficiency and output is the preferred method, especi
[l fuels where measuring the fuel flow is generally considered inaccurate. It is noted that forl.efficie
ned by the energy-balance method, the measured parameters around the air heater(s) are usually the n
data to obtain. Since accurate and comprehensive measurements around the air heater(s) are inheren
eater test, the additional instrumentation and input items required to calculate efficiency by the ene
method are minimal.
ubsection addresses calculation of the major efficiency losses and credits. Qthler minor losses may
1 values.
alculation of losses (and credits) falls into two categories in accordance with/the method in which lo
sured and conveniently calculated. In the first category are losses that<are a function of input from
be readily expressed in terms of loss per unit of input from fuel, i.e}Jexpressed as a percentage of
osses due to products of combustion (dry gas, water from fuel, et¢:) are expressed in these units. In

bis, e.g., the loss due to surface radiation and convection. Thelosses in each category are grouped gener
of significance and universal applicability, with applicability”taking preference.

bgic for calculating losses (also applicable to credits) that/are a function of fuel input is described belo
QpLk = 100 Mgk (HLJk— HRek) (5-9
= 100 Mgk MnCpk (TLvk — TRe), %
Ibm constituent Btu o, _  Btuloss o ]
QpLk = 100 5 Foel input * bmoF * T = 100 Btu input ’ e (55

= enthalpy of constituent k at temperature TLvk, Btu/lbm (J/kg)

enthalpy of constituent k @t\temperature TRe, Btu/Ibm (J/kg). For water that enters the steam gener

envelope as liquid and leaves the envelope as steam (water vapor), the ASME Steam Tables are 4

for enthalpy and aré based on a 32°F reference temperature for enthalpy. The enthalpy of water at

is 45 Btu/Ibm (105 kJ/kg). For all other constituents, the enthalpy is based upon the Code referg

temperature of Z7°F (25°C). Thus, the reference enthalpy is zero and does not appear in the loss/cr

energy-balance' equation as shown above.

= mean specific heat of constituent k between temperatures TRe and TLvk, Btu/Ibm-°F (J/kg-K). Wheng
practieal, enthalpy is used in lieu of the mean specific heat and the difference in temperature.

= mags{of constituent k per Btu input in fuel. This is the unit system used throughout this Code for it
that are related to the fuel, e.g., air and gas quantities.

=5loss from constituent k, % of input from fuel, Btu/100 Btu input from fuel (J/100 J)

it is
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category are losses not related to fuel input, which are more réadily calculated on an energy per unit of
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htor
sed
['Re
nce
edit

ver

PINS
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TLvk
TRe

——temperature of corstituent kteaving the steanr gereratorenvetope,“F<°C)
= reference temperature, °F (°C). The reference temperature is 77°F (25°C).

5-3.6.1 QpLDFg — Dry Gas Loss, Percent

QpLDFg = 100 MgDFg HDFgLvCr, % (5-3-86)
where
HDFgLvCr = enthalpy of dry gas at the temperature leaving the air heater(s), corrected for leakage (excluding
leakage)
MgDFg = dry gas mass flow entering the air heater(s) based on the excess air at location (14)
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5-3.6.2 QpLH2F, QpLWF, QpLWvF — Water From Fuel Losses, Percent

QpLH2F = 100 MgWH2F (HStLoCr — HWRe), % (5-3-87)
QpLWF = 100 MqWF (HStLvCr — HWRe), % (5-3-88)
QpLWoF = 100 MqWoF HWuLoCr, % (5-3-89)
where
HStLvCr = enthalpy of steam (water vapor) at 1 psia at temperature TFQLuCr or TMnFgLuCr. The enthalpy of
steam (water vapor) does not vary significantly at the low partial pressures of water vappr in air
or flue gas; thus, specifically calculating the actual partial pressure of water vapor is notwajrranted.
HWRe = enthalpy of water at the reference temperature TRe, Btu/lbm (J/kg)
HWuLvCr = enthalpy of water vapor at TFgLvCr or TMnFgLvCr, Btu/Ibm (J/kg). The distifietion of gnthalpy

where

MgDA

b-3.6.3 QpLWA — Moisture in Air Loss, Percent

of steam (HSt) versus the enthalpy of water vapor (HWv) is that HSt is the enthalpy of vapor with

respect to liquid water at 32°F (0°C) as the reference in accordance with ASME Steam Tablles, and

includes the latent heat of vaporization of water, whereas HWuv is the enthalpy of water vapor with

respect to the enthalpy of water vapor at 77°F (25°C) as the reference (Which is zero).
= TRe - 32 = 45, Btu/lbm

QpLWA = 100 MFrWDA MqDA HWoLoGr, % (5-3-90)

mass of dry air corresponding to the excess air used for dry gas loss, Iom/Btu (kg/J)

b-3.6.4 QpLUbC — Unburned Carbon in Residue Loss, Percent..* The major unburned combustible loss {s due to

unhurned carbon in the residue. Other sources of unburned eembustible loss include loss due to carbon m¢noxide,
losg due to unburned hydrocarbons, loss due to pulverizet\rejects, and loss due to unburned hydrogen in [residue.

Thgse are normally minor losses and should be included in the other losses or unmeasured losses.

where

For| determination or estimation(ofyMpUbC, see para. 5-3.3.1.

HHVCRs

b-3.6.5 QpLRs — Sensible Heat of Residue Loss, Percent

HHVCRs

QpLUbC = MpubC m s

% (5-3-91)

= heating value of carbonas,it occurs in residue
14,500 Btu/lbm (33 700 kJ/kg)

QpLRs = % SMpRsz HRsz, % (5-3-92)
where
HRsz = enthalpy of residue at location z, Btu/Ibm (J/kg). For locations other than bottom ash, the residue can
be assumed to be at gas temperature. For dry bottom ash, use 2,000°F (1 100°C) if not measufred. For
wet bottom ash, a typical enthalpy of 900 Btu/Ibm (2 095 kJ/kg) is recommended.
MFrRs) = mass of residue per mass of fuel
MpRsz = mass percent of residue at location z. The typical locations are bottom ash, economizer/air heater

hopper, and fly ash leaving the air heater. Use the same residue split as used for determining MpUbC
in para. 5-3.3.1.

5-3.6.6 QpLOth — Other Losses, Percent Basis. Other losses on a percent basis are generally small and it is
recommended that the design value be used with an uncertainty of +50%. The most typical other losses and typical
values are CO (0.11% loss for 300 ppm), NO, (0.03% loss for 250 ppm), and pulverizer rejects (0.02% loss for a
175°F mill outlet temperature). It is suggested to include the radiation loss to the ash pit with the other losses on
a percent basis for simplicity. A typical value for the radiation loss to the ash pit is 0.03%.

5-3.6.7 QrLSrc — Surface Radiation and Convection Loss, Btu/hr (W). It is suggested that the contract value be
used. For contracts with the efficiency calculated in accordance with ASME PTC 4.1, the ABMA radiation loss curve
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would have been used. It is suggested that if the ABMA radiation loss curve is used, the indicated loss be increased
by a factor of 2.3 for coal-fired units. An uncertainty of + 0.25% is recommended if the surface areas are not
calculated in accordance with ASME PTC 4.

5-3.6.8 QrLClh — Calcination and Dehydration of Sorbent Loss, Btu/hr (W)
QrLCIh = 3MrSbk MFrClhk Hrk, Btu/hr (W) (5-3-93)

where

Hrk = heat of reaction for calcination of calcium or magnesium carbonate
766 Btu/Ibm (1 782 k] /kg) for CaCO; (Cc)
652 Btu/lbm (1 517 k] /kg) for MgCO; (Mc)
636 Btu/lIbm (1480 kJ/kg) for Ca(OH), (Ch)
625 Btu/Ibm (1 455 k] /kg) for Mg(OH), (Mh)
mass fraction of calcination of constituent k. If not measured, use plant historical value or 0.90[ for
CaCO;. Use 1.0 for all other constituents. An uncertainty of +10% is recommendéd.
MrSblc = mass flow rate of reactive constituents k, Ibm/hr (kg/s)

5-3.6.9 QrLWSb — Water in Sorbent, Btu/hr (W)

MFrClhk

QrLWSb = MrWSb (HStLoCr — HWRe), Btu/hr (W) (5-3-94)

5-3.4.10 QrLOth — Other Losses, Energy Basis. The most significant other los$ on an energy input basis ig the
radiatign loss to the ash pit. It may be estimated and included with the othér’losses on a percentage basis [see
para. 5-3.6.6) or calculated in accordance with the following;:

QrLAp = 10,000 ApAf, Btu/hr (W) (5-3-95)

where
ApAf| = flat projected area of the hopper opening, ft* (m?), Fhe’value of 10,000 above is the estimated radiation
rate to the ash hopper. An uncertainty of +50% is recommended.

5-3.6.11 QpBDA — Entering Dry Air Credit, Percent

QpBDA =100 MgDA HDAEn, % (5-3-96)
where
HDAEn = enthalpy of dry air at the average air temperature entering the air heater(s).
MgID)A = total dry air entering the steam generator, corresponding to the excess air entering the air heatef(s),

Ibm/Btu (kg/J)
5-3.6.12 QpBWA — Moisture in(Entering Air Credit, Percent

QpBWA = 100 MFYWDA MqDA HWoEn, % (5-3-97)

where
HWuoEn = enthalpy ofwater vapor at the average air temperature entering the air heater(s)

5-3.6.13 QpBF ~Sensible Heat in Fuel Credit, Percent

QpBF = %‘% HFEn, % (5-3-98)

where
HFEn = enthalpy of the fuel at the temperature of the fuel entering the steam generator envelope, Btu/lbm (J/kg)

5-3.6.14 QpBSIf — Sulfation Credit, Percent. Sulfation is the reaction of sulfur dioxide (SO,) with calcium oxide
(CaO) and oxygen to form calcium sulfate (CaSO,). The reaction is exothermic.
_ MpSF 0 2
QpBSIf = MFrSc HHVE HrSIf, % (5-3-99)
where
HrSIf = heat generated in the reaction of sulfur dioxide, oxygen, and calcium oxide to form calcium sulfate
per pound of sulfur capture, 6,733 Btu/lbm (15 600 kJ/kg)

72


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

MFrSc = mass fraction of sulfur capture, Ibm/Ibm (kg/kg). If not measured/calculated, use historical value.

(An uncertainty of +15% is recommended.)

5-3.6.15 QpBOth — Other Credits, Percent Basis. There are no typical other credits on a percent basis.

5-3.6.16 QrBX— Auxiliary Equipment Power Credit, Btu/hr (W). Typical auxiliary equipment includes pulverizers,
gas recirculating fans, hot primary air fans, and boiler circulating pumps. If not measured, historical or expected
credits [Btu/hr (W)] with an uncertainty of +0.25% is recommended. Note that credits based on electrical input
shall not be calculated for forced draft fans or primary air fans when the energy credit has been accounted for

based on the fluid temperature rise across the fans

EX

QrBX = C1 QX 155,

Btu/hr (W)

where

wW.

1 = 3,412 Btu/kW'h

EX = overall drive efficiency, %; includes motor efficiency, electric and hydraulic coupling efficiency, 3
efficiency

X = average power, kW

5-3.6.17 QrBSb — Sensible Heat in Sorbent Credit, Btu/hr (W)

QrBSb = MrSb HSbEn, Btu/hr (W)

here
HSbEn = enthalpy of the sorbent entering the steam generator@nvelope, Btu/lbm (J/kg)

b-3.6.18 QrBOth — Other Credits, Energy Basis. Other credits‘on an energy basis include additional 1

supplied from a source external to the steam generator, e.g,, atomizing steam. Since the enthalpy of at
steam entering the steam generator envelope is typically d@pproximately the same as the enthalpy of wat¢
exifing the steam generator envelope, if applicable, this\credit would generally be minimal (less than 0.0
perfent basis).

wW.

5-3.6.19 EF — Efficiency: Energy-Balance Methed. The following equation allows the direct solution of e
ith losses and credits expressed on both a pereent and energy basis:

Qro

EF = (100 -)SmQpL + SmQpB) 0r0O + SmQOrL = SmQrB)

Y%

here
SmQpL and SmQpB = sum(ofythe losses and credits calculated on a percent input from fuel basis
mQrL and SmQrB = sy of the losses and credits calculated on an energy basis, Btu/hr (W)

5-3.6.20 QrF and MrF.—Fuel Input and Fuel Flow. Fuel input and fuel flow based upon efficiency and

output are calculated ‘as“follows:

QrF = 100 (%) Btu/hr (W)

Qro

MrF = 100 (—EF TTVE

) Ibm/hr (kg/s)

(5-3-100)

nd gear

(5-3-101)

noisture
bmizing
T vapor
% on a

fficiency

(5-3-102)

leasured

(5-3-103)

(5-3-104)

5-4 AIR AND GAS MASS FLOW RATES

(a) Calculate total gas mass flow entering AHs stoichiometrically from input, MrFg14. See para. 5-3.5.9.
(b) When the individual gas velocities (or flows) entering each air heater are measured, calculate the gas flow
split between multiple AHs based on the ratio of measured gas velocity pressures or mass flow rates calculated
from velocity pressures and temperatures. The velocity pressure fraction of the flue gas entering air heater n is
shown in the equation below.

Am VpFgldnm

VpFridn = Aam VpFgl4a + Abm VpFg14b + ... + Azm VpFgldzm
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Am

area covered by Vp measurement nm

VpFgl4nm = flue gas velocity pressure at location nm

(c) Mass flow fractions are shown in the equation below.

where

MrFgldnm

MFrFglin = MrFg14Am + MrFg14Bm + ... + MrFgl4zm

, Ibm/Ibm (kg/kg) (5-

MFrEQl4n = ratio of the measured mass flow rate of flue gas entering air heater n divided by the total medsy

5-4.1 Multiple AHs of the Same Type

(a) F

air heaters, MrA9, by gas-side energy balance.

HA8n = enthalpy of air entering air heater n, Btu/Ibm (J /kg)
HA9n = enthalpy of air leaving air heater n, Btu/Ibm (JZkg)
HIfgl4n = enthalpy of flue gas entering air heater 1, Btuylbm (J/kg)

flue gas mass flow rate entering the air heaters

r bi-sector air heaters, calculate the airflow leaving each air heater, MrA9n, and total airflow leaving

QFgAhn = MFrFgl4n MrFg14 (HFg14n — HFg15NLn), Btu/hr (W) 5
QAAhn = QFgAhn = MrA9n (HA9n — HA8n), Btu/hr (W) 5
_ QFgAhn
MrA9m = m , Ibm/hr (kg/S) (5
MrA9 = MrA9A + MrA9B + ... + MrA9n, Ibm¢hy (kg/s) (5

4-2)

red

the

4-6)

HFg1pNLn = enthalpy of flue gas leaving air heater n,-&xcluding leakage, Btu/Ibm (J/kg). When determining

(b) F

flow enfering the multi-sector air heater(s) is the total stoichiometric gas flow (MrFg14). The total airflow ente
the air heater(s) is calculated by efiergy balance using MrFg14, and air and gas temperatures. The airflow st

not me
from th
energy

calculat]

(including considerationvof the air leakage from the primary to secondary air stream); therefore, an iter‘?Eive

the averlage air temperatures entering and leaving. The following equations are for a tri-sector air heater and ass

QAAhn = energy absorbed by the air in_air heater n, Btu/hr (W)
QFgAhn = energy given up by the flu€ gas in air heater n, Btu/hr (W)

enthalpy, the moisture and residue in flii€ gas entering the air heater should be used.
MrA9 = total mass flow rate of air leaving the air heaters, Ibm/hr (kg/s)
rA9n = mass flow rate of air leaving air heater 1, Ibm/hr (kg/s)

isured (usually the secdndary airflow) is calculated by difference, i.e., subtracting the measured airf
e total airflow. The avierage air temperature entering and leaving the multi-sector air heater(s) used for|
balance is the mass:flow-weighted average temperature of the entering primary and secondary air stre

ion procedurenis necessary to converge on the final primary to secondary airflow splits used to calc

r multi-sector air heaters, measute one airflow (usually the smaller or primary airflow). The flue gas mass

ing
bam
low
the
hms

ate
me

the primary aitflow was measured, MrA9Pm. Note that the highest-pressure airflow stream(s) leaks air to the loyer-
pressure air..The manufacturer’s estimated leakage rate is used in the equations.

QAPn = MrA9Pmn (HA9Pn — HA8Pn), Btu/hr (W) (514-7)

QASn = QFgAhn — QAPn, Btu/hr (W) (5-4-8)

. 1/2
MrPAISAES ( PDiA8PA8S )

PDiA8PA8SDs

MErPAISA = — 3 e ATFgre— 1P /1bm (kg/kg) (5-4-9)
MrAln = Mfé?)l” MpFgl4n MrFg14, Ibm/hr (kg/s) (5-4-10)
MrPAISAn = MFrPAISA MrAln, Iom/hr (kg/s) (5-4-11)
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QASn — MrPAISAn (HA9Sn — HA8Pn)

MrA9Sn = MrPAISAn + HA9Sn — HA8Sn

, Ibm/hr (kg/s) (5-4-12)

where
HA8Pn = enthalpy of primary air entering air heater n, Btu/lbm (J/kg)
HA8Sn = enthalpy of secondary air entering air heater n, Btu/lbm (J/kg)
HA9Pn = enthalpy of primary air leaving air heater n, Btu/lbm (J/kg)
HA9Sn = enthalpy of secondary air leaving air heater #n, Btu/Ibm (J/kg)
MFrPAISA = ratio of primary air leakage to secondary air leakage divided by the total air-to-gas leakage,
Ibm/lbm (kg/kg)
MrAln = mass flow rate of total air-to-gas leakage in air heater n, lbm/hr (kg/s)
MrA9Pmn = measured primary airflow leaving air heater n, Ibm/hr (kg/s)
MrPAISAEs = estimated mass flow rate of primary air to secondary air leakage, Ibm/hr (kg/s)
PDiASPA8S = pressure differential between the entering primary air and entering secondaty air, in. [wg (Pa)

RDiA8PA8SDs = design pressure differential between the entering primary air and entering secondary gir, used
to estimate MrPAISAEs, in. wg (Pa)

QAPn = energy absorbed by the primary air in air heater n, Btu/hr (W)

QASn = energy absorbed by the secondary air in air heater n, Btu/hr((W)

5-4,2 Multiple AHs of Different Types (e.g., Primary and Secondary Air Heaters)

(4) If there is only one AH of each type (or if the multiple AHs of each type are considered as one AH), measure
the|airflow leaving one type (usually the smaller or primary airflow) and calculate the gas flow to that air heater
type by energy balance.

QAPn = MrA9Pmn (HA9Pn — HASP#), Btu/hr (W) (5-4-13)
QFgPn = QAPn = MrFg14Pn (HEg14n — HFg15NLn), Btu/hr (W) (5-4-14)
_ QAPn
MrFg14Pn = HFg14p ~ HFg15NLn ’ Ibm/hr (kg/s) (5-4-15)
where
MrFgl4Pn = mass flow rate of flue gas enteting primary air heater n, Ilbm/hr (kg/s)

QFgPn = energy given up by the flidesgas in primary air heater n, Btu/hr (W)

(alculate the gas flow to the other air heater(s) by difference from total gas flow entering the air heateys.
(alculate the secondary airflow by ‘gas-side energy balance.
MrFg14S = MrFgl4 — (MrFg14PA + MrFg14PB + ... + MyFg14Pn) (5-4-16)
MrFg14Sn = MFrFg14Sn MrFg14S, Ibm/hr (kg/s) (5-4-17)
QFgSn = MrFg14Sn (HFg14n — HFg15NLn), Btu/hr (W) (5-4-18)
QASn = QFgSn = MrA9Sn (HA9Sn — HASSn), Btu/hr (W) (5-4-19)
MrA9Sn = % , Ibm/hr (kg/s) (5-4-20)

where
MrFg14S = total mass flow rate of flue gas entering the secondary air heaters, Ibm/hr (kg/s)
QFgSn = energy given up by the flue gas in secondary air heater n, Btu/hr (W)

(b) If there is more than one AH of either or both types, and their performance is to be determined individually,
the general procedure above is used but the stoichiometric gas flow (MrFg14) is divided to each air heater by one
or more of the following;:

(1) by energy balance if the airflow through that AH is measured

(2) by prorating the gas flow based on the ratio of measured gas velocity pressures or mass flow rates calculated
from velocity pressures and temperatures

(3) by difference, i.e., total minus the gas flows calculated by (1) and/or (2)
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For example, if there are two primary AHs and two secondary AHs, the airflow through the two primary AHs
could be measured. The gas flow through the primary AHs could then be calculated by energy balance. The
remaining gas flow could be proportioned by measuring the velocities entering the two secondary AHs.

5-5 FLUE GAS AIR HEATER CALCULATIONS

5-5.1 Performance Parameters

Conditions that affect the air heater performance and that should be given special consideration are

(a) qfantity of air passing through the air heater

(b) t

(c) recirculating or bypassing of air to control cold-end temperature
(d) air that bypasses the air heater, e.g., boiler setting infiltration (tramp air, ingress air, etc., between the

heater 3
(e) h
(f) hq
) qf
(h) te
(i) fo

(j) vapor quality of heating fluid

(k) he

5-5.2 1
(a) M

where 1

perature of air entering the air heater

ir outlet and air heater gas inlet), sealing air, and, on pulverized coal-fired units, pulverizer téempering
t side air heater leakage — condition of seals

t gas bypass — condition of seals

hantity of gas (heating fluid) passing through the air heater

mperature of gas (heating fluid) entering the air heater

l1led, eroded, or corroded elements or tubes

pating fluid temperature control, including recirculation, dilution, and /or bypassing

(MnA8 — Composite Entering Air Temperature
ultiple Bi-Sector Air Heaters of the Same Type
TMnA8 = MFrA9A TA8A + MFrA9B TA8B*+ ... + MFrA9n TA8n (5

he mass fraction of airflow leaving each air heater is, determined as described in subsection 5-4.

air
air

(b) Multi-Sector Air Heaters. For multi-sector air heaters; the air leakage from high pressure air streams to lower
pressure air streams must be accounted for.
_ TA8Pn (MrA9Pp + MrPAISAn) + TA8Sn (MrA9Sn — MrPAISAn)
TMnASn = MrA95n + MrA9Pn C12
MrA9Pmn + MrA9Sn
MFrA9n = SMIA9 , Ibm/lbm (kg/kg) (515-3)
TMnA8 = MFrAIA TMnAS8A + MFrA9B TMnAS8B + ... + MFrA9n TMnA8n, °F (°C) (515-4)
where
SmM{A9 = sum of themeasured primary airflows and calculated secondary airflows leaving the air heatdr
(c) Multiple Air Heaters-of Different Types (e.g., Primary and Secondary Air Heaters)
MrA9PmA TA8PA + MrA9SA TA8SA + MrA9PmB TASPB
+ MrA9SB TA8SB + ... + MrA9Pmn TA8Pn + MrA9Sn TA8Sn|
TMnAS = ST , °F (°C) (545-5)
5-5.3 TMnA9—Compeositeteaving-AirTemperature
(a) Multiple Bi-Sector Air Heaters of the Same Type
TMnA9 = MFrA9A TA9A + MFrA9B TA9B + ... + MFrA9n TA9n, °F (°C) (5-5-6)
(b) Multi-Sector Air Heaters
MrA9Sn TA9Sn + MrA9Pmn TA9Pn
TMnAIn = MrA9Sn + MrA9Pmn (5-57)
TMnA9 = MFrA9A TMnA9A + MFrA9B TMnA9B + ... + MFrA9n TMnA9n, °F (°C) (5-5-8)
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(c) Multiple Air Heaters of Different Types (e.g., Primary and Secondary Air Heaters)

5-5

MrA9PmA TAIPA + MrA9SA TAISA+ MrA9PmB TAIPB

+ MrA9SB TA9SB + ... + MrA9Pmn TA9Pn + MrA9Sn TA9Sn
TMnA9 = , °F (°C)
SmMrA9

.4 TMnFg14 — Composite Entering Gas Temperature, °F (°C)

TMnFgl4 = MFrFg14A TFg14A + MFrFg14B TFg14B + ... + MFrFgl4n TFgl4n, °F (°C)

(5-5-9)

(5-5-10)

5-5

5-5

5-5

—

det

ai

=

5-5

gas

wh

L5 EFFg — Gas-Side Effectiveness

_ TFg14 — TFg15NL

EFFS = —“rFe1a- 748
L6 EFA — Air-Side Effectiveness
TA9 — TA8
EFA = TFg14 — TAS
L7 MpAl — Percent Air Heater Leakage
MpAln = 100 MgFg15n — MgFgl4n %

MgFgl4n

he wet gas weight entering each air heater, MgFg14n, and wet gas-weight leaving each air heater, MgFg
brmined from the measured oxygen content in the flue gas, O,{entéring and leaving each air heater. T
heater leakage is the sum of the weight-averaged leakages actess each air heater.

18 TFg15NL — Gas Temperature Excluding Leakage

as defined by the energy absorbed by the air. See Mandatory Appendix I for the energy-balance meth
_ MpAln CpAn
TFg15NLn = TEg15n + 100 CpFgn (TA15n — TAln)
bre
CpAn = mean specific heat of air between the entering air temperature and the measured exit gas temp]
Btu/Ibm-°F (J/kgK)
CpFgn = mean specific heat pf-fllie gas between the measured exit gas temperature and the exit gas tem]

excluding leakagg, ,Btu/Ibm-°F (J/kg-K)
TAln = temperature of air heater leakage air, °F (°C). The leakage is made up of primary and secon
streams at the average entering air temperature (TAEn), and air heater setting infiltration (ing
which iséassumed to be at the same temperature (TAEn).

(5-5-11)

(5-5-12)

(5-5-13)

15n, are
he total

he air heater exit gas temperature excluding leakage, TEQ15NL, represents the useful energy extracted from the

dology.

(5-5-14)

erature,
berature

dary air
ress air)

[A15n = air tethperature at the measured air heater exit gas temperature

1IFg15n = meastted air heater exit gas, °F (°C)

Hor a bi-séctor air heater, the leakage air temperature is the air temperature entering the air heater. For p multi-
sector air_hedter, air passes from each entering air stream to the gas side. The weight-averaged AH leakage air
tenjperature is estimated using the AH manufacturer’s estimated split of the air-to-gas leakage from each entering
air ptream. For a tri-sector air heater, refer to the following equations:

TAln = MFrPAIFQEs TASP + (1 — MFrPAIFgEs) TASS, °F (°C) (5-5-15)
_ MrPAIFgEs
MFrPAIFgEs = MrPAIFgEs + MrSAIFgEs ’ Ibm/Ibm (kg/kg) (5-5-16)
where
MFrPAIFgEs = mass fraction of primary air-to-gas leakage, Ibm primary air-to-gas leakage/Ibm total air-to-gas

leakage

MrPAIFGEs = estimated mass flow rate of primary air-to-gas leakage, Ibm/hr (kg/s)

MrSAIFgEs

estimated mass flow rate of secondary air-to-gas leakage, Ibm/hr (kg/s)
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Equation (5-5-14) is the classic form for determining air heater exit gas temperature excluding leakage using
measured temperatures and specific heats. It is noted that determining the specific heat of flue gas is iterative,
since the exit gas temperature excluding leakage is not known initially. The exit gas temperature excluding leakage
may be determined from the enthalpy of the exit gas temperature excluding leakage, which may be determined
directly in accordance with the following equation:

MpAln
100

HFg15NLn = HFgl5n + (HA15n — HAln), Btu/Ibm (J/kg) (5-5-17)

The ITZAZIL alld IIAISIL altcT t}lc Ullt}la}l.}y Uf Clil fUl t}lC tCllllJClCltulCD dCfillCd abUVU, Cllld IIF&ISIL ib tllt: Ulltllaltl Of
the megsured flue gas at the temperature leaving the air heater, but using the moisture and residue content off the
flue gag entering the air heater (the air leakage is treated as an additional stream to the gas mass flow rate erntefing
the air heater in the equation above).

TFgI5NL = MFrFgl4A TFgI5NLA + MFrFg14B TFgI5NLB + ... + MFrFgl4n TFg15NLn, °F (°@) (5-4-18)

5-5.9 Test X-Ratio

The ratio of the heat capacity of the air passing through the air heater to the heat capacity of the gas pasging
through] the air heater is

MrA9 CpA _ TFgl4 — TFg15NL

X" = NiFqld Cpig —  TA9 = TA8

(5-3-19)

The design X-ratio is obtained by using the above formula and entering\the design data.

5-6 FLUE GAS AIR HEATER PERFORMANCE CORRECTED TO THE STANDARD OR DESIGN CONDITIONS
Test qonditions may not correspond to the standard or design(conditions. A method must be used to relate Jtest

and degign conditions and to determine what standard of thérmal performance will be used.

5-6.1 TFg15NLCr — Air Heater Exit Gas Temperature (Excluding Leakage) Corrected to Design Conditions

The ¢xit gas temperature of each air heater is corrected in accordance with the equation below. The corre¢ted
temperatures of multiple air heaters may then be ‘mass flow weighted using design air/gas flows to evalfiate
perfornjance as a system.

TFgI5NLCr = TFg15NL + TDiTAS + TDiTFg14 + TDiMrFg14 + TDiXr (516-1)
5-6.1.1 TDITA8 — Temperature Correction for Deviation From Design Entering Air Temperature

TA8Ds (TFg14 — TFg15NL) + TFg14 (TFg15NL — TAS)

TDiTAS = TFg14 — TA8

— TFg15NL (516-2)
where

TA8Ds = design enteting air temperature

Each air heater must.be corrected and then the corrected result mass flow weighted to obtain the final corre¢ted
result.

5-6.1.2 7TDiTFg14 — Temperature Correction for Deviation From Design Entering Gas Temperature

TFg14Ds (TEg15NL — TA8) + TAS8 (TFgl14 — TFg15NL)
TFg14 — TAS8

TDITFgI2 = —TF3I5NL (5-6-3)

where
TFg14Ds = design entering gas temperature

Each air heater must be corrected and then the corrected result mass flow weighted to obtain the final corrected
result.

5-6.1.3 TDiMrFg14 — Temperature Correction for Deviation From Design Entering Flue Gas Mass Flow Rate.
Correction to the measured gas temperature leaving the air heater for deviation from design entering flue gas mass
flow rate may be made by the use of a design correction curve. This curve shall be provided by the manufacturer.

78


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

This correction curve is developed by varying the entering gas mass flow rate while holding the entering air,
moisture in air, moisture in gas, and heat capacity ratio (X-ratio) constant at design conditions. The curve may be
approximated using the procedure in Nonmandatory Appendix C. Each air heater must be corrected and then the
corrected result mass flow weighted to obtain the final corrected result.

The correction curve is typically of the form of the exit gas temperature correction, TDiMrFg14, versus the entering
flue mass flow rate, MrFg14.

Another format sometimes used is a correction factor, FxFg, versus the entering flue mass flow rate, MrFg14.

The exit gas temperature correction, TDiMrFgl4, is calculated from the following equations:

TDIMrEgIZ = TFgI5Fg — TFgI5NL (5-6-4)
_ EFFg _ o
TFRI5Fg = TFgl4 - fpe (TFl4 - TAS) (5-6-5)
_ TFg14 - TFg15NL
Exbg = o1~ TFq15rg (5-6-6)
where
TIFg15Fg = the exit gas temperature(s) calculated when developing the FxFg versus MrFg14 correctior| curve

b-6.1.4 TDiXr — Temperature Correction for Deviation From Design X-Ratio (Heat'Capacity Ratio). Corr¢ction to
the|measured gas temperature leaving the air heater for deviation from design,X<ratio may be made by the use of
a design correction curve. The heat capacity ratio not only accounts for the'difference in the airflow/flue gas flow
ratio between the test and design conditions, but also the difference in the specific heat of air and flue gas between
the|test and design conditions (see para. 5-5.9). This curve shall be pfoyided by the manufacturer. This cdrrection
curfe is developed by varying the X-ratio while holding the entering\air, moisture in air, gas, moisture in gas,/and gas
mags flow rate constant at design conditions. The curve may be approximated using the procedure in Nonmandatory
Appendix C. Each air heater must be corrected and then the*Corrected result mass flow weighted to obtain the
fingl corrected result.
The correction curve is typically of the form of the exit gas temperature correction, TDiXr, versus the X-fatio, Xr.
Another format sometimes used is a correction factor, FxXr, versus the X-ratio, Xr.

The exit gas temperature correction, TDiXr, is calculated from the following equations:

TDiXf = TFg15Xr — TFgI5NL (5-6-7)
B EFFg
TEgI5Xr = TFgl4 - 75 (TFgl4 ~TAS) (5-6-8)

TFg14 — TFg15NL

BXr = T~ TFe15%r

(5-6-9)
where
TIFg15Xr = the exit gas‘temperature(s) calculated when developing the FxXr versus Xr correction curye

5-6{2 TA9Cr — Air Temperature Leaving the Air Heater, Corrected to Design Conditions

The air temperatare leaving the air heater, corrected to design conditions, is calculated by energy balange based
upgn the design entering parameters and the air heater exit gas temperature corrected to design conditipns. For
multi-air-passhair heaters, this correction is limited to the composite air temperature of all the air pasges. The
corfection ‘for  individual air passes may be approximated by the difference between the test composite| exit air
tenfperature and the corrected composite exit air temperature. The composite air temperature of each air lpeater is
corfected in accordance with the equation below. The corrected temperatures of multiple air heaters may|then be
mass flow weighted using design air/gas flows to evaluate performance as a system.

MrFg14Ds (HFg14Ds — HFg15NLCr)

HA9Cr = HA8Ds + MrA9Ds

(5-6-10)

where
HA, HFg = enthalpies of air and flue gas, respectively, determined using the design moisture in air and
design moisture and residue in the flue gas
HA8Ds = enthalpy of entering air at design entering air temperature, TA8Ds
HA9Cr = enthalpy of air leaving the air heater, corrected to design conditions (TA9Cr is determined from
HAO9Cr)

79


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

HFg14Ds
HFg15NLCr
MrA9Ds
MrFg14Ds

ASME PTC 4.3-2017

enthalpy of flue gas entering at design entering gas temperature, TFg14Ds

enthalpy of flue gas leaving the air heater, excluding leakage, corrected to design conditions
design mass flow rate of air leaving the air heater

design mass flow rate of flue gas entering the air heater

5-6.3 MPpAICr — Air Leakage Corrected for Deviation From Design Pressure Differential and From Design
Entering Air Temperature

MpAICr = 100 MrAICr / MrFg14Ds, %

For a bi-sector air heater
. 1/2
PDiSA8Fg15Ds\ | TASS
MrAICr = MrAl [( s A8§g155) (T A85Dsﬂ , Iom /hr (kg/s) (5-4-11)
For a multi-sector air heater
. /2
B MpPAIFg\ [ (PDiA8Fg15PDs\ [ TASP \]'
MrAlCr = MrAl [( 100 PDIASFg15P | \TASPDs (5612

100 - MpPAIFg) [ (PDiA8Fg155Ds\ [ TA8S \|'/?
" ( 106 g) [( PDiA8§-"g15S ) (TASSDS)] ] tom/hr (kg/s)
where
MpPAIFg = manufacturer’s expected primary air-to-gas leakage, expressed as a percent of total air-toigas
leakage
PDiA8Fg15P = static pressure difference between the primagy air inlet at the duct connection flange and|the
gas outlet at the duct connection flange, in;\wg (Pa)
PDiA8Hg15PDs = design static pressure difference between the primary air inlet at the duct connection flange
and the gas outlet at the duct connection flange, in. wg (Pa)
PDiA8Fg155 = static pressure difference between.the secondary air inlet at the duct connection flange and|the
gas outlet at the duct connection.flange, in. wg (Pa)
PDiA8Hg155Ds = design static pressure difference between the secondary air inlet at the duct connection flange
and the gas outlet at the-duict connection flange, in. wg (Pa)
TA8P = measured entering primary air temperature (absolute), °R (K)
[A8PDs = design entering primary air temperature (absolute), °R (K)
TA8S = measured entering secondary air temperature (absolute), °R (K)
[A8SDs = design entering secondary air temperature (absolute), °R (K)
5-6.4 RDiFg14Fg15Cr — Gas:Side Pressure Differential Corrected for Deviation From Design Gas Mass Flow Rate
dnd Temperature, in. wg (Pa)
PDiFg14Fg15Cr = PDiFg14Fgl5 (MAZ gF;“; s) (TF géé? Z : gﬁgD *], in. wg (Pa) (5-4-13)

where
MrEg14
MiF¢14Ds

measured /calculated mass flow rate of flue gas entering air heater, Ibm/hr (kg/s)
design mass flow rate of flue gas entering air heater, lbm/hr (kg/s)

PDiFg14Fg15

TFg14
TFg14Ds
TFg15
TFg15Ds
x

measured gas-side static pressure differential between the gas inlet duct connection flange and
the gas outlet duct connection flange, in. wg (Pa)

measured entering gas temperature (absolute), °R (K)

design entering gas temperature (absolute), °R (K)

measured exit gas temperature (absolute), °R (K)

design exit gas temperature including leakage (absolute), °R (K)

power used for the mass flow ratio correction, which should be obtained from the air heater
manufacturer. It is typically in the range of 1.7 to 1.8. The reason this is not 2.0 is that a significant
portion of the air heater pressure drop is due to friction loss and the mass flow (Reynolds
number) is typically in a range where the friction factor changes with mass flow.
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5-6.5 PDiA8A9Cr — Air-Side Pressure Differential Corrected for Deviation From Design Air Mass Flow Rate and

5-71 UNCERTAINTY
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Subsection 5-2 discussed calculation of the standard deviation of the mean and degrees of freedom for in

Temperature, in. wg (Pa)

X
PDIASAICY = PDIASAS (MrA9Ds> (TA8Ds + TA9Ds

MrA9 TAS + TA9 ) in-wg (Fa)

MrA9 = measured/calculated mass flow rate of air leaving the air heater, Ibm/hr (kg/s)

connection flange, in. wg (Pa)

TA8 = measured air temperature entering the air heater (absolute), °R (K)
TA8Ds = design air temperature entering the air heater (absolute), °R (K)
TA9 = measured air temperature leaving the air heater (absolute), °R (K)

TAIDs = design air temperature leaving the air heater (absolute), °R (K)

hmeters. This subsection presents calculations for overall standard deviation of the mean and degrees of
the test. This subsection also presents calculation methods for sénsitivity coefficients and the rand
ematic components of uncertainty. For post-test uncertainty calculations, all steam-generator performan
bns must be complete prior to the beginning of the uncertainty“calculations presented in this subsect

fest as well as post-test uncertainty analysis.
he pretest uncertainty analysis can provide important information and reduce the effort required to g
ertainty after completion of a performance test. Refer'to Section 7 for additional guidance on pretest ung
lysis. The majority of systematic uncertainty estimates can be made prior to starting a performance test. S
iation of the mean can be estimated based on*preliminary observation of equipment operating cor
fest estimates of the parameter standard deviation and degrees of freedom can be used to estimate the fr
number of measurements required for a‘given variable during the test.

his subsection provides general guidelines for calculating the uncertainty associated with an air heater g
e test. A more-detailed description 0f uncertainty analysis calculations along with derivations is incl
fion 7, which should be reviewed\prior to beginning any uncertainty calculations.

L1 Sensitivity Coefficients

ensitivity coefficients represent the absolute or relative effect of a measured parameter on the calcul
ter performance. Sensitivity coefficients can also be used for determining the effect of a paramete
rmediate calculation, e.g., air heater exit gas temperature. Sensitivity coefficients are important for
ertainty analy§is-to determine which parameters have the largest impact on the desired result (e.g.
perature, aif heater leakage, pressure drop).

ensitivity coefficients are calculated by arbitrarily perturbing the value of a parameter. The change in t]

(5-6-14)

Hividual
reedom
pm and
e calcu-
on. The

ertainty calculations presented in this subsection, as welk as those presented in para. 5-2.3, can be tised for

alculate
ertainty
tandard
ditions.
bquency

erform-
uded in

ated air
r on an
pretest
exit gas

e value

of 4 measured parameter can be calculated from
CHCOPAR — PCHGPAR Xavg or PCHGPAR U (5-7-1)
TO00 TO00
where
CHGPAR = incremental change in the value of a measured parameter
PCHGPAR = change in the value of a measured parameter, %. The recommended value of PCHGPAR is 1.0%. If

the average value of the measured parameter is zero, enter any small incremental change.

U = integrated average value of a measured parameter. For development of sensitivity coefficients, care

must be taken to use units that will not result in a numeric value of zero.

Xave
must be taken to use units that will not result in a numeric value of zero.
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Alternatively, e.g., when X,y is very small or zero, CHGPAR can be any convenient small increment of Xyc.
Absolute sensitivity coefficients are calculated for each measured parameter from the following equation:

RECALTGE - TGE

ASENSCO = ——Zrmm—— (5-7-2)
where
ASENSCO = absolute sensitivity coefficient for a measured parameter, corrected exit gas temperature excluding
leakage, per measured parameter units
RECATLTGE = recalculated corrected exit gas temperature excluding leakage, using (X + CHGPAR] or, (U +

The a

this form of equation can be used for any calculated result, e.g., air heater leakage, pressure drog, etc., by substitu

the resy
Relat

where
RSEN

The 4

5-7.2 R
The s

CHGPAR) in place of X (or U) while all other measured parameters are held fixed

sured) parameter

bove equation gives the sensitivity coefficient associated with the corrected exit gas temperature. Howe

It for TGE and RECALTGE.
ve sensitivity coefficients are calculated for each measured parameter from the{ollowing equation:

ASENSCO Xayg or ASENSCO U

RSENSCO = TCE TCE

G

SCO = relative sensitivity coefficient for a measured parameter,)% change in result per % chang
measured parameter

TGE = corrected exit gas temperature (or other desired uncertainty parameter, e.g., air heater leaka
calculated for the actual (measured) parameter

bove equation is shown for corrected exit gas temperature but can be used for other calculated result:

andom Uncertainty and Degrees of Freedom

fandard deviation of the mean (random uncertainty) of the calculated steam generator efficiency is obtai

TGE = corrected exit gas temperature excluding leakage (TFg15NLCr), calculated for the acfual (mea-

ver,

ing

7-3)

e),

ned
ule.

7-4)

7-5)

by combining the standard deviation of the mean‘df-all measured parameters according to the root-sum-square 1
STDDEVMNR = >, [(ASENSCO; STDDEVMN;)?]"/? 5
i=1
where
ABENSCO; = absolute sensitivity coefficient for measured parameter i
n = number of\measured parameters
STDPDEVMN; = standard-deviation of the mean for measured parameter i
STDDEVMNg = overall'fandom uncertainty (standard deviation of the mean) of result
The rflumber of degiges of freedom for the overall test result is calculated from the following equation:
STDDEV%
DEGFREEg = G
é (ASENSCO; STDDEVMN,)*
= DEGFREE;
where
DEGFREE; = degrees of freedom for measured parameter i
DEGFREER = overall number of degrees of freedom for test

5-7.3 Random Component of Uncertainty

The random component of uncertainty, URC, is calculated from the standard deviation of the mean and degrees

of freed

om of the result using the following equation:

URC = STDTVAL STDDEVMNg (5-7-6)
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5-7.4 Systematic Uncertainty

Systematic uncertainty calculations are estimated based on the method used to determine the values of a measured
parameter. Recommended procedures for estimating systematic uncertainty are presented in Sections 4 and 7.
Elementary systematic uncertainties for each measured parameter are combined according to the root-sum-
square rule

m 1/2
SYS; = (Esys%) (5-7-7)
j=1
where
m = number of components in the measurement system of parameter i
bYS; = systematic uncertainty limit of measured parameter i. The units of systematic uncertainty are the same

as the units of the measured parameter.
bY'S; = systematic uncertainty of individual components j used to determine the value \6f parametdr i. The
units of systematic uncertainty are the same as the units of the measured parambeter.

NOTE: “Measure” and “measurement system” are used in a general sense and do not exclude estimation of parameters.

The degrees of freedom for systematic uncertainties shall be taken as 50, corresponding to a probable fange of
10% in estimates of systematic uncertainty (see para. 7-5.5).

3-7.4.1 Systematic Uncertainties Associated With Spatially Nonuniform Parameters. The systematic unceftainties
asspciated with spatially nonuniform parameters that vary in both space andtime are discussed in detail in S¢ctions 4
and 7. Section 7 presents models that can be used to estimate the systematic uncertainty associated with these
typps of parameters. These models use a variable called spatial distribttion index (SDI). Spatial distributiqn index
is cplculated from the following equation:

1 n 1/2
SDI = [Ez(zi S 2)2] (5-7-8)
i=1
The following equation is suggested for numericaldhtegration:
SYSNT = [i] sDI (5-7-9)
(n-1)"2
where
CS = coefficient selected by the Code committee based on mathematical simulation as an estimate tolachieve
a 95% confidence level; listed in Table 7-5.3.2-1
n = number of points’in the measurement grid

SDI = spatial distribution index

SYSNI = systematic dngértainty from numerical integration
Z = integrated average value of z

z = time-averaged value of the measured parameter

It should be noted that although SDI is calculated identically to standard deviation, there is a significant sfatistical
difference bétween the two variables.

b-7.4.2Systematic Uncertainty of Result. The systematic uncertainty of a result is also calculated according to
the|reet-sum-square rule

n 1/2
(ABSENCO; SYS,)? (5-7-10)
=1

1

SYSg = [

where
SYSg = overall systematic uncertainty of the test result

The systematic uncertainty of the result can be positive and/or negative. If the positive and negative systematic
uncertainties are not symmetrical, the positive and negative values must be calculated separately. The sign of
the product ABSENCO; SYS; determines whether the term is summed with the positive or negative systematic
uncertainties.
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5-7.5 Test Uncertainty

The test uncertainty is calculated from the overall random and systematic uncertainty components

where

SYS 291/2
UNC = STDTVAL[URCZ +< 5 R) }

(5-7-11)

STDTVAL = two-tailed Student’s ¢ value evaluated for the degrees of freedom of the result (DEGFREEnc)

NC = test uncertainty

The t
the resy
is done

A cut

The 1

The 1
uncerta

5-8 A
This

For con
i.e., thet
The prd
superhgq

5-8.1 |

Meas
(a) M
MrA7. }
airflow
(b) T4
(c) T4
(d) P

wo-tailed Student’s t value is based on the 95th percentile point distribution and the degrees of freedon
1t. Table 5-7.5-1 shows the Student’s t value as a function of degrees of freedom. Interpolation dn.the t
using reciprocal degrees of freedom.

ve fit for t is
2.372 3.121 0.799 4.446
t = 1.959 + + + + (5-7

DEGFREE * DEGFREE®> DEGFREE® DEGFREE*

umber of degrees of freedom for the overall test result is calculated from the following equation:
SYSg\? 2
[( 5 R) + (URC)ﬂ
DEGFREEUNC = (5 y

(SYSR y
URC* 2

DEGEREER T 50

otal uncertainty must be calculated separately for bothypositive and negative ranges if the system
nties are not symmetrical.

R PREHEATER COILS

densable heating fluids, some degree of superheat must exist at the hot fluid exit for meaningful rest
e must be no condensation for the energy-balance equations presented in this subsection to be applicd
test agreements shall stipulate some-arbitrary degree of superheat. A value on the order of 10°F (]
at is recommended by this Codé;

ems to Be Measured

lire the following:

rA8 (airflow leaving)(Tt)is assumed that there is no air bypass, leakage, or ingress air. Therefore, MrA
f the air preheater{cail is tested in conjunction with the main combustion gas-to-air heat exchanger,
entering the comibuistion gas air heater may be used for MrAS.

17 (air temperature entering), °F (°C)

18 (air temperdture leaving), °F (°C)

17 (air pressure entering), in. wg (Pa)

h of
hble

-12)

-1-13)

atic

Code is limited to air preheater coils utilizing:honcondensing (single phase) steam, water, or other hot fldids.

hlts,
ble.
OC)

B —
he

—+

(e) P48 (aitvpressure leaving), in. wg (Pa)
(f) THEEn-(temperature of the hot fluid entering), °F (°C)
(g) THFLw(temperature-of-the-hot-fluidleaving)F(°C)

(h) PHFEn (pressure of the hot fluid entering), psig (Pa)

(i) PHFLv (pressure of the hot fluid leaving), psig (Pa)

(j) MrHF (mass flow rate of the hot fluid), Ibm/hr (kg/s). This item is optional, as it can normally be calculated
by energy balance.

5-8.2 TA8Cr — Air Temperature Leaving the Air Heater, Corrected to Standard or Design Conditions

The air heater corrections to obtain the corrected air temperature are essentially the same as the corrections for
the combustion gas-to-air heat exchanger to obtain the corrected exit gas temperature excluding leakage

TA8Cr = TA8 + TDiTA7 + TDiTHFEn + TDiMrA8 + TDiXr (5-8-1)
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Air preheating coils are usually designed for extremely cold temperatures compared to the time of testing. The
primary purpose of correcting the air heater air outlet temperature is to determine their performance with the
design entering cold air temperature. The major correction will be the X-ratio correction. It is necessary to obtain
an X-ratio (and entering air mass flow rate) correction curve from the manufacturer. See paras. 5-8.2.4 and 5-8.2.5.

5-8.2.1 EFA — Air Heater Air-Side Effectiveness. It is a reasonable assumption that at constant mass flow, changes
in temperature (i.e., changes in physical properties) have an insignificant effect on heat-exchanger effectiveness.
The air-side effectiveness is used as the criterion for correcting the air heater outlet air temperature below for
entering air temperature and entering hot-fluid temperature.

aSSsy
andg

the

the
tem

the

tenj
cor
air

hea
cor
The
the
des
con|

TA8 — TA7

EFA = THFEn — TA7

himption that air-side effectiveness does not change substantially with deviations in enteting air tem]
the relationships

TAS - TA7 TA8Cr - TA7
THFEn — TA7 ~ THFEn — TA7Ds

EFA =

temperature correction for entering air temperature can be reduced to the following:

TDITA7 = (TA7Ds — TA7) (1 — EEA)

assumption that air-side effectiveness does not change substantially with deviations in entering h
perature and the relationships

TA8 - TA7 TAS8Cr — TA7

EFA = THFEn — TAZ ~ THFEnDs - TA7

temperature correction for the hot fluid temperatatre entering can be reduced to the following:

TDIiTHFE=) (THFEnDs — THFEn) (1 — EFA)

5-8.2.4 TDIMrA8 — Temperature Corfection for Deviation From Design Airflow. Correction to the measg
perature leaving the air heater for deviation from design air mass flow rate may be made by the use of
fection curve. This curve shallbe provided by the manufacturer. This correction is developed by var)
mass flow rate while holding-the heat capacity ratio (X-ratio) constant.

5-8.2.5 TDiXr — Temperature Correction for Deviation From Design X-Ratio (Heat Capacity Ratio). W
ting fluid is a liquid, '@ noncondensable gas, or remains superheated vapor throughout the air preheat]
rection to the air temiperature may be made by the use of an X-ratio correction curve supplied by the manu
heat capacity ratio accounts for not only the difference in the airflow/hot fluid medium flow ratio 1
test and design conditions, but also the difference in the specific heat of the two fluids between the
ign condjtions. The correction curve is developed by varying the X-ratio while holding the air mass f
stant.
he X-ratio is defined by

(5-8-2)

5-8.2.2 TDiTA7 — Temperature Correction for Deviation From Design Entering Air Temperature. ” Basedl on the

berature

(5-8-3)

(5-8-4)

5-8.2.3 TDiHFEn — Temperature Correction for Deviation From Desigh Entering Hot Fluid Temperature. Hased on

ot fluid

(5-8-5)

(5-8-6)

ured air
h design
Ving the

hen the
ing coil,
facturer.
between
test and
ow rate

MrA8 CpA THEEn — THFEI®

AT = MGHE CyHF ~  TAS — TA7

(5-8-7)

If the hot fluid is condensable, the hot fluid leaving, THF Lv, must be an agreed-upon temperature above saturation;
10°F (5°C) if not agreed upon by the parties to the test.

5-8.3 PDiA7A8Cr — Air-Side Pressure Differential Corrected for Deviation From Design Air Mass Flow Rate and

Temperature

X
PDIA7ASCr = PDiA7AS (MrASDs) (TA7Ds + TA8Ds

MrA3 TA7 + TAS ) in-wg (Pa)
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where
PDiA7AS8 air-side static pressure loss between the air inlet duct and air outlet duct connection flange, in. wg (Pa)
x = power used for the mass flow ratio, typically 2; however, it should be verified by the air heater
manufacturer. It could be lower if a significant portion of the air preheater pressure drop is due to
friction loss and the mass flow (Reynolds number) is in a range where the friction factor changes
with mass flow.

5-9 ENTHALPY/SPECIFIC HEAT OF AIR, FLUE GAS, WATER VAPOR, AND RESIDUE

The gpecific energy (energy per unit mass) of many different flow streams is required for complete air‘hepter
test cal¢ulations. However, the most prominent requirement is for air and flue gas. For a complete referencq on
this subjject, refer to subsection 5-19 in ASME PTC 4, which includes the constituents of all the gaseous, prodficts
found ih combustion of fossil fuels and the coefficients for a fifth-order curve fit for each constituent:

For cpnvenience of hand calculations, we are presenting enthalpy of air, dry flue gas, and relatéd substances
based on second-order curve fits. These were developed from the same correlations as used in. ASME PTC 4. [J.S.
Customjary units of Btu/Ibm are used for the curve fits. Compared to ASME PTC 4 higher-order correlations,|the
uncertajnty of the enthalpy determined with these second-order curve fits is less thaf 0:1%. The higher-ofder
correlatjons in ASME PTC 4 may be used in lieu of the curve fits presented in this Code-

The Hasic equation for the enthalpy of each substance is

H, = A+ BT+ CT? Btu/lbm (J/kg)

where temperature, T, is in degrees Fahrenheit. The coefficients for the enthalpies covered are found in Table 5{9-1.

Freqdently, changes in specific energy are calculated using the specifietheat, C,, and temperature difference. This
Code rgcommends that the mean specific heat be determined basedon the difference in enthalpy divided by|the
differenice in temperature

HLv — HER Btu
MnCp = o~ omF
5-9.1 Hnthalpy of Air

The gnthalpy of air is a function of the mass of the mixture of dry air and water vapor in the air. To determpine
the enthalpy of dry air, use a water vapor content'of zero.

HA = (1 - MFrWA) HDA + MFrWA HWu, Btu/Ibm (J/kg) (519-1)
MFrWDA . .
MFrIWA = T MErWDA Ibm Wv/lbm wet air (kg Wv/kg wet air) (519-2)

where
HA = enthalpy of wet air, Btu/Ibm (J/kg)
HDA = enthalpy.of'dry air, Btu/lbm (J/kg)
HWv = enthalpy-of water vapor, Btu/Ibm (J/kg)

MFyWA = mass fraction of water vapor in wet air, bm Wv/Ibm wet air (kg Wv/kg wet air)
MFriWDA = /nass fraction of water vapor in dry air, bm Wv/Ibm DA (kg Wv/kg DA). This is the standard
method for expressing moisture in air.

5-9.2 Hnthalpy of Flue Gas

Coefficients for dry flue gas are based on a flue gas composition of 15.3% CO,, 3.5% O,, 0.1% SO,, and 81.1%
atmospheric nitrogen by volume. The enthalpy of dry flue gas does not vary significantly for fossil fuels because
atmospheric nitrogen is the predominant component. It varies from 80% for coal to approximately 88% for natural
gas. The difference is predominantly CO, and O,, which have similar heat capacity characteristics that are not
significantly different from those of atmospheric nitrogen. For typical hydrocarbon fuels combusted with less than
300% excess air, the following coefficients are sufficiently accurate for most heat transfer calculations.

The enthalpy of dry flue gas may be determined based upon the actual flue gas composition during the test
period if desired. For unusual fuels, e.g., manufactured gases, hydrogen, and/or combustion processes utilizing
an oxidizing medium other than air, the enthalpy of dry flue gas shall be determined based upon the actual average
composition of the actual flue gas. Refer to ASME PTC 4, para. 5-19.11.
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Wet flue gas as defined by this Code is composed of the dry gaseous products of combustion and water vapor.
Solid residue may also be entrained in the gas stream. It should be considered if sorbent is used or if greater than
15 Ibm/MBtu. The enthalpy of wet flue gas accounts for the enthalpy of all these complements. If the enthalpy of
dry flue gas is desired, the water and solid residue components are zero.

where
HDFgq

HFg = (1 - MFrWFg) HDFg + MFrWFg HWo + MFrRsFg HRs, Btu/lbm (J/kg)

enthalpy of dry flue gas, Btu/lIbm (J/kg)

HFg
HRs
HWo
(FrRsFg

~

MFrWFg

5-10 ACRONYMS AND SYMBOLS
5-10.1 Air Heater/Air Preheater Boundaries

7 air entering air preheater coil
8: air entering air heater

9: air leaving air heater

14:[ gas entering air heater

15:| gas leaving air heater

HF] hot fluid entering or leaving air preheater coil

5-10.2 Computational Acronyms Used in Section 5
See Table 5-10.2-1.

5-10.3 Uncertainty Acronyms Used. in Section 5
See Table 5-10.3-1.

Note that acronyms in this Section are arranged in the following sequence: property > stream > locatio
Hor example, in a multi-sector air heater, MrSAIFg-refers to the mass flow of secondary air leakage to
gas|stream. Similarly, TA9 refers to the temperature\of the air stream at location 9 (the air heater air outle

enthalpy of wet flue gas, Btu/Ibm (J/Kg)
enthalpy of residue, Btu/Ibm (J/kg)
enthalpy of water vapor, Btu/Ibm (J/kg)

(5-9-3)

mass fraction of residue in wet gas, Ibm Rs/lbm wet gas (kg/kg). Refer to para. 5-3.5,12/for calfulation

on a percentage basis. Divide by 100 to obtain the mass fraction.

mass fraction of water in wet gas, Ibm H,O/lbm wet gas (kg /kg). Refer to para-5-3.5.11 for calfulation

on a percentage basis. Divide by 100 to obtain the mass fraction.

h.
the flue

).
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Table 5-7.5-1 Two-Tailed Student’s t Table for the 95% Confidence Level

Degrees of Freedom t Degrees of Freedom t
1 12.706 16 2.120
2 4.303 17 2.110
3 3.182 18 2.101
4 2.776 19 2.093
5 2.571 20 2.086
6 2.447 21 2.080
7 2.365 72 707%
8 2.306 23 2.069
9 2.262 24 2.064
10 2.228 25 2.060
11 2.201 26 2.056
12 2.179 27 2.052
13 2.160 28 2.048
14 2.145 29 2.045
15 2.131 30 or more 1.960

Table 5-9-1 Enthalpy Curve Fit Coefficients, Btu/lbm

Quantit A B C Temperature Rangg, °F
Dry air -18.4743 0.239517 4.49169 E-06 0 to 250
Dry air -17.6198 0.233660 1.44305 E-05 Over 250 to 1,00
Water vagor -34.1850 0.442076 2:29150 E-05 0 to 250
Water vagor -32.5905 0.431066 4.15202 E-05 Over 250 to 1,00
Water vapor —-28.7144 0.421885 4.68505 E-05 Over 1,000 to 1,500
Dry flue das -17.9132 0.231809 1.83275 E-05 100 to 800
Dry flue das -19.6351 0.235349 1.66272 E-05 Over 800 to 1,50
Residue -13.7115 0.170656 8.16198 E-05 100 to 350
Residue -16.3568 0.187639 5.44056 E-05 Over 350 to 900
Residue -33.2975 0.219433 3.98828 E-05 Over 900 to 1,34
Residue -17.5314 0.204644 2.24942 E-05 Over 1,340 to 1,500
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Table 5-10.2-1 Computational Acronyms

Acronym Description Units
ApAf Flat projected area of the ash hopper throat opening ft2 (m?)
Ca(0OH)2 Calcium hydroxide mass/mol
CaCO3 Calcium carbonate mass/mol
CpA Specific heat of air Btu/lbm-°F (J/kg°C)
CpFg Specific heat of flue gas Btu/lbm-°F (J/kg-K)
CpH SPecific ieat of the not ftuid to air preneater coils BTu/tom-°F J7Kg°C)
DnA Density of air lbm/ft® (kg/m>)
DnFg Density of wet flue gas lbm/ft (kg/m3)
DnGF Density of gaseous fuel lbm/scf (KgJN-m3)
DVp[02 Carbon dioxide in the flue gas % dry votume
DVpN2a Atmospheric nitrogen in the flue gas % drpvolume
DVpN2F Nitrogen from fuel in the flue gas % dry volume
DVpp2 Oxygen concentration in the flue gas % dry volume
DVpF02 Sulfur dioxide in the flue gas % dry volume
EF Efficiency by the energy-balance method % fuel input
EFA Air-side effectiveness Dimensionless
EFFg Gas-side effectiveness Dimensionless
EX Overall drive efficiency; includes motor efficiency, electric and hydraulic codpling effi- %
ciency, and gear efficiency
FxFg| Correction factor for off design flue gas flow; from curve Dimensionless
FxXr Correction factor for off design X-ratio; from curve Dimensionless
HA Enthalpy of wet air Btu/lbm (/kg)
HA1p Enthalpy of air at the temperature TFg15 Btu/lbm (/kg)
HAS8[Cr Enthalpy of wet air entering the air heater, corrected totdesign conditions Btu/lbm (J/kg)
HA8Ds Enthalpy of entering air at design entering air temperature Btu/lbm (/kg)
HA9(Cr Enthalpy of air leaving the air heater corrected to design conditions Btu/lbm (/kg)
HAz Enthalpy of air at location z (e.g., 7, 8, or 9) Btu/lbm (J/kg)
HAzP Enthalpy of primary air at location z (e.g., 7,8;%r 9) Btu/lbm (J/kg)
HAz$ Enthalpy of secondary air at location z (e.§.3»7, 8, or 9) Btu/lbm (J/kg)
HDAEN Enthalpy of dry air at the average entering air temperature Btu/lbm (J/kg)
HDFgLvCr Enthalpy of dry gas at the temperature-leaving the air heater(s), excluding leakage Btu/lbm (J/kg)
HFE Enthalpy of fuel at the entering temperature of fuel Btu/lbm (J/kg)
HFg Enthalpy of wet flue gas Btu/lbm (J/kg)
HFg{ 4Ds Enthalpy of flue gas entering-at design entering gas temperature Btu/lbm (J/kg)
HFgl 5NL Enthalpy of flue gas leaving the air heater, excluding leakage Btu/lbm (J/kg)
HFg{ 5NLCr Enthalpy of flue gas-leaving the air heater, excluding leakage, corrected to design Btu/lbm (J/kg)
conditions
HFg: Enthalpy of flue ‘gas at location z (e.g., 14 or 15) Btu/lbm (J/kg)
HHWUCRs Higher heating Value of carbon as it occurs in residue Btu/lbm (kJ/kg)
HHWFcv Higher heating value of the fuel on a constant volume basis Btu/lbm (J/kg)
HLVA Enthalpy of constituent k leaving Btu/lbm (J/kg)
HRe Enthalpy of constituent k at the reference temperature, TRe Btu/lbm (J/kg)
Hrk Héat of reaction for constituent k Btu/lbm (J/kg)
HrSIf Heat generated due to sulfation Btu/lbm (kJ/kg)
HSbEn Enthalpy of the sorbent entering Btu/lbm (J/kg)
HStlvCr Enthalpy of steam (per ASME Steam Tables) at the corrected exit gas temperature Btu/lbm (J/kg)
(TFgLvCr or TMnFgLvCr)
HWRe Enthalpy of water (per ASME Steam Tables) at the reference temperature, TRe Btu/lbm (/kg)
HWVEy rthatpy-efwatervapor{perANARNASA he—corrected—exit—eg efpe Bt Hor—gHkea
(TFgLvCr or TMnFgLvCr)
MFrClhk Mass fraction of calcination of constituent k mass CO,/mass constituent
MFrCO2Sb Mass fraction of gas (CO,) from sorbent Ibm/lbm fuel (kg/kg)
MFrFg14n Ratio of the measured mass flow rate of the flue gas entering air heater n to the total  lbm/lbm (kg/kg)
measured mass flow rate entering the air heaters
MFrH20Sb Mass fraction of the water in sorbent lbm/lbm fuel (kg/kg)
MFrO3ACr Mass fraction of oxygen from air required to form SOj3 in the sulfation process lbm/lbm (kg/kg)
MFrPAIFgEs Estimated mass fraction of primary air-to-gas leakage lbm (kg)
MFrPAISAEs Ratio of primary air leakage to secondary air leakage, divided by total air-to-gas lbm/lbm (kg/kg)
leakage
MFrRs Mass fraction of residue lbm/lbm fuel (kg/kg)
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Table 5-10.2-1 Computational Acronyms (Cont’d)

Acronym Description Units
MFrRsFg Mass fraction of residue in wet gas lbm Rs/lbm wet gas (kg/kg)
MFrSb Mass fraction of sorbent lbm/lbm fuel (kg/kg)
MFrSbk Mass fraction of constituent k in sorbent lbm/lbm fuel (kg/kg)
MFrSc Mass fraction of sulfur capture lbm/lbm fuel (kg/kg)
MFrSO3 Mass fraction of SO3 formed in the sulfation process lbm/lbm fuel (kg/kg)
MFrSsb Mass fraction of spent sorbent lbm/lbm fuel (kg/kg)
MFrThA Theoretical-at—ideat AassHrass—fuet
MFrThAC Mass of theoretical air (corrected for unburned carbon and O3 required to form SOs in  mass/mass fuel

the sulfur capture process if sorbent is used)
MFrivA Mass fraction of moisture in wet air lbm H,0/lbm wet air (kg[kg)
MFrWAdz Additional moisture at location z; mass fraction of fuel basis mass/mass fuel
MFrWDA Mass fraction of moisture in dry air. This is the standard method for expressing mois-  mass H,0/mass dry air
ture in air (moisture in air or flue gas is also referred to as humidity ratio in Section
4 and the symbol is W).
MFrivFg Mass fraction of water in wet gas Ibm H,0/lbm wet gas (kg/kg)
MFrWSb Mass fraction of total water from sorbent per mass of fuel mass/mass fuel
Mg(OH)2 Magnesium hydroxide mass/mol
MgCO3 Magnesium carbonate mass/mol
MnCpk Mean specific heat of constituent k Btu/lbm-°F (J/kg-K)
MoC0254 Moles of gas (CO,) from sorbent mol/mass fuel
MoDFg Moles of dry gas mol/mass fuel
MoDPc Moles of dry products from the combustion of fuel mol/mass fuel
MoFg Moles of wet gas per mass fuel mol/mass fuel
MoFrCaS Calcium-to-sulfur molar ratio mol/mol
MoFrClhk Calcination fraction for constituent k mol CO,/mol constituent
Mokj Moles of constituent k in fuel component j mol/mass fuel
MoO3ACH Dry gas flow correction for oxygen in air required to form~S0O; mol/mass fuel
MoThACr Moles of theoretical air (corrected for unburned carbon“and O3 required to form SO3 mol/mass fuel as-fired
in the sulfur capture process if sorbent is used)
MoWA Moles of moisture in air mol H,0/mol dry air
MoWPc MoDPc plus moles H,0 from fuel, sorbent, and any additional H,0 mol/mass fuel
MoWsb Total moles of water from sorbent mol/mass fuel
MpAl Air to gas air heater leakage, percent ofientering gas mass flow rate % mass
MpAICr Air to gas leakage, corrected to design-conditions % mass
MpAsF Percent ash in fuel % mass
MpCak Percent of calcium in sorbent in form of constituent k % mass
MpCb Percent carbon burned % mass
MpCF Percent carbon in fuel % mass
MpCO2RS Percent carbon dioxide_in residue % mass
MpCRs Percent unburned|carbon in the residue % mass
MpFk Mass percentage of constituent k in fuel % mass
MpH2F Percent hydrogen in fuel % mass
MpO2F Percent_6xygen in fuel % mass
MpPAIFgHs Manufacturer’s expected primary air-to-gas leakage, adjusted for pressure drop % of total leakage
between the entering primary air and exiting flue gas
MpRsFg Percent residue (solids) in flue gas % mass
MpSF Pércent sulfur in fuel % mass
MpToCRs Percent total carbon in residue; includes CO, % mass
MpUbC Percent unburned carbon in fuel % mass
MpWF Percent water in fuel % mass.
MpWFgz Percent moisture in flue gas at location z % mass
MqC0O2Sb Mass of gas (CO,) from calcination of sorbent on an input from fuel basis lbm/Btu (kg/))
MgDA Mass of dry air on an input from fuel basis lbm/Btu (kg/))
MqDAz Mass dry air at location z on an input from fuel basis lbm/Btu (kg/))
MqgDFgz Mass dry flue gas at location z on an input from fuel basis lbm/Btu (kg/))
MqFgF Wet gas from fuel on an input from fuel basis lbm/Btu (kg/))
MqFgz Total wet flue gas weight at location z on an input from fuel basis lbm/Btu (kg/J)
Mgk Mass of constituent k per unit input in fuel lbm/Btu (kg/))
MqgO3ACr Dry gas flow correction for the O3 in air required to form SO5 on an input from fuel lbm/Btu (kg/))
basis
MqgThA Typical value of theoretical air for fuel (ideal) on an input from fuel basis lbm/Btu (kg/))
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Table 5-10.2-1 Computational Acronyms (Cont’d)

Acronym Description Units
MqThAAd Additional theoretical air due to sulfur capture/retention on an input from fuel basis lbm/Btu (kg/J)
MqThACr Theoretical air on input from fuel basis (corrected for unburned carbon and 05 lbm/Btu (kg/J)

required to form SOs in the sulfur capture process if sorbent is used)
MqWAdz Additional moisture at location z on an input from fuel basis lbm/Btu (kg/J)
MqWAz Moisture in air on an input from fuel basis lbm/Btu (kg/J)
MqWF Moisture from H,0 (water) in fuel on an input from fuel basis lbm/Btu (kg/J)
Mq Vgz——TFotat-rroisture—th-flue-gas-onr—antrputfrom—tfuel-basis Lo Bu—tkal
MqWH2F Moisture from the combustion of hydrogen in the fuel on an input from fuel basis lbm/Btu (kg/J)
MqWsSb Mass of total water from sorbent on an input from fuel basis lbm/Btu (kgH)
MgWvF Moisture from H,0 (water vapor) in fuel on an input from fuel basis lbm/Btu (kg/4)
MrA Mass flow rate of wet air, general lbm/hretkg/s)
MrApDs Design mass flow rate of air leaving the air heater lbmfhr (Kg/s)
MrAPPm Measured primary airflow leaving the air heater lbm/hr (kg/s)
MrA Mass flow rate of total air-to-gas leakage in air heater [bm/hr (kg/s)
MrAk Mass flow rate of wet air at location z lbm/hr (kg/s)
MrAgDs Design mass flow rate of wet air at location z Ibm/hr (kg/s)
MrF Mass flow rate of fuel Ibm/hr (kg/s)
MrF§14Ds Design mass flow rate of flue gas entering the air heater Ibm/hr (kg/s)
MrF§14S Total mass flow rate of flue gas entering the secondary air heaters lbm/hr (kg/s)
MrFgz Mass flow rate of wet flue gas at location z lbm/hr (kg/s)
MrFgzDs Design mass flow rate of wet flue gas at location z Ibm/hr (kg/s)
MrHF Mass flow rate of the hot fluid entering air preheat coils lbm/hr (kg/s)
MrPRQIFgEs Estimated mass flow rate of primary air-to-gas leakage lbm/hr (kg/s)
MrPAISAEs Estimated mass flow rate of primary air to secondary air leakage Ibm/hr (kg/s)
MrSRQIFgEs Estimated mass flow rate of secondary air-to-gas leakage lbm/hr (kg/s)
MrSh Measured mass flow rate of sorbent lbm/hr (kg/s)
MrSpk Mass flow rate of reactive sorbent constituent k lbm/hr (kg/s)
MrSlz Summation of the measured additional moisture seurces lbm/hr (kg/s)
MrifSb Mass flow rate of total water from sorbent lbm/hr (kg/s)
MVvF} Mass of constituent k per unit volume of fuet lbm/mol fuel or lbnj/ft? fuel
(kg/mol or kg/m?
MwA Molecular weight of wet air mass/mol
Mw(ak Molecular weight of calcium compeund k mass/mol
MwlbFg Molecular weight of dry flue,gas mass/mol
Mwhg Molecular weight of wet flue.gas mass/mol
MwGF Molecular weight of the.gaseous fuel mass/mol
Mwk Molecular weight of-constituent k mass/mol
Mw@3 Molecular weight-of O3 mass/mol
MwS Molecular weight.of sulfur mass/mol
PAz Static pressure Jof air at location z (e.g., 7, 8, or 9) in. wg (Pa)
Pb Barometric pressure psia (Pa)
PDIA Pressure differential, air (air resistance) in. wg (Pa)
PDIiA8BA9 Air-Side"static pressure loss between the air inlet duct connection flange and the air in. wg (Pa)
outlet duct connection flange
PDIA8A9Cr Air-side pressure differential, corrected for deviation from design air mass flow rate in. wg (Pa)
and temperature
PDiA8Fg15P Static pressure difference between the primary air inlet at the duct connection flange in. wg (Pa)
and the gas outlet at the duct connection flange
PDiA8Fg15PDs Design static pressure difference between the primary air inlet at the duct connection  in. wg (Pa)
ﬂ:ngn and the gas outlet at tho duct cannectian ﬂ:ngn
PDIiA8Fg15S Static pressure difference between the secondary air inlet at the duct connection in. wg (Pa)
flange and the gas outlet at the duct connection flange
PDiA8Fg155Ds Design static pressure difference between the secondary air inlet at the duct connec- in. wg (Pa)
tion flange and the gas outlet at the duct connection flange
PDIA8SPASS Static pressure difference between entering primary air and entering secondary air in. wg (Pa)
PDIA8PA8SDs Design static pressure difference between entering primary air and entering secondary  in. wg (Pa)
air
PDIA8PA9P Static pressure difference between entering primary air and leaving primary air in. wg (Pa)
PDIA8SA9S Static pressure difference between entering secondary air and leaving secondary air in. wg (Pa)
PDiFg14Fg15 Measured gas-side static pressure differential between the gas inlet duct connection in. wg (Pa)

flange and the gas outlet duct connection flange
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Table 5-10.2-1 Computational Acronyms (Cont’d)

Acronym Description Units

PDiFg14Fg15Cr Gas-side pressure differential, corrected for deviation from design gas mass flow rate in. wg (Pa)
and temperature

PFgz Static pressure of flue gas at point z in. wg (Pa)
PHFEn Pressure of the hot fluid entering air preheater coils psig (Pa)
PHFLv Pressure of the hot fluid leaving air preheater coils psig (Pa)
PpWVA Partial pressure of water vapor in air psia (Pa)
PsWvTdb Dry-bitb-temperatire oF (o0}
PsWvTwb Wet-bulb temperature °F (°Q)
PsWvTz Saturation pressure of water vapor at wet-bulb temperature psia (Pa)
QAAh Energy absorbed by the air leaving air heater Btu/hr (W)
QAP Energy absorbed by the primary air leaving air heater Btu/hr (W)
QAS Energy absorbed by the secondary air leaving air heater Btu/hr (W)
QFgAh Energy given up by the flue gas entering air heater Btu/hr-(W)
QFgP Energy given up by the flue gas entering primary air heater Btushr(W)
QFgS Energy given up by the flue gas entering secondary air heater Btu/hr (W)
QpBDA Credit due to entering dry air % ‘fuel input
QpBF Credit due to sensible heat in fuel % fuel input
QpBOth Other credits % fuel input
QpBSIf Credit due to sulfation % fuel input
QpBWA Credit due to moisture in entering air % fuel input
QpLDFg Loss due to dry gas % fuel input
QpLH2F Loss due to water formed from combustion of H, in fuel % fuel input
QpLk Loss from constituent k % fuel input
QplLOth Other losses % fuel input
QpLRs Sensible heat of residue loss % fuel input
QpLUbC Loss due to unburned carbon in residue % fuel input
QpLWA Loss due to moisture in air % fuel input
QpLWF Loss due to water in fuel % fuel input
QpLWvF Loss due to water vapor in gaseous fuel % fuel input
QrBSb Sensible heat in sorbent credit Btu/hr (W)
QrBX Credit due to auxiliary equipment power Btu/hr (W)
QrF Fuel input Btu/hr (W)
QrLClh Loss due to calcination and dehydration-ef sorbent Btu/hr (W)
QrLOth Other losses, energy basis Btu/hr (W)
QrLSrc Loss due to surface radiation and_cénvection Btu/hr (W)
QrLWSb Loss due to water in sorbent Btu/hr (W)
Qro Total steam generator heafteutput Btu/hr (/h)
[0)¢ Energy input to the drives kW-h ()
R Universal molar gas constant ft-lbf/mol-°R (J/kg-mol-K)
Rhmz Relative humidity(at {ocation z %
Rk Specific gas cdnstant for gas k ft/°R ( kg/K)
SmQpB Sum of the heat credits on a percent input from fuel basis % fuel input or Btu/hr (W)
SmQplL Sum of the\heat losses on a percent input from fuel basis % fuel input or Btu/hr (W)
SmQrB Sum_of/credits on an energy basis Btu/hr (/h)
SmQrL Sum_of losses on an energy basis Btu/hr (J/h)
TA8Cr Airtemperature leaving the air preheater coil, corrected to design conditions [Note (1)] °F (°C)
TA8Ds Design air temperature entering the air heater [Note (1)] °F (°Q)
TA8P Measured air temperature entering primary air heater [Note (1)] °F (°C)
TA8PDs Design air temperature entering primary air heater [Note (1)] °F (°0)
TA8S Measured air temperature entering secandary air heater [Note (1)] OF (°()
TA8SDs Design air temperature entering secondary air heater [Note (1)] °F (°Q)
TA9Cr Air temperature leaving the air heater, corrected to design conditions [Note (1)] °F (°C)
TA9Ds Design air temperature leaving the air heater [Note (1)] °F (°Q)
TACr Temperature of wet air, corrected to design conditions °F (°Q)
TAl Temperature of air heater leakage air °F (°0)
TAz Temperature of air at point z (e.g., 7, 8, or 9) °F (°C)
TAzDs Design temperature of wet air at location z (e.g., 7, 8, or 9) °F (°Q)
Tdbz Temperature of air (dry bulb) at location z °F (°O
Twbz Temperature of air (wet bulb) at location z °F (°Q)
TDiMr8A Temperature correction for design airflow °F (°Q)
TDiMrFg14 Temperature correction for deviation from design entering flue gas mass flow °F (°Q)
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Table 5-10.2-1 Computational Acronyms (Cont’d)

Acronym Description Units
TDITA8 Temperature correction for deviation from design entering air temperature °F (°Q)
TDiTFg14 Temperature correction for deviation from design entering gas temperature °F (°0)
TDITHFEn Temperature correction for entering hot fluid temperature APH coils °F (°Q)
TDiXr Temperature correction for deviation from design X-ratio °F (°Q)
TFg14Ds Design entering gas temperature [Note (1)] °F (°Q)
TFg15Ds Design exit gas temperature including leakage (absolute) °F (°0)
TFg 15MNL Air heater exit gas-temperature, o r|||r“ng |n:|1:ga oF (Or‘\
TFg15NLCr Air heater exit gas temperature, excluding leakage, corrected to design conditions °F (°0)
TFg Temperature of wet flue gas at location z (e.g., 14 or 15) °F (°Q)
TFg4Ds Design temperature of wet flue gas at location z (e.g., 14 or 15) °F (°0)
THFEn Temperature of the hot fluid entering air preheater coils °F (°Q)
THFEnDs Design temperature of the hot fluid entering air preheater coils °F (°Q)
THFlvy Temperature of the hot fluid leaving air preheater coils °F. (°€)
TLVK Temperature of constituent k leaving the envelope SE(°0)
TMnA8 Composite air temperature entering the air heater °F (°0)
TMnjA9 Composite air temperature leaving the air heater °F (°0)
TMnfFg14 Composite gas temperature entering the air heater °F (°Q)
TRe Reference temperature °F (°0)
VpCD2 Carbon dioxide in the flue gas % volume
VpG As-fired gaseous fuel components (e.g., CH, or C,He) % volume
VpNpa Atmospheric nitrogen in the flue gas % volume
VpNpF Nitrogen from fuel in the flue gas % volume
Vpop Oxygen concentration in the flue gas % volume
VpSp2 Sulfur dioxide in the flue gas % volume
XpA Excess air % mass
Xr Test air heater X-ratio Dimensionless
NOTE:

(1) Pcronym may be used in absolute units [°R (K)] in some equatigns, as noted in the text.
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Table 5-10.3-1 Uncertainty Acronyms

Acronym Description
ASENSCO Absolute sensitivity coefficient
CHGPAR Incremental change in value of measured parameter
cs Coefficient selected by the Code committee, based on mathematical simulation, as an estimate to achieve a 95%
confidence level; listed in Table 7-5.3.2-1
DEGFREE Number of degrees of freedom
DEGFREEync Number of degrees of freedom for the overall test result
m Number of sets-of data—or grir{ pnin\‘-c
n Number of times parameter is measured
PARAVG Average value of a parameter
PCHGPAR Percent change in value of measured parameter
PSTDDEV Population standard deviation
RECALTGH| Recalculated corrected exit gas temperature, excluding leakage
RSENSCO Relative sensitivity coefficient
SDI Spatial distribution index
STDDEV Standard deviation of the sample
STDDEVMN Standard deviation of the mean
STDTVAL Two-tailed Student’s t value
SYS Systematic uncertainty
SYSq Overall systematic uncertainty
SYSNI Systematic uncertainty for numerical integration
TGE Corrected exit gas temperature excluding leakage
U Integrated average value of measured parameter
UNC Test uncertainty
URC Random component of uncertainty
% Velocity
X; Value of a measured parameter at time j
z Summation, integrated average value of z
z Time-averaged value of the measured parameter
Subscripts
AVG Average
w Weighted (average)
i Index of summation, a specific point
R Random uncertainty or pertaining-to.fesult R, as noted in the text
uw Unweighted (average)
v Pertaining to velocity
Superscript
— Average
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Section 6
Report of Results

6-1—GENERAL REQUHREMENTS — 64 CALCULATIONS AND RESHETS ——

The test report for a performance test shall incorporate
following general requirements:

(4) executive summary (see subsection 6-2)

(b) introduction (see subsection 6-3)

(¢) calculation and results (see subsection 6-4)

(¢) instrumentation (see subsection 6-5)

(¢) conclusions (see subsection 6-6)

() appendices (see subsection 6-7)

This outline is a recommended report format. Other
formats agreed to by all parties of the test are acceptable.

th

[}

6-2| EXECUTIVE SUMMARY

The executive summary is brief and should contain
the|following:

(4) general information about the air heater and the
test, e.g., the type of air heater and operating configura-
tion, and the test objective

() date and time of the test

(¢) summary of the results of the test, including uncer-
tainjty and conclusions reached

(d) comparison with the contract guarantee; if any
(¢) any agreements among the partieS to'the test to
allgw any deviations from the test requirements

6-3 INTRODUCTION

This section of the test report includes the following:
(4) authorization forthe-tests, their object, contractual
obljgations and guarantées, stipulated agreements, by
whpm the test is ditected, and the representative parties
to the test

(b) any additional general information about the fan
and the testhot included in the executive summary, e.g.,
(1)Can historical perspective, if appropriate
(2)~an equipment diagram showing the test

The following should be included in detail:
(a) method of the test and operating’ ¢onditipns
(b) tabular summary of measurements and ¢bserva-
tions, including the reduced data neeéssary to dalculate
the results and a summary of additional operatjng con-
ditions not part of such redticed data
(c) step-by-step calculation of test results ffom the
reduced data, including the probable uncertairfty
(d) any calculation§)showing elimination of data for
outlier reason or, for any other reason
(e) comparison of repeatability of test runs
(f) correetion factors to be applied because df devia-
tions, if@ny; of test conditions from standard of design
conditions
(g)-primary measurement uncertainties, including
method of application
(h) the test performances stated under the fqllowing
headings:
(1) test results computed on the basis of |the test
operating conditions, instrument calibrations ohly hav-
ing been applied
(2) test results corrected to standard or desjgn con-
ditions if test operating conditions have deviated from
those specified
(i) tabular and graphical presentation of the test
results
(j) discussion and details of the test |results
uncertainties
(k) discussion of the test, its results and con¢lusions
(I) tabular summary of pretest uncertainty analysis
(m) tabular summary of pretest velocity traverse

6-5 INSTRUMENTATION

(a) tabulation of instrumentation used, influding

boundary
(3) description of the equipment tested and any

other auxiliary apparatus, the operation of which may
influence the test result

(c) a listing of the representatives of the parties to
the test

(d) any pretest agreements that were not tabulated in
the executive summary

(e) the organization of the test personnel

(f) test goal per Sections 3 and 5 of this Code

TNaKe, model MUmbper, otc.

(b) description of the instrumentation location

(c) means of data collection for each data point, e.g.,
temporary data acquisition system printout, plant con-
trol computer printout, or manual data sheet, and any
identifying tag number and/or address of each

(d) identification of the instrument that was used as
backup

(e) description of data acquisition system(s) used

(f) summary of pretest and post-test calibration
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6-6 CONCLUSIONS
6-7 APPENDICES

Appendices to the test report should include

(a) copies of original data sheets and/or data acquisi-
tion system(s) printouts

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

(C) 1 strumentation calibration results from labora-

tories, dertification from manufacturers
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Section 7
Uncertainty Analysis

INTDARHCTIO
7'1 INTRUUUUTIUN

Hvery measurement includes an error that results in
a dffference between the measured value and the true
valtie. The difference between the measured value and
the|true value is the total measurement error. Since the
tru¢ value is unknown, the total error in a measurement
canpot be known and only its limits can be estimated.
The total measurement error consists of two compo-
nerfts, systematic error and random error, which are
illuptrated in Fig. 7-1-1. Accurate measurement requires
minimizing both systematic and random errors. Error
and uncertainty are similar in many respects. There are
many types and sources of error, but when a number is
assigned to error, it becomes an uncertainty. The term
acciyracy is often used interchangeably with uncertainty
but| the two are not synonymous since high accuracy
implies low uncertainty.

.

7-111 Random Error

andom error is defined in this context as the portiony
of the total measurement error that varies randomly
from measurement to measurement of the same.value.
Usyally, random uncertainties are associated with vari-
ability in time, whereas systematic uncertainties are con-
sid¢red fixed in time, as shown in Fig. 7-171-1. The total
ranfom error in a measurement is usually the sum of the
contributions of several elemental random error sources.
Varjability in space (e.g., tempetature stratification or
norjuniform gas velocities.in a flue gas duct) is treated
as random uncertainty jn this Code. Random errors may
alsg arise from uncontrolled test conditions, nonrepeat-
ability in the meastirement system, environmental con-
ditions, data reduction techniques, and measurement
methods.

=

7-1L2 Systematic Error

Systematic error is the portion of the total measurement

TeIaiIT after calibration contribute to the sygtematic
uncertainty of the measurement.

7-2  UNCERTAINTY

Since every observation or measurement is th¢ combi-
nation of the true value of the' parameter plus the total
measurement error, there is_an"inherent uncerfainty in
the use of measurementsd{o represent the true vallue. The
total uncertainty in aaneasurement is the combination
of uncertainty due_to systematic error and undertainty
due to random error.

7-2.1 Uncertainty Due to Random Error

Since random error introduces variation or sgatter in
repeated measurements of the same paramgter, the
uncertainty due to random error may be estinfated by
taking multiple measurements and inspectioh of the
measurement scatter. The population standard devia-
tion is a measure of the scatter about the true population
mean caused by random error. An estimate of tHe popu-
lation standard deviation of the mean is the standard
deviation of a data sample, which is determing¢d by

1 n 1/2
. (592()1/2 B [m;(xi - X)Z}
x n nl/2

n = number of measurements made
sy = sample standard deviation
= mean of the individual measurements given by

(7-2-1)

X =1 (7-2-2)

Averaging multiple measurements and usjng this
average in lieu of any individual measurement|reduces
the random uncertainty. This indicates that the mean of

error that remains constant in repeated measurements
of the true value. The total systematic error in a measure-
ment is usually the sum of the contributions of several
individual systematic errors. Systematic errors include
those that are known and can be calibrated out, those
that are negligible and are ignored, and those that are
unknown and whose limits must be estimated. System-
atic errors may arise from imperfect calibration correc-
tions, data acquisition systems, data reduction
techniques, etc. The nonnegligible systematic errors that

several samples is a better measure of the true popula-
tion mean than one sample.

7-2.2 Uncertainty Due to Systematic Error

Since systematic error is defined as constant for
repeated measurements of the same parameter utilizing
the same technique and with a constant true value, and
since systematic error cannot be quantified absolutely,
the uncertainty due to systematic error must be esti-
mated. The systematic uncertainty estimate should be


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

based on engineering judgment and analysis of elemen-
tal systematic errors. Every effort must be made to iden-
tify and account for all elemental systematic errors.

7-3 FUNDAMENTAL CONCEPTS
7-3.1 Benefits of Uncertainty Analysis

Uncertainty analysis is a procedure by which the accu-

Note the following definitions:

(a) Error is the difference between the true value of a
parameter and the measured or calculated value of the
parameter. Error is unknown because the true value is
unknown. Obviously, if the error were known, the test
results could be based on the true value, not the mea-
sured or calculated value.

(b) Uncertainty is the estimated error limit of a mea-
surement or result

racy of[TestITesults can be quantitfied. Because it 15
requiredl that the parties to the test agree to the quality
of the tpst (measured by test uncertainty), pretest and
post-test uncertainty analyses are an indispensable part
of a mepningful performance test.

Addifional discussion on uncertainty is available in
ASME PTC 19.1 and ASME PTC 4.

The benefits of performing an uncertainty analysis are
illustrated by the following statements:

(a) The uncertainty of a test result is a measure of the
quality |of the test value. A band representing the test
result glus or minus the uncertainty will include the
true value with a stated probability.

(b) Upncertainty analysis is the best procedure to esti-
mate the error limit in a set of measurements or test
results.

(c) Uncertainty analysis performed while a test is
being pllanned (using nominal or estimated values for
primary measurement uncertainties) identifies potential
measurément problems and promotes designing a cost-
effective test.

(d) Uncertainty analysis performed after a test is run
allows the test engineer to determine those parameters
and measurements that were the greatest contribuitors
to testing error.

(e) Al performance test code based on a specified
uncertajnty level is much easier to adapt to new mea-
suremept technology than a code tied-to certain types
of instryiments.

This Code allows the parties\te’ an air heater test to
choose pmong many options for test instruments and
methods of performance.assessment. Uncertainty analy-
sis helpp the parties to the test make these choices.

7-3.2 L

This paragraph reviews fundamental concepts of
uncertajnty-analysis.
It is ap accepted principle that all measurements have

ncertainty;Analysis Principles

(c) Coverage is the percentage of observations (n|1ea—
surements) that can be expected to differ from. the frue
value by no more than the uncertainty. Stated another
way, a typical value, say 95% coverage, means thatfthe
true value will be bounded by the measured value plus
or minus the uncertainty with 95% ¢onfidence, with| the
corollary that there is a 5% (1 iry 20) risk that the frue
value lies outside this band. The ‘concept of coverage is
necessary in uncertainty analysis, since the uncertajnty
is only an estimated erforlimit. In some cases uner-
tainty can be calculatedby statistical analysis; howgver,
engineering judgment sometimes must be used to ¢sti-
mate the systematic uncertainties. Engineering jydg-
ment must be.made within the concept of the confid¢gnce
interval.

The calcnlated average value of a parameter pluf or
minus,the uncertainty thus defines a band in which| the
trueg value of the parameter is expected to lie with stated
coverage.

If the magnitude and sign of a systematic error|are
known, they must be handled as a correction to|the
measured value, with the corrected value used to calcu-
late the test result. Systematic uncertainty estimates ¢on-
sidered in uncertainty analysis attempt to cover those
systematic errors whose magnitudes are unknown.
Examples of systematic errors that are intended tg be
included in uncertainty analysis are the systematic efror
resulting from using an uncalibrated measuring device,
drift in calibration of a measuring device, the systemiatic
error arising from the deteriorated condition of a pre-
viously calibrated measuring device, errors resulfing
from calculation procedure approximations, and|the
potential errors made in estimating values for unmgpas-
ured parameters.

It is not always easy to classify a specific uncertajnty
as systematic or random. Usually random uncertairjties
are associated with variability in time, whereas systpm-
atic uncertainties are considered fixed in time. Varigbil-

errors. It follows, therefore, that any results calculated
from measured data, e.g., air heater performance param-
eters, including cross-leakage and correction for off-
design conditions, also contain errors, resulting not only
from the errors in the data but also from approximations
in the calculation procedure. The methods of uncertainty
analysis require the engineer to first determine estimates
of the error (uncertainty) of the basic measurements and
data reduction procedures, and then to propagate those
uncertainties into the uncertainty of the result.
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ity in space (e.g., temperature or gas constituent
stratification, or nonuniform gas velocity in a flue gas
duct) has been treated as random or systematic uncer-
tainty in different works.

This Code treats spatial variability as a potential
source of systematic uncertainty.

A complete uncertainty analysis requires determining
values for both random and systematic uncertainty in
the basic measurements, their propagation into the cal-
culated results, and their combination into the overall
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uncertainty of the results. Uncertainty analysis can be
performed before a test is run (pretest analysis) and/or
after a test is run (post-test analysis).

7-3.3 Averaging

Instruments used in air heater performance testing
measure parameters such as temperature and concentra-
tion of certain constituents in a gas stream. Most instru-

published data because testing of a specific instrument
for its random uncertainty can rarely be justified.

For a post-test uncertainty analysis, the instrumentation
variances are not specifically required, because they are
already imbedded in the data. Knowledge of instrumen-
tation variances may be needed when instrumentation
alternatives are compared in a pretest uncertainty analy-
sis. In most instances, an instrument’s variance is small
enough, relative to the real variance of the parameter,

ments are capable of sensing the value of a parameter
only at a single point or within a limited region of space
ang at discrete instants or over limited “windows” of
timg. It is well known that gas temperature and composi-
tion vary in space (stratification) and time (unsteadi-
ness). It should be realized that these variations are
primarily due to the physical processes (including mix-
ing) in the vicinity of an air heater, rather than experi-
mental error.

In a performance test, engineers sample several points
in gpace and time, and then use averages of the data to
calqulate test results. The averages are the best available
estimates, and the differences between the average value
of g parameter and its instantaneous and /or local values
arejused to estimate the uncertainty in the measurements
and in any results calculated from them.

Tlhe average value is the familiar arithmetic average

S

E:

éxi (7-3-1)
1

7-4 PROCEDURES FOR DETERMINING RANDOM
UNCERTAINTY

This subsection contains equations*and procedures
for|calculating the standard deviation. The required
post-test uncertainty analysis uses actual data from the
performance test. The required'pretest uncertainty anal-
ysi§ uses expected values-for the parameter averages
and estimates for the standard deviations. The equations
and procedures of this\stibsection are aimed at a post-
test| uncertainty aralysis, for which actual test data are
avajlable.

Hrocess parameters, e.g., exit gas temperature and
oxylgen, naturally exhibit perturbations about their true
(or pverage) values. These perturbations are the real vari-
atiops\of the parameters. For a set of measurements of

that the instrumentation variance may be igndred. If the
instrumentation variance is less than one-fifth of the real
variance of a measured parameter, the instrumgntation
random error can be ignored.

7-4.1 Standard Deviation of Individual Parameters

The standard deviation of an individual parameter
depends on the type of parameter (integrated{average
or constant-value) and. the’method used to meakure the
parameter. Some of the' methods are as follows:

(a) multiple measturements made over time af|a single
location, e.g., ditferential pressure

(b) multiple measurements made at several lpcations
in a given plane, e.g., flue gas temperature, flue gas
constituénts, and air temperature at air heater finlet

(c) the sum of averaged measurements, e.g., tptal coal
flow rate when multiple weigh feeders are used

(d) measurements on samples taken in multip|le incre-
ments, e.g., fuel and sorbent characteristics

(e) multiple sets of measurements at weigh|bins or
tanks to determine the average flow rates, e.p., solid
residue flow rates

(f) a single measurement

(g) the sum of single measurements

7-4.1.1 Multiple Measurements at a Single [Point.
For multiple measurements of a constant value parame-
ter made over time at a single location, the population
standard deviation of the mean cannot be measured.
Therefore, the sample standard deviation of the mean
[eq. (7-4-1)] is used as an indicator of variabilify and a
basis for calculating uncertainty for random vafiations.

the process parameters, the instrumentation system
superimposes further perturbations on the average val-
ues of the parameters. These instrumentation-based per-
turbations are assumed to be independent random
variables with a normal distribution.

The random uncertainty of an instrument is some-
times called the reproducibility of the instrument.

Reproducibility includes hysteresis, deadband, and
repeatability; reference ISA standard ANSI/ISA-S51.1.
The instrumentation variance is often estimated from

1 n 1/2
52\1/2 [m __El(x,' - f)z}

Sz = (;) = 7 (7-4-1)

[ 1 2 1
Sy = [n PR J (7-4-2)

where
s, = sample standard deviation

The number of degrees of freedom is

vo=n-1 (7-4-3)

7-4.1.2 Integrated Average Parameters (Unweighted
Averages). Examples of integrated average parameters
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are flue gas temperature and oxygen content. Multiple
measurements are made over time at each of several
points in a grid. The measurements over time at each
point are averaged to determine the value of the parame-
ter at the point in accordance with eq. (7-3-1).

The sample standard deviations, sample standard
deviations of the mean, and degrees of freedom are
calculated at each grid point as if the parameter exhibited

degrees of freedom are calculated using eqs. (7-4-1)
through (7-4-5) as appropriate, with the parameter x;;
being the weighted value. For temperature (for
example),

(7-4-6)

a constant value, i.e., by eqs. (7-4-1) and (7-4-2) where _
The dtandard deviation of the integrated average ¢ = point in space
parameter is J = time . .
V = space- and time-averaged velocity
m 172
Sz = % [2(5;})2} (7-4-4) (b) Velocity Measured Simultanequsly With |the
i=1 Parameter, With a Small Number of Complete Traverseq. In
The gssociated degrees of freedom are this case, the standa.rd deviation is.estimat.ed from a
large number of readings taken‘at a single point. Instru-
G ments must be provided to simultaneously measure the
=— (7-4-5)  velocity and the parametét:at a single fixed point. [The
5% -
> [ . ] point should be selected-so that the expected values
i=1Lm"y of velocity and the‘parameter are approximately [the
average values. Plant' instrumentation may be used [if it
where meets the criteria outlined in Section 4. Data shquld
m = number of grid points be recorded{with a frequency comparable to that| for
Sz = standard deviation of the mean for the parame- other data.
ter at point i [from eq. (7-4-1)] The “instantaneous values from the point |are
v; =| degrees of freedom of Sz, which is the number multiplied to give a variable x;
of readings at point i minus 1
V:
If fewer than six measurements from each grid point Y= (%) Tj (7147)

are collpcted during a test run, e.g.,, when individual
grid point measurements of O, and/or temperature‘are
made using manual point-by-point traverses, the stan-
dard deiation of the integrated average parameter shall
be detefmined by multiple measurements at’a single
representative point in the test plane. Plantinstrumenta-
tion may be used to determine the standard deviation

The sample standard deviation for x is calculated f
eq. (7-4-2).

(c) Velocity Measured Separately From the Parameter.
standard deviation of the mean for the weighted ave|
parameter is

fom

The
age

of the iftegrated average parameter,jprovided that the ) _ — ., 83

instrumentation is in a representatiye location. Any dead Sprw = {S puw + (Puw = Pw) :z] (714-8)

bands ¢r “exception reporting” that the plant’s data

collectign/archiving system,rhay use shall be removed where

and/or|reduced to the-satisfaction of all parties to the FW = the weighted average

test. It ip not necessary; to flow weight the point(s) used P = the parameter (temperature or oxygen)

to detegmine randont uncertainty. Sp = calculated as described in para. 7-4.1.2
7-4.1.3 Integrated Average Parameters (Weighted UW = the unweighted average

Averagds). Pararpeters such as flue gas temperature or Ideally, the standard deviation of velocity is evalugted

oxygen |are Sometimes calculated as weighted averages. the

The weighting factor is the fluid velocity fraction evalu-
ated at the same point as the parameter measurement.
Calculation (or estimation) of the standard deviation
for a flow-weighted integrated average depends on the
available data for the velocity distribution.

(a) Velocity Measured Simultaneously With the Parameter,
With Several Complete Traverses. The number of readings
at each point in the grid must be large enough to assure
statistical significance. Six or more readings are gener-
ally required. In this case, the standard deviation and

100

from-mttiptereadings-over—time-at-each-point—in
velocity measuring grid. If such readings are not avail-
able, the standard deviation of velocity is estimated from
historical data.

7-4.1.4 Measurements on Samples Taken in Multiple
Increments. Samples of material streams are obtained
and analyzed to determine the chemical compositions
of the streams. These streams may be gaseous (e.g., flue
gas) or solid (e.g., coal, sorbent, and residue). Usually,
these samples are obtained in increments, i.e., a finite
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sample is taken at periodic intervals. The sample loca-
tions may be separated in space, as in sampling multiple
coal feeders or multiple points in a flue gas duct cross
section, as well as in time. It should be noted that in
this Code, solids composition is treated as a constant
value parameter and flue gas composition is treated
as a spatially nonuniform parameter. A second major
difference between solid streams and gaseous streams is
that the gaseons samples are usually analyzed “online”

estimated.! Tt is often possible to obtain accurate esti-
mates using historical data or, sometimes, limited mea-
surements, for determining random uncertainty.

(c) Estimates From Historical Data. Cases where this
method can be used include those where past test data
are available or when fuel or sorbent used during the
test has been obtained from a source whose characteris-
tics have been previously established. One criterion for
a proper estimate js that the historical data and the test

dutfing the test while solid samples are usually analyzed
in g laboratory at a later time.

There are two alternative means for determining the
average properties of material samples taken in incre-
mehts; therefore, there are two means for determining
thestandard deviation. The first method for determining
the|average properties uses a separate analysis of each
indjvidual sample. The average value for all samples
(thg value to be used in the performance calculations)
is then determined as the mean of all of the individual
sample results. In the second method, the individual
sagtples are mixed together into a composite sample
and an analysis is made of the composite sample. While
there may be replicated analyses of the composite sam-
ple] there is still only one sample for analysis.

ften, a combination of both methods is the most
cost-effective approach. Some constituents can be deter-
mirjed from a single analysis of a gross sample, while
othgr constituents are determined from analysis of indi-
vidpal samples. For example, when the steam generater
firep coal from a single seam, the moisture and ashcan
be [highly variable while the other constitirents,
exgressed on a moisture-and-ash-free basis, are rela-
tivgly constant. In this case, as-fired moisture and ash,
and their standard deviations, should bé determined
from analysis of several individual.samples, while the
average values for the other constituénts (on a moisture-
and-ash-free basis) can be determined from a single anal-
ysig of a mixed gross sample. The following paragraphs
describe determination.of random uncertainty in these
twq cases:

(4) Increments Individually Analyzed. If each incremen-
tal gample is properly mixed, reduced, and divided sepa-
rately, the ayétage value of a constituent is the mean of
thelanalysis.measurements. The standard deviation and
degreesoffreedom are determined from eqs. (7-4-2) and
(7-4-4):

data are taken from the same measurement porulation.
If this is the case, the data have the same. pqpulation
mean, , and the same population staridard dgviation,
0. Moisture-and-ash-free constituents for coal mined
from a single seam should satisfy this‘conditior|, so that
historical data from the same séam can be used to esti-
mate the random uncertainty for the test data.

Suppose that historicaldata on a particular parameter
(e.g., carbon content) ate dvailable. The historikal data
are based on ny obsérvations and have sample standard
deviation.

The standard~deviation can be conservativ
mated by

ely esti-

SX/H

N

Sy = (7-4-9)

Where
N = number of individual samples that were mixed

The degrees of freedom for this estimate is 7y_;.

(d) Estimates From Limited Measurements. To illustrate
this approach, consider the random uncertainty of flue
gas oxygen concentration, O,. While samples gre typi-
cally taken from several grid points in a duct cfoss sec-
tion, seldom are the individual point samples aalyzed;
instead, samples are mixed and passed to a sinjgle ana-
lyzer. As flue gas oxygen concentration is a gpatially
nonuniform parameter, the mixing simulates the inte-
grated-averaging process. If equal extraction rates are
taken from each grid point, the process mosf closely
matches multiple midpoint averaging. The point-to-
point variation in O,, although not revealed by the com-
posite sample, is considered a systematic undertainty
due to numerical integration by this Code.

Even though the point-to-point variation is no
ered as random error, the variation over time
point does contribute to random error. Informgtion on

consid-
at each

(b) Increments Mixed Prior to Analysis. If the sample
increments are mixed prior to analysis, the various incre-
ments are mechanically averaged (an example is the
“ganging” of several flue gas sampling lines into a mix-
ing chamber or bubbler prior to analysis). If proper pro-
cedures have been followed in mixing and reducing the
gross sample, the results of the analysis of the mixed
sample may be considered a proper average. As there
is only one set of results, the standard deviation cannot
be calculated from statistics and must therefore be
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thisvartation s Teveated omnty i the composite sample.
It is assumed that several composite samples are taken
and analyzed over time. The standard deviation and
degrees of freedom should be calculated from egs. (7-4-2)

! Tt should be noted that multiple analyses of the same gross sample
can give the standard deviation of the analytical instruments and
procedures but give no information about the real variation in the
material properties or the sampling variation. In most cases, these
latter two sources of variability dominate the standard deviation
of material properties.
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and (7-4-4) and the results for the mixed samples as if
the parameter (e.g., spatially averaged oxygen concen-
tration) was a constant-value parameter.

7-4.1.5 A Single Measurement or the Sum of Single
Measurements. For parameters determined by a single
measurement or the sum of single measurements, the
standard deviation is the square root of the estimate
of the instrumentation variance. The magmtude of the
standar r
it can be neglected. The spatlal and time variations of
such pdrameters should be considered as systematic
uncertajnties, with appropriate estimates made for their
magnitfide. The problem of uncertainty of single mea-
surements was considered extensively by Kline and
McClinfock.

7-4.2 Standard Deviation and Degrees of Freedom of

ntermediate Results

Freqyently, a parameter used as if it were measured
data is actually calculated from more primary measure-
ments. Two examples are fluid flow rate, which is often
determjned from differential pressure and measure-
ments, gnd enthalpy, which is determined from tempera-
ture (and sometimes pressure) measurements. There are
two pogsibilities for calculating the standard deviation
of these|intermediate results. One is to use the “propaga-
tion of grror” formula, eq. (7-6-1), together with the equa-
tion(s) felating the intermediate result to the primary
measurements. This is not as difficult as it appears,
because the equations connecting the intermediate
results fo the data are usually simple. The second optien
is to trajsform the data into the intermediate resultyprior
to averdging and then calculate the standard deviation
of the result. Specific cases are described below.

7-4.2{1 Parameters of the Form z =C\/x. The mea-
surements, x;, should first be converted to z;.Then the
averagel and the sample variance of.z can be calculated
from the z;. Differential pressureflowmeters exhibit this
type of [parameter relationship-

7-4.2.2 Parameters of-the Form z = a, + a.x + a,x*
+ w. + Gpx". Equation (7-6-1) is applicable to functions
of one variable; in this-case the variable is x. The sensitiv-

The most common occurrence of this form of equation
in steam generator performance testing is an enthalpy-
temperature relationship.

7-4.3 Standard Deviation and Degrees of Freedom of
Test Results

If the test result is a measured parameter, e.g., the
temperature of the ﬂue gas exiting the steam generator,
. 0 of
the result are just the values for the parameter itself. If
the test result must be computed from the @easyred
data, e.g., corrected exit gas temperature, thenrthe sfan-
dard deviation and degrees of freedom of the result
must be calculated from their values.for‘the individual
parameters.

7-4.3.1 Combining Standard ‘Deviations. The stan-
dard deviation of a calculatédx€sult is obtained by cpm-
bining the standard deviations of all of the parameters
that affect the result a€eerding to the root-sum-sqyiare

rule
k 271/2
Sg = [E ( 6, S~ )] (7-4-12)
i=1
where
R@xi =" dR / E)xi
= sensitivity coefficient of parameter x; on resylt R
k = total number of parameters that are used to|cal-
culate R
7-4.3.2 Combining Degrees of Freedom. The degfees
of freedom of the standard deviation of R are cpm-
puted by
S4
vs = u (7-4-13)
8 k (R@xisx)

7-5 GUIDANCE FOR DETERMINING SYSTEMATIC
UNCERTAINTY

fter
ing

stic

ity coefficient fai¥is Systematic uncertainty is a “built-in” componenft of
the error. The systematic error is what remains 4§
00, = 3_f — a4y + 2% + o+ na "N (7-4-10) all reasonable attempts to eliminate it (.e.g., calibra
ox instruments) have been made. An essential character

. . f t ti tainty is that it t be det ined

The standard deviation of the mean is O} systematic uncertaimty 18 that 1t cannot be determine

directly from the test data. It is always necessary to

S = (z@x)(S%) (7-4-11) estimate systematic uncertainty. Semetimes, m.oelels

based on the test data or observations of conditions

The degrees of freedom for z are the same as for x.

2 While it may be argued that the standard deviation and degrees
of freedom are better than those calculated by eqs. (7-4-2) and
(7-4-4) because of several points sampled, it is impossible to deter-
mine these “better” values after samples are mixed.
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during the test can be used in making estimates, but
they remain estimates nevertheless. A second essential
fact concerning systematic uncertainty is that its value(s)
is unique to the measurement system employed in a
specific test and to the process and ambient conditions
during the test.
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This subsection gives certain mandatory rules for
making estimates of the systematic error and for mathe-
matical manipulation of them. These estimates are called
systematic uncertainty. This subsection also provides
guidance and some models for estimating values of sys-
tematic uncertainties. Users of this Code are free to
adopt, modify, or reject any models for systematic uncer-
tainty set forth in this subsection, provided that the
parties to the test agree to do so and that they agree on

7-5.2.1 Combining Systematic Uncertainties From
Several Components. If an instrument system has sev-
eral components and each has a separate systematic
uncertainty, the combined systematic uncertainty of the

measurement is
B = (B + B3+ ..+ B)'/? (7-5-1)

where subscripts 1, 2, ..., m represent the various compo-

an appropriate substitute.

7-5.1 General Rules

Systematic uncertainties used in this Code have the
follpwing characteristics:

(4) Systematic uncertainties shall be agreed upon by
the|parties to the test.

(b) Systematic uncertainties should be estimated at a
95% confidence level; the maximum conceivable values
of dystematic uncertainty should not be used.

(¢) Systematic uncertainty estimates may be one-
sidé¢d or nonsymmetrical if the physical process so sug-
gests and the parties to the test agree that such estimates
are|the best available. If nonsymmetrical or one-sided
sysfematic uncertainties are used, then the technique
given in ASME PTC 19.1 should be used to propagate
the|parameter uncertainties into the test result.
Although the actual systematic uncertainty in any
megasurement or result is a fixed value, we do not know
the[value. The plus and minus range that would centain
abgut 95% of the possible estimates of the systematic
err¢r is what is used as the systematic ungeftainty esti-
mate. This Code specifies that systemati¢:tuncertainty
estimates shall be combined by using the root-sum-
square principle.

(enerally, the same systematic_uincertainties will be
used for both pretest and post-test uncertainty analyses.
Obgervations of conditions.during the test may indicate
that it is allowable to decrease one or more systematic
undertainties, or that‘it\is advisable to increase one or
Fe systematic unicertainties. This shall be permitted
1 parties to_the test agree.

12 Systematic Uncertainties Due to
Instrumentation

Tlhere are a number of sources of instrumentation sys-

nents of the system. Because this root-sum-square rule
is used, systematic uncertainties whose estimatpd mag-
nitude is less than one-fifth of the largestin a|specific
loop may be ignored in calculating the-systematic uncer-
tainty of the parameter.

7-5.2.2 Multiple Measurements With a
Instrument. For multiple meastirements at a sin
tion with a single instrument (e.g., measuring
perature at several points.if a flue gas duct cros{
with the same thermecouple system), the instr
tion systematic uneertainty of the average valy
parameter is equal to the instrumentation sy
uncertainty ‘of a single measurement.

Single
gle loca-
he tem-

section
himenta-

e of the
stematic

(7-5-2)

7-5.2.3 Multiple Measurements With Multiple
Instruments at Several Locations. The most Jommon
example is the use of a fixed grid of thermocopples to
measure (average) flue gas temperature. Two dlifferent
situations may be present.

The first situation is when all instrument loo
thermocouple plus lead wire, data logger, etc.| consti-
tutes one loop) are judged to have the same sy$tematic
uncertainty. This would occur when all of the instrument
loops are calibrated in place against the same sfandard.
In this case, the instrument systematic uncertpinty in
the average parameter (temperature) is equdl to the
instrument systematic uncertainty for any ong¢ of the
loops.

bs (each

Bz = B: (any i7) (7-5-3A)

The second situation is when different lopops are
judged to have different systematic uncertainties. This
would occur if different independent calibratjons are
used or for a variety of other reasons. In this dase, the
instrument systematic uncertainty for the gverage

parameter is the average of the cycfpmnfin uncertainties

tematic uncertainty in any measurement — primary ele-
ment, primary sensor, transducer, amplifier, analog/
digital converter, recording device, and environmental
effects. ISA standard ANSI/ISA-S51.1 may be consulted
for general information about instrumentation system-
atic uncertainty.

Section 4 gives guidance for estimating systematic
uncertainties due to specific instrumentation systems.
This Section provides general guidelines and rules for
combining these elemental systematic uncertainties.
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r
for each loop.

=

B,
'

(7-5-3B)

zl=

Bz

1

7-5.3 Systematic Uncertainty in Spatially
Nonuniform Parameters

Certain parameters in a steam generator performance
test, namely flue gas and air temperatures at the air
heater envelope boundaries and flue gas composition,
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should be evaluated as flow-weighted integrated aver-
age values (refer to subsection 4-4 and para. 7-5.3.3).
In practice, integrated averages are approximated by
sampling at a finite number of points and using a numer-
ical approximation to the necessary integral. In addition
to this approximation, the parties to the test may agree
to forego measurement of the velocity and omit the flow
weighting. In certain cases, e.g., flue gas composmon
the sam
prior tdg
introdu
uncerta
tion to
cussed
If me
times ag
below f
not be

analysis. Each of these approximations may
be an error, which this Code treats as systematic
nty. These systematic uncertainties are in addi-
instrumentation systematic uncertainties dis-
n para. 7-5.2.

hsurements are made at only a few points (some-
few as one or two), then the methods suggested
br estimating these systematic uncertainties can-
1sed. Likewise, these methods cannot be used
for multipoint samples that are mixed prior to analysis.
In both|cases, the systematic uncertainty in integrated
averages must be estimated and assigned by agreement
between parties to the test. Experience and data from
previous tests on similar units can serve as the basis for
amodel]. Systematic uncertainty estimates must be large
enough|to account for the indeterminate errors present
in smal] samples.

7-5.3.1 Spatial Distribution Index. This Code fol-
lows th¢ recommendations of ASME PTC 4 and employs

where
Cs = coefficient selected by the Code committee
based on numerical simulation as an estimate
to achieve a 95% confidence level; coefficients
are listed in Table 7-5.3.2-1. Cs should be inter-
polated between grid sizes listed.
m = number of points in the measurement grid

7 5. 3 3 Systematlc Uncertamty Associated Wlth Flow

gen content, are flow welghted it is often not-advisg
to use flow weighting in a performance test(because

If flow weighting is riottised in the performance ca|
lations, then there isia (systematic uncertainty) errd
method. This etror'is equal to the difference betw
the (true) weighted average and the unweighted avet
actually used/irt the calculations.

It is clear that only one of these two types of er
can be present in any one data set (either the aver
is weighted or it is not). This Code treats either typ
flow weighting systematic uncertainty.

Whether flow weighting is required or not is primgrily
dependent upon the relationship of the measured

rors
age
P as

:hel spatlil.f.l;stnbutlon index (SDI) as a measure of spa- parameter, x (typically temperature or flue gas conptit-
1al varjabrity. uent), and the velocity, v, spatially within the traverse
SPatl nl dlSt'I'lbutIOI’I index is calculated from the-fol- plane. If the tendency is for high values of x to coinfide
lowing fequation: with high values of velocity and low values of f to
coincide with low values of velocity, then flow weighting
1 & 12 is clearly required. Based on a similar argument, if| the
SDI = |— J(z - 2)° (7-5-4) U e e el
m = tendency is for low values of x to coincide with the jigh
values of velocity and high values of x to coincide with
where low yalues of velocity., then ﬂow weighting is.cle ar.ly
m =| number of points in\the measurement grid. In required. Conversely, if there is no strong relationghip
the case of a sifigle stream (e.g., flue gas) between the measured parameter, x, and the measyred
divided between two or more ) dL.I,CtS SDI is velocity, v, then, considering the added uncertainty of
calculated. for each duct ’ the velocity measurement, flow weighting would ngt be
= . : o required.
Z 5 arlthmetl'c average of the tlme.-averaged value The relationship between the measured parameter, x,
O_f the\points in the sample grid o and velocity, 7, at each point in the grid can be evalugted
Z 5 tlme-a'veraged value of each point in a sam- by the correlation coefficient (also referred to as|the
ple grid Pearson correlation coefficient)., R
, - —

The SDI is very similar to the standard deviation arith- R = 2~ ) (v - 0) (7-5-6)

metically but has a different statistical significance. (n=1) $:5

. . b N ical where

7-5.3.2 Systematic Uncertainty Due to Numerica n = the number of equal areas within the traverse

Integration.
tainty is

The recommended systematic uncer-

Cs

B = [

(7-5-5)

104

plane

correlation coefficient between the quantity, x,
and the velocity, v, spatially at a traverse plane.
The correlation coefficient is a built-in function
for many programs. In Microsoft Excel® and
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Lotus 1-2-3%, the function CORREL may be used
to calculate the correlation coefficient. The
PEARSON function may also be used in Excel®.

a strong correlation between the measured parameter
and velocity, indicating that the difference between the
arithmetic mean and the velocity weighted mean will
be the same or small and flow weighting is not required.

The parties to the test should agree upon whether or
not flow weighting is required for each measurement
location. This Code recommends that flow weighting is
not required if R is less than +0.3, with the following
additional considerations:

S, = standard deviation of the velocity

S, = standard deviation of parameter x

U = average value of the velocity v

v; = velocity at point i coincident with point x;

X = average value of the measured parameter x

x,_= value of measured parameter (temperature or
gas composition) at point i within the traverse
plane

The arithmetic average of a quantity x is calculated
from

n
i
i

n

X = (7-5-7)

A velocity-weighted average is normally calculated
from

n
Exi?fi
1)1
3o

Z =

(7-5-8)

where

= number of areas

Y, = coincident area velocity

arithmetic average of quantity x

A; = traverse area quantity (temperature or gas.con-
centration)

¥ = velocity weighted average value of i for the
traverse

=t

(a) Forthe AH gasinletand air outlet, the diffdrence in
the average temperature and flow weighted temperature
should not be more than 3°F (1.7°C).

(b) For the AH gas outlet and air inlet) the diffgrence in
the average temperature and flow weighted temperature
should not be more than 2°F (1.15C).

(c) The difference between the average O, and flow
weighted O, should notbe more than 0.05 pts|of O,.

For example calculations applying the abovg¢ princi-
ples using typical-test data, see Nonmandatory
Appendix B.

7-5.3.34 Flow Weighting Systematic Undertainty
When FlowWeighting Is Used. This Code only adldresses
flow weighting when the velocity for flow weighting
is measured simultaneously with the parametér being
weighted (temperature or oxygen content). It is gssumed
that the velocity data are deemed sufficiently valid (see
subsection 4-4 for rules regarding use of velodity data
for flow weighting).
Where the velocity is measured simultaneouply with
the parameter being averaged, the flow weighting sys-
tematic uncertainty estimate is

— - B
Tlhe weighted average and straight arithmetic average Bew = (Puw = Prw) v (7-5-10)
are|related to the correlation coefficient, R, as follows
(refer to Nonmandatory Appendix B for the derivation): where
B, = systematic uncertainty for velocity
7 = 71 3D RV.V, (7-5-9) measurement
n FW = weighted average
P = the (integrated) average parameter (tpmpera-
where ture or oxygen concentration)
V| = ratio of (standard deviation/arithmetic average UW = unweighted average
of velecity, known as coefficient of variation V' = average velocity
_ ﬂ 7-5.3.3.2 Flow Weighting Systematic Undertainty
v)" o ) ) When Flow Weighting Is Not Used. This optior| applies
Vi STatio of standard deviation/arithmetic average  \ hen the criteria above indicate that flow weighting is
Ol quantity X, known as coethicient ot variaion o yequired and/or the quality of the velocity data is
— i suspect.
x

R will lie between +1 and -1, and can easily be calcu-
lated by the spreadsheet function CORREL. If R is unity
or large (approaching +1 or —1), there is a strong correla-
tion between the measured parameter and velocity, indi-
cating that the difference between the arithmetic mean
and the velocity weighted mean will be large and flow
weighting is required. If R is zero or small, there is not

If velocity data is not suspect, use eq. (7-5-10) to deter-
mine the systematic uncertainty due to not flow
weighting. If velocity data was not collected in conjunc-
tion with the measured parameter(s) during the test,
use the data from the preliminary traverses. If the veloc-
ity data is suspect, the parties to the test should agree
upon the systematic uncertainty due to not flow
weighting.
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7-5.3.4 Combined Systematic Uncertainty for
Integrated Averages. The combined systematic uncer-
tainty for integrated average values is

degrees of freedom for B would be 50. The more certain
we are in our systematic uncertainty estimate, the larger
the degrees of freedom will be. Conversely, more uncer-
tain estimates for B will yield smaller degrees of
freedom.

The degrees of freedom expression for the systematic
uncertainty, eq. (7-5-8), applies to all of the systematic
uncertainty estimates discussed in subsection 7-5. In the
most general case for doing an uncertainty analysis,

Bia = (Bf + B} + Bhw)'/? (7-5-11)
where
FW = flow weighting
i = instrument
n F spatial distribution

7-5.4 Systematic Uncertainty Due to Assumed
Values for Unmeasured Parameters

Examples of unmeasured parameters associated with
an air heater performance test include the residue splits,
estimated unburned carbon loss, and sulfur retention.

The 1pidpoint between reasonable “limiting” values
of an agsumed parameter normally should be used as
the valye of the parameter in performance calculations.
Half the difference between the “limiting” values is nor-
mally used as a systematic uncertainty in uncertainty
analyses. If, e.g., the bottom ash flow rate was taken as
a percentage of the total ash produced in a pulverized
coal-fir¢d boiler, the percentage would be an assumed
parameter. It would be the midpoint between the “lim-
iting” viplues set, of course, by judgment and agreed to
by the parties to the test.

In sofne cases, unsymmetrical systematic uncertain-
ties may be used if physical considerations imply it. For
example, an ash split cannot be 10% + 15%, as a negative
5% is ngt possible. Likewise, systematic uncertainty due
to air infiltration into an oxygen sampling system ednnot
be posifive (the true value can be lower than:the’mea-
surement but not higher).

7-5.5 Degrees of Freedom for Systematic Uncertainty
Bstimates

As discussed previously, the(systematic uncertainty
is an estimate of the limits of(the“possible values of the
unknown, fixed errors that.rémain after calibration. In
a given| experiment, theSe\errors remain fixed, but we
do not know their values. All that we know is our 95%
confidence estimateof the range that we think covers
the posgible error values. There will always be some
uncertajnty in-the estimate of the range. The ISO Guide
and ASMEPTC 19.1 give a methodology for handling

this underfainty.

the degrees of freedom for each systematic unceftajnty
would have to be estimated.

7-5.6 Systematic Uncertainty for Test Results

The total systematic uncertainty for a tesult calculgted
from the measured and assumed parameters is

k 271/2
BR = [E(R@Xlel)] (7'E -13)

i=1

This expression assumes that none of the parameters
have systematic uncértainties that arise from common
sources. If separate pressures, temperatures, etc., Have
the same systématic errors, e.g., those arising from a
calibration Standard, then these correlated systematic
uncertainties must be taken into account in the evalua-
tion of "Bg. See ASME PTC 19.1 for the more gengeral
form'of eq. (7-5-13). Also, if asymmetric systemptic
uncertainties are present, the techniques| in
ASME PTC 19.1 should be used.

The degrees of freedom for By are determined as

4

Vi = _ B (7-3-14)

K k (R@x’Bxi)4
igl UB

xi

7-6 UNCERTAINTY OF TEST RESULTS

7-6.1 Propagation of Uncertainties

After values for both random and systematic unjcer-
tainties have been determined, it is necessary to dgter-
mine the uncertainty in any results calculated from|the
data. This process is called propagation of uncertainities.
Because random and systematic uncertainties are differ-
ent types of quantities, it is customary to propagate them
separately and combine them as the final step in] an
uncertainty calculation. The calculation proceduqe is

If the uncertainty in the systematic uncertainty esti-
mate, B, is expressed as AB, then the ISO Guide recom-
mends the following approximation for the degrees of
freedom for B:

-2
Vi~ (ﬁ) (7-5-12)

2\ B

For example, if we think that there is as much as a
+10% uncertainty, AB, in our estimate of B, then the

Straightforward, if somewnhat tedious. Assume that a
result, R, is calculated by

R = f(ml/ my, M3 ...)

where
my, My, Mz ... = independent measured quantities. In
this context, the term independent
means that the value of each mea-
sured quantity is not influenced by
a change in another.
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Each of the quantities m has both random and system-
atic uncertainty. For either type of uncertainty, the basic
propagation equation is

oF V(o V. (o V
er = [(a_nj; eml) + (a_n],; f—’mz) + (a_n],; em3>

7-6.2 Combined Uncertainty of Calculated Result

The standard deviation and the systematic uncer-
tainty of a test result are combined into the test uncer-
tainty according to

BR 2 1/2
1/2 Ur = ty0005 [(7> + 5%} (7-6-4)
N ] (7-6-1)
VV}lCLC
where tyos = percentile point of Student’s t,distribution
j— o,
e| = either the random uncertainty or the systematic for v = v degrees of freedom ant a 95%

uncertainty

The root-sum-square addition of errors is theoretically
cortect for random uncertainty and is assumed to be
proper for systematic uncertainty as well.

Tlhe propagation equation can be written in the fol-
lowing dimensionless form:

1/2

m

e m; 9 ?
=12 K R a;ﬁ) ( )] (7-6-2)
where
ed/R = proportional uncertainty (random or system-
atic uncertainty) in the result, R, and can be
expressed as a percentage
Ny = number of measurements employed to calcir
late the result, R
m; of
The coefficients (i 8_) are termed the relative sensi-
tivity coefficients.

Since the calculation procedure is ofter’complicated,
it i$ not always possible to evaluate.algebraically the
reqpired partial derivatives. Théseé ‘derivatives can be
corfveniently estimated by a'‘numerical perturbation
technique

f(ml, vy, MG+ 5ml-, vy mNU)
of = flmy, ..., m;, ..., my)
P S (7-6-3)

(Ine @tya time, each parameter (1) is changed by a
small\dmount (dm;, typically 0.1% to 1% or, if the func-

confidence limit, and ‘isstaken from
Table 5-7.5-1 or eq. (5-7-12)

The degrees of freedom result) w, is obtainpd from

the expression
BR 2 ) 2
[z -]

b7 = (7-6-5)
Bg
st \2
USR 'UBR
For'most engineering applications, the value qf vz will
be relatively large (=9) based on all of the error|sources
thdt influence it; therefore, for most applicat{ons the
degrees of freedom for the result can be taken|as 2 for
95% confidence estimates, and the uncertainty in the
result is determined as
BR 2 1/2
Ug = 2[(7> + 512-{} (7-6-6)
or
1/2
Ug = [B% + (25@2} (7-6-7)

In the test report, the uncertainty, Uy, shall be stated
along with the values of Sk and Bg. If the largg sample
approximation is used, the report shall state that vz was
taken as a large value so that Student’s ¢ is approxi-
mately 2.

7-7 GENERAL LIST OF SYMBOLS FOR SECT|ON 7

tional relationship is nonlinear, the uncertainty for each
parameter can be used) and the result is recalculated
with the perturbed parameter replacing the nominal
value. All other parameters are held constant for the
recalculation. The difference between the result with the
perturbed value and the nominal result, divided by the
perturbation, estimates the partial derivative. Since this
procedure requires recalculation of the result many
times (one recalculation for each independent measure-
ment), an automated calculation procedure is essential.

107

The following symbols are generally used throughout
Section 7. Some symbols are used only in a specific
paragraph and are defined or redefined locally.
systematic uncertainty

C_c, = coefficient selected by the Code committee
based on mathematical simulation as an esti-
mate to achieve a 95% confidence level

e = either the random uncertainty or the system-
atic uncertainty

f( = (mathematical) function
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number of grid points or number of different
measurement locations

number of data points used in calculating
standard deviation

integrated average parameter

Pearson correlation coefficient, or a result
(such as efficiency, output), depending upon
context

M=
&<
S

time-averaged value of the measured param-
eter, or any parameter, depending upon
context

small change of ()

sensitivity coefficient for parameter x on
result R (@, = dR/9x)

degrees of freedom

sum of (); from i

=atoi =D

2.7 4 C..l HY

= standard deviation of a calculated result R SRR .
= sample standard deviation (532( is the sample B = systematic uncertainty

variance) FW = weighted average
— standard deviation of the mean I = instrument, instrumentation
= spatial distribution index i = index of summation, a specific,point
= Student’s t statistic j = index of summation, a specific point
= uncertainty k = index of summation, a‘specific point
= velocity, or coefficient of variation, n = pertaining to numerieal integration

depending upon context R = pertaining to result’R
= any parameter Uw = unwe.lg.hted avetage
= any parameter V' = pertaining to velocity

x = pertaining.to parameter x

any parameter
arithmetic average of the time-averaged
value of the measured parameters

7-7.2 Superscript
— = averdge

108
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Fig. 7-1-1 Types of Errors in Measurements
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average (w
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-<—True systematic error (B)

~<—— Total error (§)

Trde random
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Value
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Fig. 7-1.1-1 Time Dependence of Errors
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Time during which the parameter
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Table 7-5.3.2-1 Systematic Uncertainty Coefficients Due to Numerical Integration

Number of Grid Points

Quantity 9 or Less 10 to 23 24 or More

Measurement Location Cs Cs Cs
Air temperature entering air heater

Air preheater coil out of service 1.0 1.0 1.0

Air preheater coil in service 1.7 1.6 1.0
Air temp ratura In:\ling air haatar 1.7 1.6 1.0
Gas templerature entering air heater 1.7 1.6 1.4
Gas templerature leaving air heater 1.7 1.6 1.4
0, enterifg air heater 1.7 1.6 1.4
0, leaving air heater 1.7 1.6 1.4

110
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MANDATORY APPENDIX |
AIR HEATER EXIT GAS TEMPERATURE EXCLUDING LEAKAGE,
TFg15NL

I-1

T
of t
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inldg
to (
leal
tha
age
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ary
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the
the
turg
tior]
The
the
Ma

=

I
fer
air
air
V
heq
heq

GENERAL

here is a common misconception that the calculation
he air heater exit gas temperature excluding leakage,
15NL, is based upon air leaking directly from the air
t to the gas outlet. The purpose of this Appendix is
lerive the air heater exit gas temperature excluding
age by energy balance. The derivation demonstrates
the calculated exit gas temperature excluding leak-
is not affected by the path(s) of the leakage.
igure I-1-1 is a schematic of an air heater. The bound-
around the air heater equipment is shown. The pur-
e of this heat exchanger is to cool the gas entering
air heater at TFg14 by heating cold air entering the
heater at TA8. When used in a steam generator appli-
on, this process improves efficiency by decreasing
exit gas temperature. There is also an advantage to
combustion process by increasing the air tempera-
to improve combustion, as well as, in some applicay
s, e.g., pulverized coal, provide drying of the fuel.
heat transferred to the air, QA, is represented by
following energy equation (acronyms are‘defined in
hdatory Appendix 5):

QA = MrA9 (HA9 - HAS)

= MrFgl4 (HFg14 - HFgISNL), Btu/hr (W)  (I-1)
is important to recognize that the useful heat trans-
is defined by the heat added to the air leaving the
heater. Maybe that,is the reason air heaters are called
heaters.
Vhile Fig. I-1-1js labeled “ideal air heater,” some air
ter types approach an ideal air heater in that the air
ter leakage'is minimal.

I-2

F
the

|_BI-SECTOR AIR HEATER

balance calculations, if ingress air is present, the
ature is assumed to be the same as the ente
stream(s).

The leakage air mixes with the gas inside the
ary and exits at the same temperature as the g

This schematic depicts leakage within the ai
boundary on both the hotiand cold sides of the ai

Leakage on the cold:side of the air heater b
has no impact on airheater thermal performar

Leakage on the ‘thot side of the air heater
(decreases) air heater thermal performance but i
the air heatef.boundary. A nominal amount of
leakageds expected, attributable to the equipmern
characteristics and therefore not correctable for p
of ah-air heater compliance code.

Note that the useful energy transferred|
expressed by the energy added to the air and e
by the same air energy equation as in Fig. I-1-

QA= MrA9 (HA9 — HAS)

For simplicity of explanation and calculati
leakage air stream can be considered separatg
the gas stream as shown in Fig. [-2-2.

Consider the energy transfer in the following

Heat transferred to air leaving the air heateq
heat transfer)

QA = MrA9 (HA9 — HAS)
Heat transferred to air leakage, QAl
QAl = MrAl (HA15 - HAS8)

Heat transferred to gas

temper-
ring air

bound-
ns.
heater
heater.
undary
ce.
impacts
5 within
hot-side
t design
urposes

is still
pressed
.
(1-2)

bns, the
ly from

btreams:
(useful

igure I-2-1 is a schematic showing the boundary of
same air heater as shown in Fig. I-1-1, except leakage

between the air and gas sides is depicted. Leakage is

sho

wn as entering from the entering air. Since the excess

air entering and leaving the air heater is measured, the
only exception to this concept would be if there were
leakage in the flues between the air heater and the mea-
surement points and/or leakage in the air heater hous-
ing/casing itself (ingress air). For purposes of the energy

QFg = MrFgl4 (HFg14 — HFgl5)
or the useful energy transferred is

QA = QFg - QAl = QFgNL

(I-6)

where QFgNL is the useful energy extracted from the

gas and from eq. (I-1) is

QFgNL = MrFgl4 (HFg14 — HFg15NL)

1-7)
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Combining egs. (I-4), (I-5), and (I-7),

MrFgl4 (HFg14 — HFgI5NL) = MrFgl4
x (HFgl4 - HFg15) - MrAl (HA15 - HA8)  (I-8)

Expressing leakage as a percentage of the entering
flue gas,

I-3 TRI-SECTOR AIR HEATER

Figure I-3-1 shows the leakage streams for a tri-sector
air heater. As with the bi-sector air heater, all leakage
occurs within the air heater boundary. It can be shown
that eq. (I-10) or eq. (I-12) is applicable for calculating
TFg15NL with one exception. Both the primary air and
secondary air leak into the gas leaving the boundary.

MpAl = 100 % Thus, the weighted average temperature of the entering
AT aiT streams MUSt be used to calculate the exit gas temper-
Then ature excluding leakage.
MrAIP MrAIS
MrAl = A%;” MiFg14 (1-9) TAl = Sear TASP + g TA8S (13

Equation (I-8) can be reduced to

MpAl
100

HFgI5NL = HFg15 + (HA15 - HA8)  (I-10)
The gas temperature leaving the air heater, excluding
leakage|(corrected for leakage), TFg15NL, can be calcu-
lated ffom HFgI5NL. Equation (I-10) can also be
expressed in terms of temperature and specific heat
CpFg (TFg15NL — TFg15) = ]\%SU CpA
x (TA15 - TAS)  (I-11)
which feduces to the more familiar equation for
TFg15NL

B MpAl CpA
TFRISNL = TFS15 + g5~ Gore

x (TA15 - TAS)

(I-12)

where TAl is the weighted average leakage temperafure
and should be substituted for TA8 in eq. (I-12) [and)| the
equivalent enthalpy, HAI in eq. (I-10)].

It is not deemed practical\toAry to measure this split,
as the uncertainty is estimated to be greater than|the
manufacturer’s predicted-split. Therefore, for this Code,
the air heater venders predicted split between the |pri-
mary air-to-gas(and secondary air-to-gas air lealdage
shall be used to calculate the average air leakage temper-
ature, TAI.

One othet feature unique to multi-sector air heafers
is that.there will be air leakage from the higher presgure
airstream to the lower pressure air stream(s). This
should be accounted for when calculating the endrgy
balance between the air and gas streams. As with|the
air-to-gas splits, the manufacturer’s estimated prinjary
air to secondary air should be used as a base and
adjusted by the ratio of measured total air-to-gas leaKage
divided by the predicted total air-to-gas leakage.

Fig. I-1-1 Ideal Air Heater — No Leakage
GAS : GAS
MrfFg14 : MrFg15 = MrFg14
TFg14 : AIR HEATER TFg15 = TFg15NL
HFg14 : HFg15 = HFg15NL
MpWFg14 H MpWFg14
»E .................................................................................. : »
:<|: AH Envelope
Boundary
B e Tt B s S
AR | —/ : AIR
MrA9) TA8
TA9 HA8

HA9
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AH Envelope
Boundary

Fig. I-2-1  Air Heater With Leakage
GAS : : GAS
MrFg14 MrFg15
TFg14 : AIR HEATER : TFg15
HFg14 : : HFg15
MpWFg14 : : MpWFg15
— v 4 .
= PR ST pr— eSS :
: I I :
: | | : /— MrAl
I P I —- o F— .
« : N |
AR J : — |AR
TA9 : : TA8
HA9 : : HA8
MrA9 : :
AH Envelope
Boundary
Fig. I-2-2  Air/Gas Flow Schematic — Air Heater With Leakage
GAS : : GAS
MrFg14 MrFg14
TFg14 : AIR HEATER : TFg15
HFg14 : : HFg15
VipWFg14 ¢ MpWFg1j
E A________A__é_ —_— et — — s >
: | | : MrAl
: . . : TA15 = TF15
: | | : HA15
: I A I P SO
s R )
. . |
< o e : 1
AR J : : — AR
TA9 : : TA8
HA9 : : HAS8
MrA9 : :
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Fig. I-3-1 Tri-Sector Air Heater

GAS : : GAS
MrFg14 : : MrFg14
TFg14 : : TFg15
HFg14 : AIR HEATER : HFo15
MpWFg14 B H MpWFg14
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MANDATORY APPENDIX I
SAMPLING SYSTEMS

-1

PORTABLE PROBES PO
SAMPLING

The gas sampling probes (one or more at the inlet and
ong or more at the outlet) are each normally inserted to
the|deepest point in a port. After the system has been
puiged of gas from the previous point, sufficient mea-
surpments of the flue gas composition (O,) shall be
recprded (as frequently as practical, e.g., every 5 or 10
sec|for manual recording of electronic analyzers) for a
time period equal to two or more complete revolutions
of the heater (or at least two readings when using an
Orgat). Then the probe is moved to the next test port
and the procedure repeated.

Tlhe minimum time for the sampling lines to be ade-
qudtely purged of gas withdrawn from the previous
sampling position shall be determined by experiment
at the start of the test. For test planes where the static
prepsure is above atmospheric pressure, insert the probe
intq the flue gas stream. When the indicated gas compo-
sition stabilizes, withdraw the probe from the gas
strgam, and record the time required for the indicated
gas| composition to change from the stable reading to
near ambient (20.9% for O,). For test planesswhere the
stailzc pressure is below atmospheric pressuré, connect
thejsample tubing at the probe end and insert the probe
intq the gas stream. The time taken for the indicated
gas| composition of the sampled~gas to change from
ambient to within 0.2% pointscof-the expected reading
shall be recorded. The reecorded time shall then be
mulftiplied by a factor of 1'5t0 determine the minimum
time before sample andlysis can commence.

At each traverse point, simultaneous measurements
are|taken of gas.composition, gas temperature, and,
optjonally, velocity head. If the velocity head readings
are|taken, tHe weighted mean average gas composition
acrgss the sampling plane can be computed. This is the
only sampling technique that allows for simultaneous
gas|sampling and velocity measurements.

pt affect
one test
5 ensure
ock any

ensure that feakage fronm the gas infet does,
the readings at the gas outlet. First, only open
port per probe at a time and when replacifig,cap
that they are leak tight. Second, continuowusly bl
gaps between the probe and the port/ Third, the inlet
and outlet traverses shall be offset(For examgle, both
the inlet and outlet traverses/always work from left to
right, and when they reach¢the right end, they move to
the left end and continué from there. However, the inlet
traverse starts at the deft side, and the outlet ftraverse
starts in the middle and works to the right.)

With portable; probe point-to-point samplinyg, since
the probes arelinoved manually to each position, in
addition te~potential air ingress, care must be taken to
ensure fépeatability of the probe’s position fjom one
traverse to another.

-2 FIXED GRID SAMPLING TECHNIQUES

used for
require-
alanced
provide
lysis or
that can
chieved
br both.

Fixed grid sampling techniques are generally
their combined advantages of reduced labor
ments and minimal potential for air ingress on i
draft units. Such fixed grids can be arranged to
either a bulk (composite) gas sample for and
individual samples from each sampling probe
be analyzed separately to replicate the readings 4
by a portable probe point-to-point analysis,
Another advantage is that some fixed-grid sgmpling
techniques allow individual point samples tof be col-
lected much faster than portable probe pointito-point
traverses.

One disadvantage of fixed grids is that they do not
allow for simultaneous measurements of gas cpmposi-
tion and velocity. Another disadvantage is that some
thermocouples on the probes of a fixed grid nay fail
during a test. Since these thermocouples are usyally not
readily replaceable during a test run, if the minimum
number are not functional throughout the tesrtﬂF'un, the

Prior to the start of each test run, a leak check shall
be performed of the entire system. With the probe out
of the duct, start the vacuum pump and seal the probe’s
tip. After the pressure at the pump suction has stabi-
lized, isolate the suction of the vacuum pump. If the
system pressure increases more than 0.1 in. Hg in 2 min,
locate the leak, repair it, and repeat the leak check.

Since this method requires sample collection simulta-
neously from both the air heater inlet and outlet gas
streams, on balanced draft units care must be taken to
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test run shall be aborted (see para. 4-3.5).

1I-2.1 Fixed Grid — Composite Sampling

Where stratification of the gas analysis and/or veloc-
ity is not excessive, fixed sampling grids are commonly
combined with sample mixing devices to obtain bulk
(composite) gas samples for continuous monitoring
throughout the test, as shown in Figs. II-2.1-1 and
II-2.1-2. These bulk-sampling techniques are particularly
convenient whenever air heater tests are integrated with
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a full boiler test. Moreover, the speed at which such
continuous bulk gas sampling may be analyzed facili-
tates the multiple, repeated measurements that are
required to complete a statistical analysis of the
readings.

To ensure the system is leak-free, before inserting the
probes into the duct they shall be thoroughly inspected
for leaks. Prior to the start of each test run, a leak check
shall be pe i

ormed of the enfire em. Af eacn sa
isconnect the tubing and plug each, ensure that

11-2.2 Fixed Grid — Point-to-Point (Single Pump)
Sampling
Fixed|grid — point-to-point (single pump) sampling is

ilar to portable probe point-to-point sampling.

nected fo each point one at a time. See Fig. 1I-2.2-1.

An adlvantage of this method is less potential for air
ingress jon balanced draft units (affecting the readings)
with thik point-to-point method, compared to the “porta-
ble probe point-to-point” traverse. Another advantage
is that the sample position is repeatable from one tra-
verse tq another.

To enbure the system is leak-free, before inserting the
probes into the duct they shall be thoroughly inspected
for leakp. Prior to the start of each test run, alleak check
shall bg performed. With the sampling tubing discon-
nected pt the probe, start the vacuumSpump and seal
the tubing at the end. After the pressure at the pump
suction fhas stabilized, isolate the-suetion of the vacuum
pump. If the system pressure increases more than 0.1 in.
Hg in 7 min, locate the leak, repair it, and repeat the
leak chgck.

The rhinimum timefor-the sampling lines to be ade-
quately| purged of\gas withdrawn from the previous
samplirlg position\shall be determined by experiment
at the start of the'test. For test planes where the static
pressute istabove atmospheric pressure, connect the
sample ftubing to a probe. When the indicated gas com-

recorded. The recorded time shall then be multiplied by
a factor of 1.5 to determine the minimum time before
sample analysis can commence.

1I-2.3 Fixed Grid — Point-to-Point (Dual Pump)
Sampling
A better sampling system would combine the conve-
nience and speed of fixed-grid — composite sampling
. . e int.

A C d Uuldly dilld alldly cl dpdb Ul D

to-point sampling.

Figure II-2.3-1 shows a simplified diagram of gne such
fixed sampling grid, designed to allow fast withdrawal
and analysis of gas samples. Note the use/of multiple,
paired valves (which are typically ball“valves and |can
be automated) to select individualsample tubes. In|the
period immediately before sampling begins, all of|the
sampling valves upstream of/vacuum pump 2 wil| be
closed, while all of the side:stream valves would be
open, with vacuum punip’l drawing samples through
all of the lines in pafallel. This ensures that each off the
long lengths of individual lines from the sampling plane
is continuously-flushed with the flue gas to be analyzed,
thus reducing the response time whenever that lirfe is
sampled. However, this system, compared to the previ-
ous system, requires an additional pump, additignal
valves'equal to twice the number of sample pointd, as
weéllras a person or automated system to perform valve
sequencing.

In order to sample an individual point, the appropijiate
pair of valves are operated (sampling valve is opeped
and side-stream valve is closed) for the required time
(first for flushing and then for collecting data), before
reversing the valve positions and moving to the Jext
sample point. This arrangement allows for the detajled
analytical capabilities of point-to-point sampling with
faster traverse times than the aforementioned meth¢ds.

To ensure the system is leak-free, before inserting| the
probes into the duct they shall be thoroughly inspe¢ted
for leaks. Prior to the start of each test run, a leak check
shall be performed. With all side-stream valves cldsed
and all sample tubing disconnected at each probe, gtart
the vacuum pump and seal the ends of all tubing. After
the pressure at the pump suction has stabilized, isollate
the suction of the vacuum pump. If the system presgure
increases more than 0.1 in. Hg in 2 min, locate the lpak,
repair it, and repeat the leak check.

position stabilizes, temporarily disconnect the sample
tubing at the probe end, and record the time required
for the indicated gas composition to change from the
stable reading to near ambient (20.9% for O,). For test
planes where the static pressure is below atmospheric
pressure, with the gas analysis equipment indicating
ambient composition, connect the sample tubing at the
probe end. The time required for the indicated gas com-
position of the sampled gas to change from ambient
to within 0.2% points of the expected reading shall be

The minimum time for the sampling lines to be ade-
quately purged of gas withdrawn from the previous
sampling position shall be determined by experiment
at the start of the test. First, determine which sample
point has the longest tubing run between its sample
valve and the gas preparation equipment. Second, start
the pumps and place the valves in position for sampling
that point. Third, when the indicated gas composition
stabilizes, record this reading. Fourth, close the sample
valve, open the side-stream valve, disconnect the tubing
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on the downstream side of the sampling valve, and allow
time for the indicated gas composition to change from
the stable reading to near ambient (20.9% for Oy). Fifth,
reconnect the sample tubing to the downstream side of
the sampling valve, open the sampling valve, and close
the side-stream valve. Measure the time required for the
indicated gas composition to change from ambient to
within 0.2% pomts of the prev10usly recorded readmg
Thi,
of 1.5 to determme the minimum time before sample
anallysis can commence.

-2,

Hinally, Fig. II-2.4-1 shows a complementary system
that combines the features of the bulk (composite) gas
sampling with the capability to obtain individual point-
to-point samples using a second gas analyzer. However,
thid system, compared to the previous system, requires
an pdditional gas analyzer and set of gas preparation
equipment.

ensure the system is leak-free, before inserting the
propes into the duct they shall be thoroughly inspected
for [leaks. Prior to the start of each test run, a leak check
shall be performed of both the point-to-point and the
composite subsystems. To check the point-to-point sub-
system, start with all side-stream valves closed and all
sample tubing disconnected at each probe, start vacuum
pump 2, and seal the ends of all tubing. After the pres-
sure at the suction of pump 2 has stabilized, isolate-the
punp suction. If the system pressure increases mote
than 0.1 in. Hg in 2 min, locate the leak, repair it) and

4 Fixed Grid — Combination Sampling

repeat the leak check. To check the composite subsystem,
continue with all side-stream valves closed, open the
outlet valve at the sample mixing device, open the mix-
ing device inlet valves (if the mixing device has these
valves in addition to the side-stream valves), and start
vacuum pump 1. After the pressure at the pump suction
has stabilized, isolate the pump suction. If the system
pressure increases more than 0.1 in. Hg in 2 min, locate

determine which sample point hasxthe longes} tubing
run between its sample valve,and the gas preparation
equipment. Second, start thepumps and place the valves
in position for sampling that point. Third, when the
indicated gas compositionstabilizes, record this feading.
Fourth, close the sample valve, open the sid¢-stream
valve, disconnect the-tubing on the downstreanp side of
the sampling valve, and allow time for the ifdicated
gas composition to change from the stable regding to
near ambient (20.9% for O,). Fifth, reconnect thq sample
tubing t6 the downstream side of the sampling valve,
openthie sampling valve, and close the sidestream
valve. Measure the time required for the indicgted gas
¢composition to change from ambient to within 0.2%
points of the previously recorded reading. THis mea-
sured time shall then be multiplied by a factor pf 1.5 to
determine the minimum time before sample pnalysis
can commence.
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Fig. 1I-2.1-1 Fixed Grid — Composite Setup
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Fig. 1I-2.2-1 Fixed Grid — Point-to-Point (Single Pump) Setup
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Fig. 1I-2.3-1 Fixed Grid — Point-to-Point’(Dual Pump) Setup
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Fig. 1I-2.4-1 Fixed Grid — Combination Setup
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MANDATORY APPENDIX IlI
SAMPLE CALCULATIONS FOR TEMPERATURE MEASUREMENTS

CALIDCAILIE
"I' I I'IEI‘IVIUI'II:I I:I\ \IJI:UKI:I'.J FAITNENTILC] I}

Hor example, given a thermometer whose smallest

COMIPONCEIts O I}lt‘,‘ bybICIIldIiL UIlLE[IdiIlIy, SCC the fOl'

lowing steps and Table III-1.2-1:

divjsions are 0.2°F, with a reading of 100°F, and the Step 1:  Calculate the error at the calibratign point
follbwing calibration data: below the measured value. At 89.9°F, the error
Standard Thermometer is the indicated temperature’minus the stan-
Temperature, °F Reading, °F Error, °F dard temperature, 89.9°F— 90.0°F, or —0.1°F.
2 35 05 This indicates the‘nteasured templerature
9% 89.9 Zo1 could be 0.1°F toédow.
140 1395 05 Step 2:  Calculate the ®error at the calibratign point
The readability is one-half of 0.2°F, or 0.1°F. fabove Fhe measured value. At 139'5 F fheerror
. . is the indicated temperature minus the stan-
llI-1.1 Procedures When Not Correcting the Reading dard témperature, 139.5°F — 140.0°F, of —0.5°F.
It the reading is not to be corrected, then 100°F will This indicates the measured temperature
be fised in the calculations. To calculate the positive and eotild be 0.5°F too low.
negative components of the systematic uncertainty, see ~ Step 3: {J)Célculate the error at the measured Yalue by
the|following steps and Table III-1.1-1: straight-line interpolation.
Step 1:  Calculate the error at the calibration point
below the measured value. At 89.9°F, the error 01 x -05
is the indicated temperature minus the stan- 89.9 7100 " 139.5
dard temperature, 89.9°F — 90.0°F, or —0.1°E.
This indicates the measured temperature _ [(£05 = (£0.D)] (100 = 89.9) (-0.1)
o 139.5 - 89.9
could be 0.1°F too low. _ _018°F
Stepp 2:  Calculate the error at the calibration-point ‘
'above ’Fhe measured value. At 13?'501:’ the error This indicates the measured tempperature
is the indicated temper?ture mm;us the staon- could be 0.18°F too low.
dar.d t.emPerature, 139.5°F — 1400°F, or ~0.5°F. Step 4:  Calculate the corrected reading by mleasured
This indicates the meagQred temperature reading minus the error at the measurdd value.
could be 0.5°F too low!
(@) Positive Systematic Uncertainty. The positive sys- 100°F — (-0.18) = 100.18°F
tenfatic uncertainty
(1) if both errors are.positive, is the larger of the  Step 5:  Calculate the first span by taking the “error
twq errors at the calibration point below the mleasured
(2) if only ongerror is positive, is that value value” minus the “error at the méeasured
(3) if both értors are negative, is 0 value.”
Hor this example, the positive systematic uncertainty
is 40.0°F, sitice both errors have negative values. -0.1°F - (-0.18°F) = +0.08°F
(b) Negative Systematic Uncertainty. The negative sys-
tematietncertainty Step 6:  Calculate the second span by taking tle “error
(T)if botherrorsare Tegative, s the orme with the at—the—calibration—point-above—themeasured
larger magnitude value” minus the “error at the measured
(2) if only one error is negative, is that value value.”
(3) if both errors are positive, is 0
For this example, the negative systematic uncertainty —0.5°F - (-0.18°F) = -0.32°F
is —0.5°F, since it has the larger magnitude of the two o ] o
negative errors. Step 7:  The positive systematic uncertainty is one-half

llI-1.2 Procedures When Correcting the Reading

If the reading is to be corrected, then to calculate
the corrected value and the positive and negative
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of the span with the positive value.

% (+0.08) = +0.04
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Step 8:  The negative systematic uncertainty is one-

half of the span with the negative value.

(-0.32) = -0.16

N =

lll-2 THERMOCOUPLES AND RESISTANCE
TEMPERATURE DEVICES (DEGREES

uncertainty for an RTD, and 0.2°F (0.1°C) for the positive
and negative systematic uncertainty for a thermocouple.

NOTE: If the segment does not have a unique accuracy check
(i.e., an accuracy check was performed on a selected number of
components and that data is used to represent all similar compo-
nents), see the next paragraph for a discussion of how to determine
the correction and systematic uncertainty.

(2) For a loop with multiple segments, repeat the

the
ach

IAHRENHEIT) four steps above for each segment.
The gccuracy check of a temperature measurement (c) Combine (square root of the ratio of the sum of
. the squares to one less than the number of(values)
using thermocouples or RTDs may be done by an accu- it q i temati Grinto f
racy check of the entire loop or by separate accuracy positive (and negative) systematic uncertdinty for g

checks

ment of
(e.g., th
exampl
multipl
has a sf

bf two or more segments of the loop. Each seg-
a loop could include one or more components
b sensor, the lead wire, and the electronics). An
 of a loop with multiple segments (and therefore
e accuracy checks) would be if the thermocouple
and-alone accuracy check, the lead wire has a
stand-ajone accuracy check, and the electronics has a
stand-alone accuracy check. Another example would be
where the thermocouple and lead wire have a stand-
alone afcuracy check and the electronics has a stand-
alone a¢curacy check.

lll-2.1 Combining Multiple Segments With Accuracy
Checks

Where the measurement system has more than one
segment, each with its own accuracy check, the correc-
tion to |be applied to the reading and the systematic
uncertajnties are combined as follows:

(a) The overall correction is determined by ealculating
a corre¢tion (by interpolating between the calibration
data below and above the indicated reading) for each
segment and then summing the corréctions.

(b) The overall systematic uncertainty for the reading
is determined.

(1)[ For a loop with only one segment, do the
following:
(ta) Calculatedhe correction at the accuracy
checkpgints below afid)yabove the indicated temperature.
(tb) Subtragtthe correction at the accuracy check-
point b¢low thelindicated reading from the correction
at the indicated reading. If it is a negative value, it is a
negativlF systematic uncertainty; if it is a positive value,

segment with the other components of the measurenpent
system to obtain the overall positiye (and negative) pys-
tematic uncertainty.

lll-2.2 Combining Multiple 'Segments With
Representative Accuracy Checks

Each segment of a measurement (either the entire lpop
or the two or more segments of the measurement) cquld
have a specifi¢aceuracy check (i.e., every thermocouple
in a grid hds’a"unique accuracy check). Each segnpent
of a measurement could also have two or more segments
that usé.representative accuracy check data from fwo
or qagre representatives of all of the segments of fhat
section of every measurement. Where a segment fises
two or more representative accuracy checks, the corfrec-
tions to be applied to the reading and the systematic
uncertainties are combined as follows:

(a) The overall correction is determined by calculafing
a correction for each representative and then averaging
the corrections.

(b) The overall systematic uncertainty for a segnpent
with representative accuracy checks is determined.

(1) For each representative of the segment, do
following;:
(-a) Calculate the correction at the accur
checkpoints below and above the indicated temperat
(-b) Subtract the correction at the accuracy ch
point below the indicated reading from the correction
at the indicated reading. If it is a negative value, it|is a
negative systematic uncertaintys; if it is a positive value,
it is a positive systematic uncertainty.
(-c) Subtract the correction at the accuracy check-

the

acy

Lre.

bck-

it is a positive systematic uncertainty.

(-c) Subtract the correction at the accuracy check-
point above the indicated reading from the correction
at the indicated reading. If it is a negative value, it is a
negative systematic uncertainty; if it is a positive value,
it is a positive systematic uncertainty.

(-d) If both calculated systematic uncertainties
are zero (i.e., the corrections at the accuracy checkpoints
below and above the indicated reading are the same), use
0.1°F (0.05°C) for the positive and negative systematic

122

point above the indicated reading from the correction
at the indicated reading. If it is a negative value, it is a
negative systematic uncertainty; if it is a positive value,
it is a positive systematic uncertainty.

(-d) If both calculated systematic uncertainties
are zero (i.e., the corrections at the accuracy checkpoint
below and above the indicated reading are the same), use
0.1°F (0.05°C) for the positive and negative systematic
uncertainty for an RTD, and 0.2°F (0.1°C) for the positive
and negative systematic uncertainty for a thermocouple.


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

(2) Combine the positive (then negative) systematic
uncertainties by calculating the square root of the ratio
of the sum of the squares of the positive (then negative)
systematic uncertainties, to one less than the number of
positive (then negative) systematic uncertainties.

llI-2.3 Using Accuracy Check Data

There are three ways to use the accuracy checks to
det

ormine sensor-and -data acguisition svstem svstem-
1 J J

value (in which case the differences will both
be zero), use 0.1°F (0.05°C) for the negative
systematic uncertainty for an RTD and 0.2°F
(0.1°C) for the negative systematic uncertainty
for a thermocouple.
(2) Average the corrections from all accuracy
checks.
(3) Combine the positive (then negative) systematic
uncertainties from each accuracy check hy r*;\]"u]ating

atid
chel

uncertainty due to interpolation between accuracy
ckpoints and to optionally correct the measured data.

11-2.3.1 Method 1 — Correct Each Reading At Each
nt

lI-2.3.1.1 Method 1 Procedure. In the first (and
ferred) method, accuracy check data is used to correct
h reading at each point. The corrected readings at
h point are then arithmetically averaged (over time)
etermine the average corrected temperature for each
poipt. The average corrected temperatures for each point
arelthen averaged (algebraically or weight, by mass flow)
to determine the temperature at the location.

Poi

pre
eac

eac
tog

llI-2.3.1.1.1 Steps for Each Point at a Particular
Location

(#) For each reading at the point, for each segment of
the|measurement system at the point, the steps below
should be performed.

(1) For each accuracy check for a segment [either,

indjvidual component(s) or for each representative edm-

the square root of the ratio of the sum of the’squares of
the positive (then negative) systematic uncertajnties to
z, where
(-a) z equals one less than the ntimber of [positive
(then negative) systematic uncertaifities if the number
of positive (then negative) systematic uncertafinties is
greater than 1
(-b) z equals the number of positive (thg
tive) systematic uncertainties if the number of
(then negative) systematic uncertainties is 1
(b) For each reading at the point, sum the corfrections
from each segment of the measurement systent.
(c) For each reading at the point, calculate the cor-
rected reading by summing the reading and th¢ sum of
the corrections.
(d) Average all corrected readings at this po

n nega-
positive

nt.

llI-2.3.1.1.2 Averaging. Average all averages of
corrected readings, from all points at this locatfion.

IlI-2.3.1.1.3 Combining. For each segment, com-
bine the positive (then negative) systematic urjcertain-

positive

bmbine
hares to
ve (and
bnt with
tain the
rtainty.

the first
nsors at
bl. Both
ree ran-

ponent(s)], perform the following: 8 ' :

Step 1:  Determine the correction at the.accuracy — f€s from .each reading, by calculating the square root
check’s data set below the readifg. of the ratio of the sum of the squares of the

Step 2:  Determine the correction at.the accuracy (then negative) systgmatic uncertaint.ies to one less than
check’s data set above thegeading. the number of readings (from all points).

Step 3: Determinfe the correctienrat the reading by I1-2.3.1.1.4 Overall Uncertainty. C
interpolating betweenrthe accuracy check data (square root of the ratio of the sum of the sq
below and above the.reading. one less than the number of values) the positi

Step 4:  Subtract the coprection at the accuracy chegk’s negative) systematic uncertainty for each segm.
data set bel.ow the reading from the correction 16 other components of the measurement to o}
at the reading. overall positive (and negative) systematic unce

Step 5:  Subtractithe correction at the accuracy check’s
data set.above the reading from the correction llI-2.3.1.2 Method 1 Example. There are nine mea-
at/the reading. surement points at this location. The sensors at

Step 6: «The'positive systematic uncertainty isthe posi-  six points were all from one spool, and the se
tive value from Steps 4 and 5. Therefore, unless  the other three points were from another spo
the accuracy check data has identical correc-  spools had accuracy checks performed on th
tions above and below the measured value (in ~ domly selected sensors with extension wire. An accuracy
which case the differences will both be zero), = check was also performed on the common data acquisi-
use 0.1°F (0.05°C) for the positive systematic  tion system reading all sensors.
uncertainty for an RTD and 0.2°F (0.1°C) for Results of the representative sensor (three each) accu-
the positive systematic uncertainty for a  racy checks are shown in Table I1I-2.3.1.2-1. Results of
thermocouple. the electronics pretest accuracy check are shown in

Step 7:  Thenegative systematic uncertainty istheneg-  Table I11-2.3.1.2-2.

ative value from Steps 4 and 5. Therefore,
unless the accuracy check data has identical
corrections above and below the measured
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The first set of readings (corrected for the ice-bath
temperature) at the nine points at this location are 652°F,
649°F, 654°F, 646°F, 648°F, 661°F, 645°F, 659°F, and 643°F.
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The second set of readings (corrected for the ice-bath
temperature) at eight points at this location are 648°F,
657°F, 654°F, 652°F, 646°F, 659°F, 647°F, and 655°F; the
sensor at point nine failed before the second reading.

lll-2.3.1.2.1 Steps for Each Point at a Particular
Location. The calculations for point #1, reading #1 are

shown below (the data for all points and readings are
in Tables 111-2.3.1.2.1-1, [11-2.3.1.2.1-2, and 111-2.3.1.2.1-3).

(-¢) Step 3. Determine the correction at the read-
ing by interpolating between the accuracy check data
below and above the reading.

The intermediate sensor correction (from the sensor
accuracy check) for spool #1, representative sensor #1,
at point #1’s first reading of 652°F is

-3.0 X -4.5
602 “ 652 " 805.5

(a) Thermocouple Segment. The calculations for the
thermogouple segment of the measurement system at
the point are as follows:

(1) |For each accuracy check for this segment [either
individfial component(s) or for each representative com-
ponent(s)], perform the following:

(
racy ch

a) Step 1. Determine the correction at the accu-
bck’s data set below the reading.

(-1) Representative Thermocouple #1. Calculate
the corfection at the calibration point below the mea-
sured viplue. At 602.0°F, the correction is the standard
temperature minus the indicated temperature, 599.0°F
- 602.09F = —3.0°F. This indicates the measured temper-

ature cquld be 3.0°F too high.
(-2) Representative Thermocouple #2. Calculate
the corfection at the calibration point below the mea-

sured viplue. At 601.5°F, the correction is the standard
temperdture minus the indicated temperature, 599.0°F
—601.59F = —2.5°F. This indicates the measured temper-

ature cquld be 2.5°F too high.
(-3) Representative Thermocouple #3. Calculdte
the cortection at the calibration point below the imea-

sured vplue. At 602.2°F, the correction is thesstandard
temperature minus the indicated temperature) 599.0°F
- 602.29F = —3.2°F This indicates the measured temper-
ature cquld be 3.2°F too high.

(tb) Step 2. Determine the correction at the accu-
racy check’s data set above the reading.

(-1) Representative Thermocouple #1. Calculate
the corgection at the calibration point above the mea-
sured vplue. At 805.5%F; the correction is the standard
temperature minus thevindicated temperature, 801.0°F
- 805.59F = —4.5°E-This indicates the measured temper-

ature cquld beydS°F too high.
(-2).-Representative Thermocouple #2. Calculate
the corgedtion at the calibration point above the mea-

‘= [(-4.5) - (-3.0)] x (652 — 602)

8055 — 602 + (30

-3.37°F

The intermediate sensor correction (from the semsor
accuracy check) for spool #1, repre§entative sensor #2,
at point #1’s first reading of 652°F"is

25 /40
6015652 805

[(~40) — (-255)] % (652 — 601.5)
805 — 601.5
-2 87°F

+ (-2.5)

The intermediate sensor correction (from the semsor
accuracy check) for spool #1, representative sensorf #3,
at point\#1’s first reading of 652°F is

-3.2 X -4.7
602.2 " 652 " 805.7

[(-4.7) - (=3.2)] X (652 — 602.2)
805.7 — 602.2
~3.57°F

+(-3.2)

(-d) Step 4. Subtract the correction at the a¢cu-
racy check’s data set below the reading from the corjrec-
tion at the reading.

(-1) For representative thermocouple #1, -8.37
- (-3.0) = -0.37°F.

(-2) For representative thermocouple #2, -P.87
- (-25) = -0.37°E.

(-3) For representative thermocouple #3, —B.57

- (-3.2) = -0.37°F.
(-e) Step 5. Subtract the correction at the accus
check’s data set above the reading from the correc
at the reading.
(-1) For representative thermocouple #1, —
- (-4.5) = +1.13°F.

acy
ion

B.37

sured valtie. At 805.0°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
- 805.0°F = —4.0°F. This indicates the measured temper-
ature could be 4.0°F too high.

(-3) Representative Thermocouple #3. Calculate
the correction at the calibration point above the mea-
sured value. At 805.7°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
—805.7°F = —4.7°F. This indicates the measured temper-
ature could be 4.7°F too high.

124

(-2) For representative thermocouple #2, —2.87

- (-4.0) = +1.13°E
(-3) For representative thermocouple #3, -3.57

- (-4.7) = +1.13°E
(-f) Step 6. The positive systematic uncertainty
is the positive value from Steps 4 and 5. Therefore, unless
the accuracy check data has identical corrections above
and below the measured value (in which case the differ-
ences will both be zero), use 0.1°F (0.05°C) for the
positive systematic uncertainty for an RTD and 0.2°F
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(0.1°C) for the positive systematic uncertainty for a
thermocouple.

(-1) For representative thermocouple #1, the
value is +1.13°F.

(-2) For representative thermocouple #2, the
value is +1.13°F.

(-3) For representative thermocouple #3, the
value is +1.13°F.

rences will both be zero), use 0.1°F (0.05°C) for the
negative systematic uncertainty for an RTD and 0.2°F
(0.1°C) for the negative systematic uncertainty for a
theymocouple.

(-1) For representative thermocouple #1, the
valpie is —0.37°F.

(-2) For representative thermocouple #2, the
valtpie is —0.37°F.

(-3) For representative thermocouple #3, the
valye is —0.37°F.

(2) Average the corrections from all accuracy
chefks.

[(-3.37) + (-2.87) + (-3.57)]/3 = -3.27

(3) Combine the positive (then negative) systematic
undertainties from each accuracy check by calculating
the|square root of the ratio of the sum of the squares of
the|positive (then negative) systematic uncertainties to
z, Where

(-a) z equals one less than the number of positive
(thgn negative) systematic uncertainties if the number
of positive (then negative) systematic uncertainties is
grepter than 1

(-b) z equals the number-of positive (then nega-
tivg) systematic uncertainties/ift the number of positive
(thgn negative) systematie-incertainties is 1

The sensor positive\systematic uncertainty is

\/[(1.13)2 + (1.13)2 + (1.13)%]/(3 — 1) = +1.38°F

The senserhegative systematic uncertainty is

/[(—0.37)2 + (=0.37)% + (=0.37)?]/(3 - 1) = —0.45°F

value. At 602.0°F, the correction is the standard tempera-
ture minus the indicated temperature, 600.0°F —
600.3°F = —0.3°F. This indicates the measured tempera-
ture could be 0.3°F too high.

(-b) Step 2. Determine the correction at the accu-
racy check’s data set above the reading. Calculate the
correction at the calibration point above the measured
value. At 805.5°F, the correction is the standard tempera-

] inus the indicated temperature, 800.0°F —
799.8°F = +0.2°F. This indicates the measured tempera-
ture could be 0.2°F too low.

(-¢) Step 3. Determine the correction at the read-
ing by interpolating between the acctiracy ch¢ck data
below and above the reading.

The intermediate sensor correction (from th¢ sensor
accuracy check) for the electronics, at point #1’s first
reading of 652°F is

_102) = (-0.3)] x (652 - 600.3)
TR 799.8 — 600.3 *

(0.9

-0.17°F

(-d) Step 4. Subtract the correction at tle accu-
racy check’s data set below the reading from th¢ correc-
tion at the reading.

—0.17 - (-0.30) = +0.13°F

(-e) Step 5. Subtract the correction at the gccuracy
check’s data set above the reading from the cqrrection
at the reading.

For representative thermocouple #1,

-0.17 - (+0.20) = —0.37°F

(-f) Step 6. The positive systematic undertainty
is the positive value from Steps 4 and 5. Therefor¢, unless
the accuracy check data has identical corrections above
and below the measured value (in which case the differ-
ences will both be zero), use 0.1°F (0.05°C)| for the
positive systematic uncertainty for an RTD afpd 0.2°F
(0.1°C) for the positive systematic uncertainty for a
thermocouple.

For electronics, the value is +0.13°F.

(-g) Step 7. The negative systematic ungertainty

(b) Electronics Segment. The calculations for the elec-
tronics segment of the measurement system at the point
are as follows:

(1) For each accuracy check for this segment [either
individual component(s) or for each representative com-
ponent(s)], perform the following:

(-a) Step 1. Determine the correction at the accu-
racy check’s data set below the reading. Calculate the
correction at the calibration point below the measured

is the negative value from Steps 4 and 5. Therefore,
unless the accuracy check data has identical corrections
above and below the measured value (in which case the
differences will both be zero), use 0.1°F (0.05°C) for the
negative systematic uncertainty for an RTD and 0.2°F
(0.1°C) for the negative systematic uncertainty for a
thermocouple.
For electronics, the value is —0.37°F.

(2) Average the corrections from all accuracy

checks. The result is —0.17.
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Combine the positive (then negative) systematic

uncertainties from each accuracy check by calculating
the square root of the ratio of the sum of the squares of
the positive (then negative) systematic uncertainties to
z, where

(-a) z equals one less than the number of positive
(then negative) systematic uncertainties if the number
of positive (then negative) systematic uncertainties is

(b) For segment #2 — electronics — the positive sys-

tematic uncertainty is

{[(0.13)? + (0.12) + (0.13)? + (0.11)% + (0.12)? + (0.15)>

+ (0.11)% + (0.15)% + (0.11)% + (0.12)* + (0.14)* + (0.13)2
+(0.13)% + (0.11)% + (0.15)% + (0.12)* + (0.14)%] /(17 - 1)}°°
= +0.13°F

The negative systematic uncertainty is

greater than 1

(tb) z equals the number of positive (then nega- ([(=0.37)2 + (~0.38)2 + (~0.37)% + (~0.39)% + (~0.38)%
tive) syptematic uncertainties if the number of positive + (~0.35) + (=039 + (~0.35)% + (~0.39)% + (C038)?
(then n¢gative) systematic uncertainties is 1. + (~0.36) + (=0.37)% + (=0.37)% + (~0.39)%+ (L0.35)2

The 4

The d

ensor positive systematic uncertainty is

/(0.13)*/1 = +0.13°F

ensor negative systematic uncertainty is

/(-0.37)*/1 = -0.37°F

(c) Sym the corrections from each segment of the mea-

suremel

(d) C
reading

(e) AY

|
corrects

(646.57 4

I
bine thg
ties fro
of the

(then nd

Wt system.
-3.27 + (-0.17) = -3.44°F

hlculate the corrected reading by summing the
and the sum of the corrections.

652.0 + (-3.44) = 648.56°F
Ferage all corrected readings at this point.

(648.56 + 644.58)/2 = 646.57°F

1-2.3.1.2.2 Averaging. Average all averages of
d readings, from all points at this location.

649.55 + 650.55 + 645.58 + 643.59~+656.53 + 647.43
+ 658.47 + 644.42)/9 = 649:19°F

1-2.3.1.2.3 Combining..\For each segment, com-
positive (then negative) systematic uncertain-
each reading, by ealculating the square root
atio of the sump.of the squares of the positive
gative) systematic uncertainties, to one less than

the number of readings (from all points).

(a) F
systemd

r segmeht’#1 — thermocouples — the positive
tic gneertainty is

+(=0.38)% + (-0.36)21/(17 - 1)}°° =

111-2.3.1.2.4 Overall Uncertainty. Comh
(square root of the ratio of thessum of the square
one less than the number ofsyalues) the positive (
negative) systematic uncertainty for each segment v
the other components of(the measurement to obtain
overall positive (and negative) systematic uncertai
See Table I11-2.3.1.24-1.

—0.38°F

ine
b to
hnd
vith
the
nty.

1ll-2.3.2 Method 2 — Correct the Averaged Readings

11-2.3.2:1 Method 2 Procedure. In the sec
method,.aceuracy check data is used to correct the at
metically averaged readings (over time) at each p|
toydetermine a corrected temperature for each p
Then the corrected temperatures (across the grid)
averaged (arithmetic or weight, by mass flow) to d¢
mine the temperature at the location. The system
uncertainties are either
(a) calculated from the accuracy check data below
above each point’s average reading and the interpold
correction at each point’s temperature or
(b) avalue the parties mutually agree upon (perm
ble for electronics/data acquisition system’s systemny
uncertainties only)

1l1-2.3.2.1.1 Steps for Each Point at a Partic|
Location
(a) Arithmetically average the readings (over tim¢
the point.
(b) For each segment of the measurement syster]
the point, the steps below should be performed.
(1) For each accuracy check for a segment [ei
individual component(s) or for each representative c

bnd
ith-
pint
int.
are
ter-
atic

hnd
ted

ssi-
atic

ular
) at
h at

her

pmMm-

ponent(s)], perform the following:

{[(1.38 24D+ (4H2+ 422+ 3>
T (0,057 + (0.06)% + (0.05)2 + (1.42) + (134)% + (1.37)? Step 1:  Determine the correction at the accuracy
+(138)% + (144 + (132)? + (0.05)2 + (0.06)2]/(17 — 1)}0 check’s data set below the point’s average
= +120°F reading.
' Step 2:  Determine the correction at the accuracy
The negative systematic uncertainty for segment #1 is check’s data set above the point’s average
reading.
{[(<0.45)* + (-0.42) + (-0.47)* + (—0.40)* + (-0.42)* Step 3:  Determine the correction at the average read-

+ (-0.53)% + (-0.16)% + (—0.15)> + (=0.16)? + (—0.42)*
+ (=0.50)? + (—0.47) + (—0.45)% + (—0.40)% + (-0.51)>
+ (=0.16) + (-0.15)4]/(17 — 1)}*° = —0.40°F

ing, by interpolating between the accuracy
check data below and above the average
reading.
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Step 4:  Subtract the correction at the accuracy check’s
data set below the point’s average reading
from the correction at the average reading.
Subtract the correction at the accuracy check’s
data set above the point’s average reading from
the correction at the average reading.

The positive systematic uncertainty is the posi-
tive value from Steps 4 and 5. Unless the accu-

racy check data has identical corrections above

Step 5:

Step 6:

one less than the number of values) the positive (and
negative) systematic uncertainty for each segment with
the other components of the measurement to obtain the
overall positive (and negative) systematic uncertainty.

llI-2.3.2.2 Method 2 Example. There are nine mea-
surement points at this location. The sensors at the first
six points were all from one spool, and the sensors at
the other three points were from another spool. Both

and below the measured value (in which case
the differences will both be zero), use 0.1°F
(0.05°C) for the positive systematic
uncertainty for an RTD and 0.2°F (0.1°C) for
the positive systematic uncertainty for a
thermocouple.

The negative systematic uncertainty is the neg-
ative value from Steps 4 and 5. Unless the
accuracy check data has identical corrections
above and below the measured value (in which
case the differences will both be zero), use
0.1°F (0.05°C) for the negative systematic
uncertainty for an RTD and 0.2°F (0.1°C) for
the negative systematic uncertainty for a
thermocouple.

(2) Average the corrections from all accuracy
chegks.

(3) Combine the positive (then negative) systematic
undertainties from each accuracy check by calculating
the|square root of the ratio of the sum of the squares 0f
the|positive (then negative) systematic uncertainties to
z, Where

(-a) z equals one less than the number of-positive
(thgn negative) systematic uncertainties-if\the number
of positive (then negative) systematic tmcertainties is
greater than 1

(-b) z equals the number ¢of'positive (then nega-
tivg) systematic uncertainties if the number of positive
(thgn negative) systematic incertainties is 1

(¢) For each reading at(the point, sum the corrections
from each segment of the measurement system.

(4) For each reading at the point, calculate the cor-
recfed average for, this point by summing the average
(ovler time) indicated reading and the sum of the
corfections,

Step 7:

-2.3.2.1.2 Averaging. The temperature at this
locationt is the average (arithmetic or weight, by mass

spools had accuracy checks performed on, thfee ran-
domly selected sensors with extension wire.JAndccuracy
check was also performed on the common.datafacquisi-
tion system reading all sensors.

Results of the representative senser-(three eadh) accu-
racy checks are shown in TableTl]-2.3.2.2-1.

Results of the electronics pretest accuracy check are
shown in Table II1-2.3.2.2-2.

111-2.3.2.2.1 Stéps for Each Point at a Particular
Location
(a) Arithmetically average the readings (over|time) at
the point. The ‘data for all points and readings are in
Tables I11¢2:3:2.2.1-1, 111-2.3.2.2.1-2, and 1I1-2.3.2.2.1-3.
The arithmétic average (over time) of the temppratures
at point #1 is 650°F.
(b)"Thermocouple Segment. The calculationd for the
thérmocouple segment of the measurement system at
the point are as follows:
(1) For each accuracy check for this segment [either
individual component(s) or for each representat{ve com-
ponent(s)], perform the following:
(-a) Step 1. Determine the correction at the accu-

racy check’s data set below the point’s average feading.
(-1) Representative Thermocouple #1. Chlculate

the correction at the calibration point below the mea-
sured value. At 602.0°F, the correction is the gtandard
temperature minus the indicated temperature,{599.0°F
- 602.0°F = -3.0°F. This indicates the measured ffemper-
ature could be 3.0°F too high.
(-2) Representative Thermocouple #2. Calculate

the correction at the calibration point below the mea-
sured value. At 601.5°F, the correction is the standard
temperature minus the indicated temperature,|599.0°F
—601.5°F = —2.5°F. This indicates the measured femper-
ature could be 2.5°F too high.
(-3) Representative Thermocouple #3. Calculate

flow) of the corrected averages at each point.

ll1-2.3.2.1.3 Combining. For each segment, com-
bine the positive (then negative) systematic uncertain-
ties from each point, by calculating the square root of
the ratio of the sum of the squares of the positive (then
negative) systematic uncertainties, to one less than the
number of points.

111-2.3.2.1.4 Overall Uncertainty. Combine
(square root of the ratio of the sum of the squares to

the correction at the calibration point below the mea-

sured value. At 602.2°F, the correction is the standard

temperature minus the indicated temperature, 599.0°F

- 602.2°F = —3.2°F. This indicates the measured temper-
ature could be 3.2°F too high.

(-b) Step 2. Determine the correction at the accu-

racy check’s data set above the point’s average reading.

(-1) Representative Thermocouple #1. Calculate

the correction at the calibration point above the mea-

sured value. At 805.5°F, the correction is the standard
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temperature minus the indicated temperature, 801.0°F
- 805.5°F = —4.5°F. This indicates the measured temper-
ature could be 4.5°F too high.

(-2) Representative Thermocouple #2. Calculate
the correction at the calibration point above the mea-
sured value. At 805.0°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
—805.0°F = —4.0°F. This indicates the measured temper-
ature cquld be 4.0°F too high

(-e) Stepb. Subtract the correction at the accuracy
check’s data set above the point’s average reading from
the correction at the average reading.

(-1) For representative thermocouple #1,

-3.35 — (-4.5) = +1.15°F
(-2) For representative thermocouple #2,

-2.86 — (—4.0) = +1.14°F

(-3) Representative Thermocouple #3. Calculate
the corgection at the calibration point above the mea-
sured viplue. At 805.7°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
- 805.79F = —4.7°F. This indicates the measured temper-
ature cquld be 4.7°F too high.

(tc) Step 3. Determine the correction at the aver-
age reading by interpolating between the accuracy check
data below and above the average reading.

(-1) For representative thermocouple #1,

-3.0 X -4.5
602.0 ” 650 * 805.5

[(-4.5) — (-3.0)] (650 — 602.0)
805.5 — 602.0

-3.0

= -3.35°F
(-2) For representative thermocouple #2,

-2.5 X -4.0
601.5 " 650 " 805.0

_ [(-4.0) - (-2.5)] (650 — 601.5)
805.0 - 601.5

-25

R
|

= -2.86°F

(-3) For representative thermocouple #3,

-3.2 X 47
602.2 ” 6501 805.7

_[(-4.7) —(=32)] (650 - 602.2)

805.7 — 602.2 -32

R
|

= -3.55%F

(td) Stepy4/ Subtract the correction at the accu-
racy check’s.data set below the point’s average reading
from the eorrection at the average reading.

(-3) For representative thermocouple #3,
~3.55 — (-4.7) = +1.15°F

(-f) Step 6. The positive systematic’ uncertajnty
is the positive value from Steps 4 and/5. Therefore, unfless
the accuracy check data has identicalcorrections above
and below the measured value (in which case the differ-
ences will both be zero), iige-0.1°F (0.05°C) for|the
positive systematic uncertainty for an RTD and 0f2°F
(0.1°C) for the positive systematic uncertainty for a
thermocouple.

(-1) For representative thermocouple #1,|the
value is +1.152F:
(-2). For representative thermocouple #2,|the
value is +1:14°F.
(<3) For representative thermocouple #3,|the
valueds +1.15°F.

(-g) Step 7. The negative systematic uncertajnty
is’ the negative value from Steps 4 and 5. Therefore,
unless the accuracy check data has identical correctjons
above and below the measured value (in which ¢ase
the differences will both be zero), use 0.1°F (0.05°C) for
the negative systematic uncertainty for an RTD and 0}2°F
(0.1°C) for the negative systematic uncertainty for a
thermocouple.

(-1) For representative thermocouple #1,]|the

value is —0.35°F.
(-2) For representative thermocouple #2,|the

value is —0.36°F.
(-3) For representative thermocouple #3,|the

value is —0.35°F.
(2) Average the corrections from all accurjacy
checks.

[(-3.35) + (-2.86) + (=3.55)]/3 = —3.25

(3) Combine the positive (then negative) systemjatic
uncertainties from each accuracy check by calculating

(-1) For representative thermocouple #1,
-335 — (-3.0) = —0.35°F

(-2) For representative thermocouple #2,
-2.86 — (=2.5) = —0.36°F

(-3) For representative thermocouple #3,

-3.55 - (-3.2) = -0.35°F

the square root of the ratio of the sum of the squares of
the positive (then negative) systematic uncertainties to
z, where

(-a) z equals one less than the number of positive
(then negative) systematic uncertainties if the number
of positive (then negative) systematic uncertainties is
greater than 1

(-b) z equals the number of positive (then nega-
tive) systematic uncertainties if the number of positive
(then negative) systematic uncertainties is 1
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The sensor positive systematic uncertainty is

/[(1.15)2 + (1.14)2 + (1.15%]/(3 = 1) = +1.40°F

The sensor negative systematic uncertainty is

/[(—0.35)2 + (-0.36)% + (-0.35)9)]/(3 - 1) = —0.43°F

(c) Electronics Segment. The calculations for the elec-

For the electronics, the value is +0.12°F.

(-g) Step 7. The negative systematic uncertainty
is the negative value from Steps 4 and 5. Therefore,
unless the accuracy check data has identical corrections
above and below the measured value (in which case the
differences will both be zero), use 0.1°F (0.05°C) for the
negative systematic uncertainty for an RTD and
0.2°F (0.1°C) for the negative systematic uncertainty for

athermocot 1p]a

tromics segment of the measurement system at the point
are|as follows:

(1) For each accuracy check for this segment [either
jvidual component(s) or for each representative com-
ent(s)], perform the following;:

(-a) Step 1. Determine the correction at the accu-

racy check’s data set below the point’s average reading.
Calculate the correction at the calibration point below
the| measured value. At 600.3°F, the correction is the
standard temperature minus the indicated temperature,
600[0°F — 600.3°F = —0.3°F. This indicates the measured
temperature could be 0.3°F too high.
(-b) Step 2. Determine the correction at the accu-
racy check’s data set above the point’s average reading.
Calgulate the correction at the calibration point above
the| measured value. At 799.8°F, the correction is the
stamdard temperature minus the indicated temperature,
800}0°F - 799.8°F = +0.2°F. This indicates the measured
temperature could be 0.2°F too low.

(-c) Step 3. Determine the correction at the aver-
reading by interpolating between the accuracy check
h below and above the average reading.

ind]
pof

ag¢
dat

-0.3 X +0.2
600.3 " 650 " 799.8

_ 1(0.2) - (-0.3)] (650 — 600.3)
= 799.8 — 6003
~0.18°F

-03

(-d) Step 4. Subtractythe correction at the accu-
racy check’s data set bélow the point’s average reading
from the correction at\the average reading.

-0.18 — (-0.3) = +0.12°F

(-e) «Step 5. Subtract the correction at the accuracy
ck’s data set above the point’s average reading from
correction at the average reading.

che
the

For the electronics, the value is —0.38°F.

(2) Average the corrections from(all' a
checks. The result is —0.18°F.

(3) Combine the positive (thennegative) systematic
uncertainties from each accuracy check by calfulating
the square root of the ratio of4hesum of the squares of
the positive (then negative).systematic uncertajnties to
z, where

(-a) z equals orieless than the number of jpositive

(then negative) systematic uncertainties if the pumber

of positive (thefx negative) systematic uncertafinties is

greater than,1

(-b) zyequals the number of positive (thg

tive) syStematic uncertainties if the number of
(then'niegative) systematic uncertainties is 1

The sensor positive systematic uncertainty is

fcuracy

n nega-
positive

(0.12)%/1 = +0.12°F
The sensor negative systematic uncertainty i

/(-0.38)2/1 = —0.38°F

(d) Sum the corrections from each segment of
surement system.

12)

he mea-

-3.25 + (-0.18) = —3.43°F

(e) Calculate the corrected average for this point by
summing the average (over time) indicated reading and
the sum of the corrections.

650 + (-3.43) = 646.57°F

Il1-2.3.2.2.2 Averaging. The temperature at this
location is the average (arithmetic or weight, by mass

-0.18 - (0.2) = —0.38°F

(-f) Step 6. The positive systematic uncertainty
is the positive value from Steps 4 and 5. Therefore, unless
the accuracy check data has identical corrections above
and below the measured value (in which case the differ-
ences will both be zero), use 0.1°F (0.05°C) for the
positive systematic uncertainty for an RTD and 0.2°F
(0.1°C) for the positive systematic uncertainty for a
thermocouple.
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flow) of the carrected averages af each pninf

(646.57 + 649.55 + 650.55 + 645.57 + 643.59 + 656.52 + 647.42
+ 658.46 + 644.42) / 9 = 649.18°F

IlI-2.3.2.2.3 Combining. For each segment, com-
bine the positive (then negative) systematic uncertain-
ties from each point, by calculating the square root of
the ratio of the sum of the squares of the positive (then
negative) systematic uncertainties, to one less than the
number of points.
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(a) For segment #1 — thermocouples — the positive
systematic uncertainty is

[(1.40)? + (1.38)% + (1.37)* + (1.41)% + (1.43)2
+ (1.31)% + (0.05)% + (0.06)> + (0.05)°]/(9 - 1)

= +1.20°F

The negative systematic uncertainty for segment #1 is

(b) The temperature at this location is the average
(arithmetic or weight, by mass flow) of the average val-
ues at each point.

(c) For each segment of the measurement system at
the point, the steps below should be performed.

(1) For each accuracy check for a segment [either
individual component(s) or for each representative com-
ponent(s)], perform the following:

pr“n 1 Determine the corrections at the accur cy

[(-0-43)" + (-0.46)" + (-0.47)" + (-0.42)" check’s data set below the location’s atiefage

+ ($0.41)? + (=0.53)? + (-0.16)> + (-0.15)> = — 0.41°F reading.

+ (40.16)11/(9 - 1) Step 2:  Determine the corrections at the accurnacy
check’s data set above the locdtion’s average
reading.

Step 3:  The positive systematic\uncertainty is|the

(b) Fir segment #2 — electronics — the positive sys- larg.e%‘ negative correction*(or zero if both| are
tematicluncertainty is positive ngmbers). . . .

Step 4:  The negative systematic uncertainty is|the

[(0.12)* + (0.13)* + (0.13)* + (0.12)* + (0.12> L013°F larger positiveCegrrection (or zero if both|are

+ (1572 + (0112 + (0.1472 + 011/©9 - 1) negative numbers).

(2) Combine thepositive (then negative) systemlatic
uncertainties from each accuracy check by calculating
. . N the square root,of the ratio of the sum of the squares of
The rlegative systematic uncertainty is the positive (then negative) systematic uncertaintigs to
[(=0.38)2 + (~0.37)2 + (~0.37) + (~0.38)2 z, where s
+ (10.38) + (<0.35)% + (~0.39) + (<0.36)> = — 0.40°F (-a) z.equals one lgss than th§ n}lml.)er of positive
) (then*negative) systematic uncertainties if the number
+ (039710 -1) of positive (then negative) systematic uncertaintigs is
greater than 1
(-b) z equals the number of positive (then n¢ga-
. { tive) systematic uncertainties if the number of positive
11-2.3.2.2.4 Oyerall Uncertainty. Combifie (then negative) systematic uncertainties is 1
(square|root of the ratio of the sum of the squates to
one lesg than the number of values) the positive (and 1lI-2.3.3.1.2 Combining. For each segment, cpm-
negative) systematic uncertainty for each.segment with ~ bine the positive (then negative) systematic uncertpin-
the othgr components of the measurement to obtain the  ties from each point by dividing the root sum square of
overall jpositive (and negative) systematic uncertainty. the positive (then negative) systematic uncertaintie$ by
See Table I1I-2.3.2.2.4-1. one less than the number of points.
111-2.3.3 Method 3 — Measured Values Are Not 111-2.3.3.1.3 Overall Uncertainty. ComHine
Correctgd. In the third method, the measured values (Square root of the ratio of the sum of the squarep to
are not|corrected. Thetemperatures at each point are one less than the number of values) the positive (and
arithmetically averaged'(over time) and then the average  negative) systematic uncertainty for each segment with
tempergtures at eachi-point are averaged (arithmetic or  the other components of the measurement to obtain| the
weight,| by mass’ flow) to get the temperature at the  overall positive (and negative) systematic uncertaifty.
locatior|. TheSsensor and data acquisition system’s sys- )
tematicluncertainties are either III-2.3.3..2 Methqd 3 Exa.mple. There are nine 11Pea—
(a) cdlcillated from the accuracy check data below surement points at this location. The sensors at the first

and above each point’s average reading or

(b) avalue the parties mutually agree upon (permissi-
ble for electronics/data acquisition system’s systematic
uncertainties only)

111-2.3.3.1 Method 3 Procedure

llI-2.3.3.1.1 Steps for Each Point at a Particular
Location
(a) Arithmetically average the readings (over time) at
each point at the location.
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six points were all from one spool, and the sensors at
the other three points were from another spool. Both
spools had accuracy checks performed on three ran-
domly selected sensors with extension wire. An accuracy
check was also performed on the common data acquisi-
tion system reading all sensors.

Results of the representative sensor (three each) accu-
racy checks are shown in Table II1-2.3.3.2-1.

Results of the electronics pretest accuracy check are
shown in Table III-2.3.3.2-2.
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Il1-2.3.3.2.1 Steps for Each Point at a Particular
Location
(a) Arithmetically average the readings (over time) at
each point at the location. The data for all points and
readings are in Table I11-2.3.3.2.1-1 and Table 2.3.3.2.1-2.
The arithmetic average (over time) readings (corrected
for the ice-bath temperature) at the nine points at this
location are 650°F, 653°F, 654°F, 649°F, 647°F, 660°F, 646°F,
657°F,_and 643°F

(-2) Representative Thermocouple #2. Calculate
the correction at the calibration point above the mea-
sured value. At 805.0°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
- 805.0°F = —4.0°F. This indicates the measured temper-
ature could be 4.0°F too high.

(-3) Representative Thermocouple #3. Calculate
the correction at the calibration point above the mea-

atre—A+-865-72H—+h tandard

(b) The temperature at this location is the average
(arithmetic or weight, by mass flow) of the average val-
ues|at each point.

Tlhe arithmetic average temperature at this location is
thelaverage of the nine points, or 651°F. (For this example
it iy assumed that weight averaging by mass flow
betjveen points was not required.)

If the readings are not to be corrected, then 651°F will
be fised in the calculations. To calculate the positive and
negative components of the systematic uncertainty for
each point, see the steps below.

(¢) Thermocouple Segment. The calculations for the
thermocouple segment of the measurement system at
the|point are as follows:

(1) For each accuracy check for this segment [either
jvidual component(s) or for each representative com-
ent(s)], perform the following;:

(-a) Step 1. Determine the correction at the accu-
y check’s data set below the location’s average
ling.

(-1) Representative Thermocouple #1. Calculate
correction at the calibration point below the mea-
bd value. At 602.0°F, the correction is the,standard
perature minus the indicated tempetature, 599.0°F
2.0°F = —3.0°F. This indicates the measured temper-
Fe could be 3.0°F too high.

(-2) Representative Therfuotouple #2. Calculate
correction at the calibration/point below the mea-
bd value. At 601.5°F, the _dorrection is the standard
perature minus the-indicated temperature, 599.0°F
1.5°F = -2.5°F. This'ihdicates the measured temper-
Fe could be 2.5¢F.too high.

(-3) Répresentative Thermocouple #3. Calculate
correctionnat the calibration point below the mea-
sured value. At 602.2°F, the correction is the standard
temperature minus the indicated temperature, 599.0°F
—6(2:2°F = -3.2°F. This indicates the measured temper-
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sur
tem
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atu

the
sur
tem
-6
atu

the

rad—z b1 1o 1
temperature minus the indicated temperature,|801.0°F
—805.7°F = —4.7°F. This indicates the meaSured ffemper-
ature could be 4.7°F too high.

(-c) Step 3. The positive systematic ung
is the larger negative correction (or zero if Y
positive numbers).

(-1) Representative<IThermocouple #1. For this
example, the positive systematic uncertainty i$ +4.5°F,
since it is the larger of the two negative corfrections
(=3.0°F and —-4.5°F);

(-2) Representative Thermocouple #2. For this
example, thé positive systematic uncertainty i +4.0°F,
since it is, the larger of the two negative corrections
(-2.5°F and —4.0°F).

(-3) Representative Thermocouple #3. For this
example, the positive systematic uncertainty i +4.7°F,
since it is the larger of the two negative corrections
(=3.2°F and —4.7°F).

(-d) Step 4. The negative systematic undertainty
is the larger positive correction (or zero if both are nega-
tive numbers).

(-1) Representative Thermocouple #1.
example, the negative systematic uncertainty i
since both corrections have negative values (-3
—-4.5°F).

(-2) Representative Thermocouple #2.
example, the negative systematic uncertainty i
since both corrections have negative values (-2
—-4.0°F).

(-3) Representative Thermocouple #3.
example, the negative systematic uncertainty i
since both corrections have negative values (-3
—4.7°F).

(2) Combine the positive (then negative) sy
uncertainties from each accuracy check by calfulating

ertainty
oth are

For this
5 —0.0°F,
0°F and

For this
t —0.0°F,
5°F and

For this
5 —0.0°F,
2°F and

stematic

ature could be 3.2°F too high.

(-b) Step 2. Determine the correction at the accu-
racy check’s data set above the location’s average
reading.

(-1) Representative Thermocouple #1. Calculate
the correction at the calibration point above the mea-
sured value. At 805.5°F, the correction is the standard
temperature minus the indicated temperature, 801.0°F
—805.5°F = —4.5°F. This indicates the measured temper-
ature could be 4.5°F too high.
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thesquare oot of theratioof thesunrof thesquares of
the positive (then negative) systematic uncertainties to
z, where

(-a) z equals one less than the number of positive
(then negative) systematic uncertainties if the number
of positive (then negative) systematic uncertainties is
greater than 1

(-b) z equals the number of positive (then nega-
tive) systematic uncertainties if the number of positive
(then negative) systematic uncertainties is 1.
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The thermocouple positive systematic uncertainty is

JIA5 + (4.0 + (47721/(3 - 1) = +540°F

The thermocouple negative systematic uncertainty is

JI0.0? + (0.0% + (0.0%/(3 - 1) = ~0.0°F

the positive (then negative) systematic uncertainties to
z, where

(-a) z equals one less than the number of positive
(then negative) systematic uncertainties if the number
of positive (then negative) systematic uncertainties is
greater than 1

(-b) z equals the number of positive (then nega-
tive) systematic uncertainties if the number of positive
(then negative) systematic uncertainties is 1

(d) E
tronics
are as fpllows:

(1) |For each accuracy check for this segment [either
individyial component(s) or for each representative com-
ponent(s)], perform the following:

(ta) Step 1. Determine the correction at the accu-
racy check’s data set below the location’s average
reading

Calcy
the me

ertronics Segment—The calcutations for theetecs
egment of the measurement system at the point

late the correction at the calibration point below
sured value. At 600.3°F, the correction is the
standarfl temperature minus the indicated temperature,
600.0°F |- 600.3°F = —0.3°F. This indicates the measured
temperature could be 0.3°F too high.
(tb) Step 2. Determine the correction at the accu-
racy check’s data set above the location’s average
reading]
Calcy
the me

late the correction at the calibration point above
sured value. At 799.8°F, the correction is the
standarfl temperature minus the indicated temperature,
800.0°F |- 799.8°F = +0.2°F. This indicates the measured
tempergture could be 0.2°F too low.

(tc) Step 3. The positive systematic uncettainty
is the larger negative correction (or zero ifboth are
positivg numbers).

For this example, the positive systemadtic uncertainty
is +0.3°F, since it is the only negativescorrection (-0.3°F
and +0.R°F).

(td) Step 4. The negative(systematic uncertainty
is the lafger positive correction (or zero if both are nega-
tive nuinbers).

For this example, the-negative systematic uncertainty

is —0.2°F, since it is the‘only positive correction (-0.3°F
and +0.p°F).
(2) | Combin€ the positive (then negative) systematic

uncerta
the squ

nties from each accuracy check by calculating
hre-xoot of the ratio of the sum of the squares of

The thermocouple positive systematic uncertainty is

/(0.3)2/1 = +0.3°F

The thermocouple negative systematic tincertainf

/(<0.2)2/1 = —04°F

1lI-2.3.3.2.2 Combining., For each segment, cpm-

bine the positive (then negative) systematic uncertpin-
ties from each point by dividing the root sum square of
the positive (then negative) systematic uncertaintie$ by
one less than the number of points.

(a) The calculations for segment #1 thermocouples
as follows:

The sensorvpositive systematic uncertainty is

y is

are

JI6(5.40)2 + 3(0.0]/(9 — 1) = +4.68°F

The sensor negative systematic uncertainty is

\/[6(—0.00)2 +3(-2.14)%1/(9 - 1) = -1.31°F

(b) The calculations for segment #2 electronics arp as
follows:
The electronics positive systematic uncertainty is

/19(0.30%1/(9 — 1) = +0.32°F

The electronics negative systematic uncertainty i

°2]

[9(-0.20)21/(9 - 1) = -0.21°F

ine
5 to
and
vith
the
nty.

111-2.3.3.2.3 Overall Uncertainty. Comh
(square root of the ratio of the sum of the square
one less than the number of values) the positive (|
negative) systematic uncertainty for each segment v
the other components of the measurement to obtain
overall positive (and negative) systematic uncertaj
See Table 11I-2.3.3.2.3-1.

132


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Table 11I-1.1-1 Systematic Uncertainty Worksheet — Uncorrected Reading

Measured Parameter: Temperature/Thermometer Uncorrected Reading, °F

Worksheet No.

ﬂ Measured Parameter for Source of ﬂ Positive i‘ Negative
Individual Systematic Systematic Percent of Percent of
Uncertainty Uncertainty Reading °F Reading °F
a | Readability Characteristic of data acquisition system +0.1 0.1
b | Accuracy +0.0 40.5
c
d
e
Total systematic uncertainty (a2 + b2 + ¢2 + ...)05 2A 2B 3A 3B
+0,1 -0p1

Table IlI-1.2-1 Systematic Uncertainty Worksheet.— Corrected Reading

Measured Parameter: Temperature/Thermometer Uncorrected Reading, °F

Worksheet No.

ﬂ Measured Parameter for Source of ﬂ LPositive ﬂ Negative.
Individual Systematic Systematic Percent of Percent of

Uncertainty Uncertainty Reading °F Reading °F

a | Readability Characteristic of data acduisition system +0.1 0.

b | Accuracy +0.04 -0.16

C

d

e

Total systematic uncertainty (aZ+.b2+ c2 + ...)0-5 2A 2B 3A 3B

+0.11 019
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Table 11I-2.3.1.2-1 Representative Sensor Accuracy Check Results for Method 1

True Temperature, °F Sensor Reading, °F Correction, °F Error, °F
Pretest Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #1
32.0 32.0 0.0 0.0
199.0 200.0 -1.0 1.0
399.0 401.0 -2.0 2.0
599.0 602.0 -3.0 3.0
801.0 805.5 -4.5 4.5
Pretest Spnsor and Extension Wire Accuracy Check, Spool #1, Sensor #2
32.0 31.9 0.1 0.1
199.0 199.4 -0.4 4
399.0 400.5 -1.5 .5
599.0 601.5 -2.5 2.5
801.0 805.0 -4.0 4.0
Pretest Spnsor and Extension Wire Accuracy Check, Spool #1, Sensor #3
32.0 32.1 -0.1 1
199.0 200.1 -1.1 1
399.0 401.2 -2.2 2.2
599.0 602.2 -3.2 3.2
801.0 805.7 -4 4.7
Pretest Spnsor and Extension Wire Accuracy Check, Spool #2, Sensor #1
32.0 32.0 0.0 .0
199.0 199.1 -0.1 1
399.0 397.9 1.1 -1.1
599.0 597.5 1.5 -1.5
801.0 799.3 1.7 -1.7
Pretest Spnsor and Extension Wire Accuracy Check, Spool #2, Sensor #2
32.0 31.9 0.1 -0.1
199.0 199.5 -0.5 .5
399.0 397.5 1.5 -1.5
5[99.0 597.2 1.8 -1.8
801.0 799.0 2.0 -2.0
Pretest Spnsor and Extension Wire Accuracy Check, Spool #2, Sensor #3
32.0 321 -0.1 1
199.0 198.8 0.2 -0.2
399.0 398.2 0.8 -0.8
5[99.0 597.6 1.4 -1.4
801.0 799.5 1.5 -1.5
Table 111-2.3.1.2<2~ Electronics Pretest Accuracy Check Results for Method 1 (As-Left Calibration)
True Temperature, °F Electronics Reading, °F Correction, °F Errgr, °F
2.0 32.6 -0.6 .6
200.0 200.5 -0.5 .5
400.0 400.4 -0.4 4
60070 6003 =03 0.3
800.0 799.8 0.2 -0.2
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Table 111-2.3.1.2.1-1 Calculation of Systematic Uncertainty From Thermocouple Calibration for Method 1
(Segment #1)

Step 1: Step 3: Step 2: Step 4: Step 5:
Sensor Correction at Interpolated Correction at Span Correction Span Correction Step 6: Step 7:
Used Reading Calibration Correction  Calibration  Below Average Above Average Positive Negative
Point From at Each  Point Below at Point Point Above (Step 3 (Step 3 Systematic Systematic

in Duct Spool # Point Point Average Average Point Average Minus Step 1) Minus Step 2)  Uncertainty Uncertainty

First Set of Readings for Representative Thermocouple #1

a 227 a7 a 4

Lo 20 L L PR a2 0.37
07 PAv D07 ) Uo7 .10 .1 .

2 1 649 -3.0 -3.35 -4.5 -0.35 1.15 1.15 10.35
3 1 654 -3.0 -3.38 -4.5 -0.38 1.12 1.12 10.38
4 1 646 -3.0 -3.32 -4.5 -0.32 1.18 1.18 40.32
] 1 648 -3.0 -3.34 -4.5 -0.34 1.16 1.16 10.34
4 1 661 -3.0 -3.43 -4.5 -0.43 1.07 1:07. 10.43
Y 2 645 1.5 1.55 1.7 0.05 -0.15 0.05 10.15
g 2 659 1.5 1.56 1.7 0.06 -0.14 0.06 40.14
g 2 643 1.5 1.55 1.7 0.05 -0.15 0.05 40.15
Yecond Set of Readings for Representative Thermocouple #1

] 1 648 -3.0 -3.34 -4.5 -0.34 1316 1.16 10.34
2 1 657 -3.0 -3.41 -4.5 -0.41 1.09 1.09 10.41
3 1 654 -3.0 -3.38 -4.5 -0.38 1.12 1.12 10.38
4 1 652 -3.0 -3.37 -4.5 -0.37 1.13 1.13 10.37
] 1 646 -3.0 -3.32 -4.5 -0.32 1.18 1.18 10.32
6 1 659 -3.0 -3.42 -4.5 -0.42 1.08 1.08 10.42
1 2 647 1.5 1.55 1.7 0.05 -0.15 0.05 40.15
g 2 655 1.5 1.56 1.7 0.06 -0.14 0.06 10.14
g 2

First Set of Readings for Representative Thermocouple #2

] 1 652 -2.5 -2.87 -4.0 -0.37 1.13 1.13 10.37
2 1 649 -2.5 -2.85 -4.0 -0.35 1.15 1.15 10.35
3 1 654 -2.5 -2.89 =40 -0.39 1.11 1.11 10.39
4 1 646 -2.5 -2.83 =4.0 -0.33 1.17 1.17 10.33
] 1 648 -2.5 -2.84 -4.0 -0.34 1.16 1.16 10.34
6 1 661 -2.5 -2.94 -4.0 -0.44 1.06 1.06 40.44
7 2 645 1.8 1285 2.0 0.05 -0.15 0.05 10.15
g 2 659 1.8 1.86 2.0 0.06 -0.14 0.06 10.14
9 2 643 1.8 1.85 2.0 0.05 -0.15 0.05 40.15
Yecond Set of Readings for Represeritative Thermocouple #2

1 1 648 =26 -2.84 -4.0 -0.34 1.16 1.16 40.34
p. 1 657 =2.5 -2.91 -4.0 -0.41 1.09 1.09 10.41
3 1 654 =2.5 -2.89 -4.0 -0.39 1.11 1.11 10.39
4 1 652 -2.5 -2.87 -4.0 -0.37 1.13 1.13 10.37
] 1 646 -2.5 -2.83 -4.0 -0.33 1.17 1.17 40.33
4 1 659 -2.5 -2.92 -4.0 -0.42 1.08 1.08 10.42
7 2 647 1.8 1.85 2.0 0.05 -0.15 0.05 10.15
g 2 655 1.8 1.86 2.0 0.06 -0.14 0.06 10.14
9 2

Hirst Setof Readings for Representative Thermocouple #3

1 1 652 -3.2 -3.57 -4.7 -0.37 1.13 1.13 40.37
p. 1 649 -32 —3.54 47 —0.34 116 116 40.34
3 1 654 -3.2 -3.58 -4.7 -0.38 1.12 1.12 -0.38
4 1 646 -3.2 -3.52 -4.7 -0.32 1.18 1.18 -0.32
5 1 648 -3.2 -3.54 -4.7 -0.34 1.16 1.16 -0.34
6 1 661 -3.2 -3.63 -4.7 -0.43 1.07 1.07 -0.43
7 2 645 1.4 1.42 1.5 0.02 -0.08 0.02 -0.08
8 2 659 1.4 1.43 1.5 0.03 -0.07 0.03 -0.07
9 2 643 1.4 1.42 1.5 0.02 -0.08 0.02 -0.08
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Table 111-2.3.1.2.1-1 Calculation of Systematic Uncertainty From Thermocouple Calibration for Method 1

(Segment #1) (Cont’d)

Point

Step 1: Step 3: Step 2: Step 4: Step 5:
Sensor Correction at Interpolated Correction at Span Correction Span Correction Step 6: Step 7:
Used Reading Calibration Correction  Calibration  Below Average Above Average Positive Negative
From  at Each  Point Below at Point Point Above (Step 3 (Step 3 Systematic Systematic

in Duct Spool # Point Point Average Average Point Average Minus Step 1) Minus Step 2)  Uncertainty Uncertainty

Second Set of Readings for Representative Thermocouple #3

1 T 648 32 354 cva 3% =6 =16 034
2 1 657 -3.2 -3.60 -4.7 -0.40 1.10 1.10 —-0.40
3 1 654 -3.2 -3.58 -4.7 -0.38 1.12 1.12 <0:38
4 1 652 -3.2 -3.57 -4.7 -0.37 1.13 1.13 =0.37
5 1 646 -3.2 -3.52 -4.7 -0.32 1.18 1.18 -0.32
6 1 659 -3.2 -3.62 -4.7 -0.42 1.08 1.08 -0.42
7 2 647 1.4 1.42 1.5 0.02 -0.08 0.02 -0.08
8 2 655 1.4 1.43 1.5 0.03 -0.07 0.03 -0.07
9 2
GENERAL[NOTES:
(@) The gverage thermocouple correction at each point for each set of readings is determined from th€_above data. See
para.|lll-2.3.1.2.1(@)(2).
Point in Duct Average Correction for First Reading Average Correction for Second Reading
1 -3.27 -3.24
2 -3.25 -3.31
3 -3.28 -3.28
4 -3.22 -3.27
5 -3.24 -3.22
6 -3.33 -3.32
7 1.61 1.61
8 1.62 1.62
9 1.61
(b) The gverage positive and negative thermocouple systematic uncertainties at each point for each reading are also determined from the
abovg¢ data. See para. 111-2.3.1.2.1(a)(3).
Average Positive Average Negative Average Positive Average Negatfve
Systematic Systematic Systematic Systematic
Uncertainty for Uncertainty for Uncertainty for Uncertainty fqr
Point in Puct First Reading First Reading Second Reading Second Readirjg
1 1.38 -0.45 1.42 -0.42
2 1.41 -0.42 1.34 -0.50
3 137 -0.47 1.37 -0.47
4 1.44 -0.40 1.38 -0.45
5 1.42 -0.42 1.44 -0.40
6 1.31 -0.53 1.32 -0.51
7 0.05 -0.16 0.05 -0.16
8 0.06 -0.15 0.06 -0.15
9 0.05 -0.16
The systematic uncertainties for thermocouples (see para. II1-2.3.1.2.3) are +1.20, —0.40.
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Table 111-2.3.1.2.1-2 Calculation of Systematic Uncertainty From Electronics Calibration for Method 1
(Segment #2)

Step 1: Step 2: Step 4: Step 5:
Correction Correction Span Span
at at Correction Correction Averagfa
Calibration Step 3: Calibration Below Above Electronlc's
Point  Interpolated Point Average Average Step 6: Step 7: Average System?tlc
Point Reading Below Correction Above (Step 3 (Step 3 Positive Negative  Electronics Uncertainty
in at Each Point at Point Point Minus Minus Systematic Systematic Correction [NM—E(Z)]
Duc| Point Average Average AvVerage Step 1) Step 2)  Uncertainty Uncertainty [Note (1)] Positive | Negative
Fifst Set of Readings
1 652 -0.3 -0.17 0.2 0.13 -0.37 0.13 -0.37 -0.17 013 -0.37
2 649 -0.3 -0.18 0.2 0.12 -0.38 0.12 -0.38 -0.18 0.12 -0.38
3 654 -0.3 -0.17 0.2 0.13 -0.37 0.13 -0.37 -0.07 0.13 -0.37
4 646 -0.3 -0.19 0.2 0.11 -0.39 0.11 -0.39 =0.19 0.11 -0.39
5 648 -0.3 -0.18 0.2 0.12 -0.38 0.12 -0.38 =0.18 0.12 -0.38
6 661 -0.3 -0.15 0.2 0.15 -0.35 0.15 -0.35 -0.15 0.15 -0.35
7 645 -0.3 -0.19 0.2 0.11 -0.39 0.11 -0.39, -0.19 0.11 -0.39
8 659 -0.3 -0.15 0.2 0.15 -0.35 0.15 =035 -0.15 0.15 -0.35
9 643 -0.3 -0.19 0.2 0.11 -0.39 0.11 =0.39 -0.19 0.11 -0.39
Sdcond Set of Readings
1 648 -0.3 -0.18 0.2 0.12 -0.38 0.12 -0.38 -0.18 0.12 -0.38
2 657 -0.3 -0.16 0.2 0.14 -0.36 0.4 -0.36 -0.16 0.14 -0.36
3 654 -0.3 -0.17 0.2 0.13 -0.37 0)13 -0.37 -0.17 0.13 -0.37
4 652 -0.3 -0.17 0.2 0.13 -0.37 0.13 -0.37 -0.17 0.13 -0.37
5 646 -0.3 -0.19 0.2 0.11 -0.39 0.11 -0.39 -0.19 0.11 -0.39
6 659 -0.3 -0.15 0.2 0.15 -0.35 0.15 -0.35 -0.15 0.15 -0.35
7 647 -0.3 -0.18 0.2 0.12 -0238 0.12 -0.38 -0.18 0.12 -0.38
8 655 -0.3 -0.16 0.2 0.14 <0.36 0.14 -0.36 -0.16 0.14 -0.36
9

GENERAL NOTE: The systematic uncertainties for electronics {(see para. 111-2.3.1.2.3) are +0.13 and —0.38.
NOTES:

(1) pee para. 111-2.3.1.2.1(b)(2).

(2) pee para. 111-2.3.1.2.1(b)(3).

Table 111-2.3.1.2.1-3 Calculation of Combined Corrections and Corrected Readings for Method 1
(Segment #2)

First Set of Readings Second Set of Readings
Average Average

Thetmocouple Thermocouple fverage
and-Electronics Corrected and Electronics Corrected (orrected

Po{nt Correction Reading Correction Reading Reading
in Duct [Note (1)] [Note (2)] [Note (1)] [Note (2)] [Note (3)]
1 -3.44 648.56 -3.42 644.58 646.57

p. -3.43 645.57 -3.47 653.53 649.55

3 -3.45 650.55 -3.45 650.55 650.55

3 41 642 5EQ 3 4L/ 648 L6 45.58

5 -3.42 644.58 -3.41 642.59 643.59

6 -3.48 657.52 -3.47 655.53 656.53

7 1.42 646.42 1.43 648.43 647.43

8 1.47 660.47 1.46 656.46 658.47

9 1.42 644.42 A Ce 644.42
Duct average temperature (see para. 111-2.3.1.2.2) = 649.19

NOTES:

(1) See para. 111-2.3.1.2.1(c).
(2) See para. 11-2.3.1.2.1(d).
(3) See para. 111-2.3.1.2.1(e).
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Table I11-2.3.1.2.4-1 Systematic Uncertainty Worksheet for Method 1 — Air/Gas Temperature

Measured Parameter:Temperature/Thermometer Uncorrected Reading, °F Worksheet No.
J Source of 2 Positive 3 Negative
Measured Parameter for Individual Systematic Percent of Percent of
Systematic Uncertainty Uncertainty Reading °F Reading °F
a | Thermocouple installation Assumed by parties +0.0 -0.25
to test
b ||Sensor Calculated from test +1.2 —0:40
and accuracy
check data
¢ ||Electronics Calculated from test +0.13 -0.38
and accuracy
check data
d
Totpl systematic uncertainty (a2 + b2 + ¢2 +...)%5 2A 2B 3A 3B
+1.21 -0.61
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Table 11I-2.3.2.2-1 Representative Sensor Accuracy Check Results for Method 2

True Temperature, °F Sensor Reading, °F Correction, °F Error, °F
Pretest Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #1
32.0 32.0 0.0 0.0
199.0 200.0 -1.0 1.0
399.0 401.0 -2.0 2.0
599.0 602.0 -3.0 3.0
801.0 805.5 -4.5 4.5
Pretpst Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #2
32.0 31.9 0.1 -0.1
199.0 199.4 -0.4 0.4
399.0 400.5 -1.5 1.5
599.0 601.5 -2.5 2.5
801.0 805.0 -4.0 4.0
Pretpst Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #3
32.0 32.1 -0.1 0.1
199.0 200.1 -1.1 1.1
399.0 401.2 -2.2 2.2
599.0 602.2 2 3.2
801.0 805.7 ~4.7 4.7
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #1
32.0 32.0 0.0 0.0
199.0 199.1 -0.1 0.1
399.0 397.9 1.1 -1.1
599.0 597.5 1.5 -1.5
801.0 799.3 1.7 -1.7
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #2
32.0 31.9 0.1 -0.1
199.0 199.5 -0.5 0.5
399.0 397.5 1.5 -1.5
599.0 597.2 1.8 -1.8
801.0 799.0 2.0 -2.0
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #3
32.0 32.1 -0.1 0.1
199.0 198.8 0.2 -0.2
399.0 398.2 0.8 -0.8
599.0 597.6 1.4 -1.4
801.0 799.5 1.5 -1.5
Table 111-2.3:2:2-2 Electronics Pretest Accuracy Check Results for Method 2 (As-Left Calibratipn)
True| Temperature,-2F Electronics Reading, °F Correction, °F Error, °F
32.0 32.6 -0.6 0.6
20040 200.5 -0.5 0.5
400.0 400.4 -0.4 0.4
6000 60073 =03 0.3
800.0 799.8 0.2 -0.2
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Table 111-2.3.2.2.1-1 Calculation of Systematic Uncertainty From Thermocouple Calibration for Method 2
(Segment #1)

Average Step 1: Step 2:
(Over Time)  Correction at Step 3: Correction at  Step 4: Span Step 5: Span
Sensor of All Calibration  Interpolated  Calibration Correction Correction Step 6: Step 7:
Point  Used Readings at  Point Below Correction Point Above  Below Average  Above Average Positive Negative
in From This Point Point at Point Point (Step 3 Minus (Step 3 Minus  Systematic Systematic
Duct Spool # [Note (1)] Average Average Average Step 1) Step 2) Uncertainty Uncertainty
Repres ntative Thcllllul.uuplll: #+
1 1 650 -3.0 -3.35 -4.5 -0.35 1.15 1.15 <0.35
2 1 653 -3.0 -3.38 -4.5 -0.38 1.12 1.12 =0.38
3 1 654 -3.0 -3.38 =4.5 -0.38 1.12 1.12 -0.38
4 1 649 -3.0 -3.35 -4.5 -0.35 1.15 1.15 -0.35
5 1 647 -3.0 -3.33 —4.5 -0.33 1.17 1.07 -0.33
6 1 660 -3.0 -3.43 -4.5 -0.43 1.07 1.07 -0.43
7 2 646 1.5 1.55 1.7 0.05 -0.15 0.05 -0.15
8 2 657 1.5 1.56 1.7 0.06 -0.14 0.06 -0.44
9 2 643 1.5 1.55 1.7 0.05 -0.15 0.05 -0.15
Repres¢ntative Thermocouple #2
1 1 650 -2.5 -2.86 -4.0 -0.36 114 1.14 -0.36
2 1 653 -2.5 -2.88 -4.0 -0.38 1.12 1.12 -0.38
3 1 654 -2.5 -2.89 -4.0 -0.39 1.11 1.11 -0.39
4 1 649 -2.5 -2.85 -4.0 -0.35 1.15 1.15 -0.35
5 1 647 -2.5 -2.84 -4.0 -0.34 1.16 1.16 -0.34
6 1 660 -2.5 -2.93 -4.0 -0.43 1.07 1.07 -0.43
7 2 646 1.8 1.85 2.0 0,05 -0.15 0.05 -0.15
8 2 657 1.8 1.86 2.0 0.06 -0.14 0.06 -0.44
9 2 643 1.8 1.85 2.0 0.05 -0.15 0.05 -0.15
Represg¢ntative Thermocouple #3
1 1 650 -3.2 -3.55 4.7 -0.35 1.15 1.15 -0.35
2 1 653 -3.2 -3.57 —4n7 -0.37 1.13 1.13 -0.37
3 1 654 -3.2 -3.58 -4.7 -0.38 1.12 1.12 -0.38
4 1 649 -3.2 -3.54 -4.7 -0.34 1.16 1.16 -0.34
5 1 647 -3.2 -3.53 -4.7 -0.33 1.17 1.17 -0.33
6 1 660 -3.2 -3.63 -4.7 -0.43 1.07 1.07 -0.43
7 2 646 1.4 142 1.5 0.02 -0.08 0.02 -0.08
8 2 657 1.4 1.43 1.5 0.03 -0.07 0.03 -0.97
9 2 643 1.4 1.42 1.5 0.02 -0.08 0.02 -0.08
GENERAL[NOTES:
(@) The gverage thermocouple correction js determined from the above data. See para. 111-2.3.2.2.1(b)(2).
Point in Duct Average Correction
1 -3.25
2 -3.28
3 -3.28
4 -3.25
5 -3.23
6 -3.33
7 1.61
23 162
9 1.61
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Table 111-2.3.2.2.1-1 Calculation of Systematic Uncertainty From Thermocouple Calibration for Method 2

(Segment #1) (Cont’d)

GENERAL NOTES (Cont’d):

(b) The average positive and negative thermocouple systematic uncertainties at each point are also determined from the above data. See

para. 111-2.3.2.2.1(b)(3).

Average Positive
Systematic

Average Negative
Systematic

Point in Duct Uncertainty Uncertainty
1 1.40 -0.43
2 1.38 -0.46
3 1.37 -0.47
4 1.41 -0.42
5 1.43 -0.41
6 1.31 -0.53
7 0.05 -0.16
8 0.06 -0.15
9 0.05 -0.16
THe systematic uncertainties for thermocouples (see para. 111-2.3.2.2.3) are +1.20, —0.41.
NOTE:
(1) pee para. 111-2.3.2.2.1(@).

Method 2 (Segment #2)

Table 111-2.3.2.2.1-2 Calculation of Systematic Uncertainty From Electronics Calibration for

Step 1: Step 2: Step 4: Step 5:
Average Correction Correction Span Span
(Over Time) at at Correction Correction Averagfe
of All Calibration ~ Step 3:  Calibration Below Above Elect on|€s
Readings Point Interpolated Point Average Average Step 6: Step 7: Average Syste m‘:mc
Point at This Below Correction Above (Step 3 (Step 3 Positive Negative Electronics Unceftainty
in Point Point at Point Point Minus Minus Systematic Systematic Correction ﬂﬂ
Duct [Note (1)] Average Average Averagé Step 1) Step 2) Uncertainty Uncertainty [Note (2)] Positive [Negative
1 650 -0.3 -0.18 0.2 0.12 -0.38 0.12 -0.38 -0.18 0.12 -0.38
2 653 -0.3 -0.17 0.2 0.13 -0.37 0.13 -0.37 -0.17 0.13 -0.37
3 654 -0.3 -0.17, 0.2 0.13 -0.37 0.13 -0.37 -0.17 0.13 -0.37
4 649 -0.3 -0418 0.2 0.12 -0.38 0.12 -0.38 -0.18 0.12 -0.38
5 647 -0.3 ~0.18 0.2 0.12 -0.38 0.12 -0.38 -0.18 0.12 -0.38
6 660 -0.3 ~0.15 0.2 0.15 -0.35 0.15 -0.35 -0.15 0.15 -0.35
7 646 -0.3 -0.19 0.2 0.11 -0.39 0.11 -0.39 -0.19 0.11 -0.39
8 657 -0.3 -0.16 0.2 0.14 -0.36 0.14 -0.36 -0.16 0.14 -0.36
9 643 -03 -0.19 0.2 0.11 -0.39 0.11 -0.39 -0.19 0.11 -0.39

GENERAL NOTE:
NOTES:

(1) pee parayMi-2.3.2.2.1(@).
(2) Pee para. 111-2.3.2.2.1(0)(2).
(3) peepara. 111-2.3.2.2.1(c)(3).

The’systematic uncertainties for electronics (see para. 111-2.3.2.2.3) are +0.13 and —0.40.
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Table 11I-2.3.2.2.1-3 Calculation of Combined
Corrections and Corrected Readings for

Method 2 (Segment #2)

Average
Thermocouple

and Electronics Corrected
Point Correction Reading
in Duct [Note (1)] [Note (2)]
1 =3.43 640.57
2 -3.45 649.55
3 -3.45 650.55
4 -3.43 645.57
5 -3.41 643.59
6 -3.48 656.52
7 1.42 647.42
8 1.46 658.46
9 1.42 644.42
GENERAL[NOTE: The duct average temperature (see
para. 111-2.3.2.2.2) is 649.18.
NOTES:
(1) See pgara. l11-2.3.2.2.1(d).
(2) See para. 111-2.3.2.2.1(e).

Table 11I-2.3.2.2.4-1 Systematic Uncertainty Worksheet for Method 2 — Air/Gas Temperature

Measured Parameter:Temperature/Thermometer Uncorrected Reading, °F

Worksheet No.

1 Source of 2 Positive 3 Negative
Measured Parameter for Individual Systematic Percent of Percent of
Systematic Uncertainty Uncertainty Reading °F Reading °F
a ||Thermocouple installation Assumed by parties +0.0 -0.25
to test
b ||Sensor Calculated from test +1.2 -0.41
and accuracy
check data
¢ ||Electronics Calculated from test +0.13 -0.40
and accuracy
check data
d
Tothlsystematic uncertainty (a2 + b% + ¢2 + ...)08 2A 28 3A 38
121 .9
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Table 11I-2.3.3.2-1 Representative Sensor Accuracy Check Results for Method 3

True Temperature, °F Sensor Reading, °F Correction, °F Error, °F
Pretest Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #1
32.0 32.0 0.0 0.0
199.0 200.0 -1.0 1.0
399.0 401.0 -2.0 2.0
599.0 602.0 -3.0 3.0
801.0 805.5 -4.5 4.5
Pretpst Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #2
32.0 31.9 0.1 -0.1
199.0 199.4 -0.4 0.4
399.0 400.5 -1.5 1.5
599.0 601.5 -2.5 2.5
801.0 805.0 -4.0 4.0
Pretpst Sensor and Extension Wire Accuracy Check, Spool #1, Sensor #3
32.0 32.1 -0.1 0.1
199.0 200.1 -1.1 1.1
399.0 401.2 -2.2 2.2
599.0 602.2 2 3.2
801.0 805.7 ~4.7 4.7
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #1
32.0 32.0 0.0 0.0
199.0 199.1 -0.1 0.1
399.0 397.9 1.1 -1.1
599.0 597.5 1.5 -1.5
801.0 799.3 1.7 -1.7
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #2
32.0 31.9 0.1 -0.1
199.0 199.5 -0.5 0.5
399.0 397.5 1.5 -1.5
599.0 597.2 1.8 -1.8
801.0 799.0 2.0 -2.0
Pretpst Sensor and Extension Wire Accuracy Check, Spool #2, Sensor #3
32.0 32.1 -0.1 0.1
199.0 198.8 0.2 -0.2
399.0 398.2 0.8 -0.8
599.0 597.6 1.4 -1.4
801.0 799.5 1.5 -1.5
Table 111-2.3:3:2-2 Electronics Pretest Accuracy Check Results for Method 3 (As-Left Calibratipn)
True| Temperature,-2F Electronics Reading, °F Correction, °F Error, °F
32.0 32.6 -0.6 0.6
20040 200.5 -0.5 0.5
400.0 400.4 -0.4 0.4
6000 60073 =03 0.3
800.0 799.8 0.2 -0.2
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Table 111-2.3.3.2.1-1 Calculation of Systematic Uncertainty From Thermocouple Calibration for Method 3
(Segment #1)

Sensor Average (Over
Point Used Time) of All Step 1: Correction at Step 2: Correction at Step 3: Positive Step 4:
in From Readings at This Calibration Point Below  Calibration Point Above Systematic Negative
Duct Spool # Point [Note (1)] Measured Value Measured Value Error Systematic Error

Representative Thermocouple #1

1 1 650 -3.00 -4.50 4.50 0.00
2 + 653 3-66 %56 %56 6-66
3 1 654 -3.00 -4.50 4.50 000
4 1 649 -3.00 -4.50 4.50 0.00
5 1 647 -3.00 -4.50 4.50 0.00
6 1 660 -3.00 -4.50 4.50 0.00
7 2 646 1.50 1.70 0.00 -1.70
8 2 657 1.50 1.70 0.00 -1.70
9 2 643 1.50 1.70 0.00 -1.70
Repregentative Thermocouple #2

1 1 650 -2.50 -4.00 4,00 0.00
2 1 653 -2.50 -4.00 4.00 0.00
3 1 654 -2.50 -4.00 4.00 0.00
4 1 649 -2.50 -4.00 4.00 0.00
5 1 647 -2.50 -4.00 4.00 0.00
6 1 660 -2.50 -4.00 4.00 0.00
7 2 646 1.80 2,00 0.00 -2.00
8 2 657 1.80 2,00 0.00 -2.00
9 2 643 1.80 2.00 0.00 -2.00
Repreqentative Thermocouple #3

1 1 650 -3.20 -4.7 4.70 0.00
2 1 653 -3.20 -4.7 4.70 0.00
3 1 654 -3.20 -4.7 4.70 0.00
4 1 649 -3.20 -4.7 4.70 0.00
5 1 647 -3.20 -4.7 4.70 0.00
6 1 660 -3.20 -4.7 4.70 0.00
7 2 646 140 1.5 0.00 -1.50
8 2 657 +40 1.5 0.00 -1.50
9 2 643 1.40 1.5 0.00 -1.50

GENERAL [NOTE:

Point in Duct

The average positive and negdtive'thermocouple systematic uncertainties at each point are determined from the above
See para/11-2.3.3.2.1(c)(2).

Average Positive

Average Negative

flata.

O 00 NONUT &~ WN -

The systematic uncertainties for thermocouples [see para. 111-2.3.3.2.2(a)] are +4.68, —1.31.

NOTE:

Systematie Systematic
Uncertainty Uncertainty
5:40 0.00
5740 0.00
5.40 0.00
5.40 0.00
5.40 0.00
5.40 0.00
0.00 -2.14
0.00 =214
0.00 -2.14

(1) The duct average temperature is 651.0°F. See paras. 1-2.3.3.2.1(a) and (b).
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Table 111-2.3.3.2.1-2 Calculation of Systematic Uncertainty From Electronics Calibration for Method 3
(Segment #2)

Sensor Average (Over Step 2: Correction at

Point Used Time) of All Step 1: Correction at Calibration Point Above  Step 3: Positive Step 4:
in From Readings at This Calibration Point Below Point Average Systematic Negative

Duct Spool # Point [Note (1)] Measured Value Measured Value Error Systematic Error
1 1 650 -0.30 0.20 0.30 -0.20
2 1 653 -0.30 0.20 0.30 -0.20
3 T 654 036 026 036 .20
4 1 649 -0.30 0.20 0.30 —P.20
5 1 647 -0.30 0.20 0.30 -p.20
6 1 660 -0.30 0.20 0.30 —p.20
7| 2 646 -0.30 0.20 0.30 -p.20
8| 2 657 -0.30 0.20 0.30 -p.20
9 2 643 -0.30 0.20 0.30 -p.20

GENERAL NOTE: The average positive and negative electronics systematic uncertainties at each point aredetermined from the aljove data.
See[para. 111-2.3.3.2.1(d)(2).

Average Positive Average Negative

Systematic Systematic

Poinft in Duct Uncertainty Uncertainty
1 0.30 -0.20
2 0.30 -0.20
3 0.30 -0.20
4 0.30 -0.20
5 0.30 -0.20
6 0.30 -0.20
7 0.30 -0.20
8 0.30 -0.20
9 0.30 -0.20

The systematic uncertainties for electronics [see para. 11-2.3:3.2.2(b)] are +0.32, —0.21.
NOTE:
(1) [he duct average temperature is 651°F. See paras\NH-2.3.3.2.1(a) and (b).

Table 11I-2.3.3.2.3-1 Systematic Uncertainty Worksheet for Method 3 — Air/Gas Temperature

Measured Parameter:T€mperature/Thermometer Uncorrected Reading, °F Worksheet No. |
1 Source of 2 Positive 3 Negative
Measured Paraméter for Individual Systematic Percent of Percent of
Systématic Uncertainty Uncertainty Reading °F Reading °F
a | Thermotouple installation Assumed by parties +0.0 -0.45
to test
b | -Sensor Calculated from test +4.68 -1
and accuracy
hesck-data
¢ | Electronics Calculated from test +0.32 -0.21
and accuracy
check data
d
e
Total systematic uncertainty (a2 + b2 + ¢2 + ...)%5 2A 2B 3A 3B
+4.69 -1.35
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MANDATORY APPENDIX IV
SAMPLE CALCULATIONS FOR OXYGEN MEASUREMENTS

IV-1 INFRODUEHON————=accuracy check—The firat correction,to beapptied to

Threq methods are used for the initial accuracy check
and subsequent accuracy checks to determine instru-
ment systematic uncertainty and to optionally correct
the medsured data.

In mgthod 1, calculate and apply a specific correction
to each|measured value, and calculate a positive and
negative systematic uncertainty for each reading. For
each reading between accuracy checks, calculate a cor-
rection [to be applied to the reading, and calculate a
corresppnding positive and negative systematic uncer-
tainty. Average the corrected readings, and combine the
positivg and negative systematic uncertainties by the
square Joot of the ratio of the sum of the squares to one
less thap the number of readings. This is the preferred
method

In mgthod 2, calculate and apply a single correction
to all measured readings between accuracy checks. If
there is more than one corrected average for a duct,
weight [average the averages based on the number of
readings in each average. For each average between
accuracly checks, calculate a corresponding positive and
negative systematic uncertainty. Combine the. positive
and negative systematic uncertainties by the squiare root
of the rptio of the sum of the squares to one’less than
the number of readings.

In m¢thod 3, the measured values are not adjusted.
The popitive (and negative) instriiment systematic
uncertajnties are the square root.of the result of the sum
of the squares of the negative\(and positive) corrections
divided| by the number of fiegative (and positive) correc-
tions, from all accuraCy checks (the initial accuracy
check, the post-test(adcuracy check, and any mid-test
accuracly checks), within the range between the smallest
reading|and thedatgest reading.

the reading, is calculated by interpolating betwegn'those
two intermediate corrections based on the timé the r¢ad-
ing was taken and the times of the accuracyichecks.

The unadjusted positive (and negative) instrunpent
systematic uncertainty for each reading is the sqyare
root of the ratio of the sum of thesquares of each r¢ad-
ing’s negative (and positive) cotrections to the nunpber
of negative (and positive) corfections. The adjusted pjosi-
tive instrument systematiciuncertainty for each reading
is the sum of the reading’s’unadjusted positive systpm-
atic uncertainty and‘the reading’s correction; if that is
a positive value, it'is divided by 2 and otherwise ft is
0. The adjusted-negative instrument systematic unfer-
tainty for each réading is the reading’s correction minus
the reading’s unadjusted negative systematic unger-
tainty; ‘if\that is a negative value, it is divided Hy 2
and_é6therwise it is 0. The instrument’s positive (and
negative) systematic uncertainty for the test run is cajlcu-
lated by the square root of the ratio of the sum of|the
squares of each reading’s positive (and negative) systpm-
atic uncertainty to 1 minus the number of readingg.

IV-2.2 Example

Given the following data:

The results of the initial accuracy check are

Time Calibrated Gas Instrument Reading Corregtion

06:30 0.1% O, 0.0 +0|1
5.0% O, 48 +0[2
10.0% O, 10.1 -0|1

The results of the mid-test accuracy check are

IV-2 METHODT—CORRECT INDIVIDUAL
READINGS

IV-2.1 Procedure

In the first method, all measured values are individu-
ally corrected. For each reading, an intermediate correc-
tion is determined based on that reading’s value and
the data from the prior accuracy check, and another
intermediate correction is determined based on that
reading’s value and the data from the subsequent

Time Calibrated Gas Instrument Reading Corregtion

16-66 51%© 62 —B11
5.0% O, 5.1 -0.1
10.0% O, 10.4 -0.4

The results of the post-test accuracy check are

Time Calibrated Gas Instrument Reading Correction

11:30 0.1% O, 04 -0.3
5.0% O, 5.2 -0.2
10.0% O, 10.3 -0.3
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The readings taken between the pretest and mid-test
accuracy checks are

This results in a corrected reading at 8:35 of 4.6% +
0.02% = 4.62%.
The positive and negative systematic uncertainties are

Time Reading Time Reading Time Reading
635 16 003 i1 931 17 calculated as follows: .
837 45 9:05 40 9:33 49 From the pretest accuracy check, below the reading
8:39 41 9:07 38 9:35 41 of 4.6% the correction is +0.1, and above the reading of
8:41 43 9:09 5.1 9:37 3.6 4.6% the correction is +0.2. From the mid-test accuracy
8:43 4.7 9:11 5.2 9:39 39 check, below the reading of 4.6% the correction is -0.1,
814\? 45 9:13 44 9:41 39 and above the ﬂ:\nr]ihg of 4.6% the correction-is —0.1.
gi g} gi; Zg gig Z; The unadjusted positive (and negative) instrument
85 45 9:19 45 9-47 49 systematic uncertainty for each reading(is th¢ square
8:51 38 9:21 5.2 9:49 48 root of the ratio of the sum of the squares-of eafh read-
8:5] 4.2 9:23 3.9 9:51 4.6 ing’s negative (and positive) correctionsito the nymber of
8:5] 3.6 9:25 3.7 9:53 5.3 negative (and positive) corrections.'The two cofrections
8:5 41 9:27 52 from the accuracy check databefore the reading, below
o0 42 9:29 42 and above the reading’s valuie,”are +0.1 and +0.2. The
Thg readings taken between the mid-test and post-test ~ two corrections from the accuracy check data gfter the
accpiracy checks are reading, below and above the reading’s value, pre —0.1
Timp Reading Time Reading Time Reading and -0.1. . . .
- Therefore, thequniadjusted positive systematif uncer-
10:1p 3.8 10:37 3.8 10:59 3.8 tainty is
10:1f 52 10:39 52 11:01 42
10:1p 5.0 10:41 4.6 11:03 5.6
10:2ft 5.7 10:43 41 11:05 52
10:28 5.6 10:45 45 11:07 3.8 \/[(—0.1)2 +(=0.1)4]/2 = 0.10
10:2p 5.1 10:47 48 11:09 3.8
10:2f 3.8 10:49 4.3 11:11 4.8
10:2p 39 10:51 51 11:13 42 and the unadjusted negative systematic uncertpinty is
10:3t 5.7 10:53 4.5 11:15 5.6
10:3B 3.9 10:55 49 11:17 3.7
10:3p 3.8 10:57 4.6
[(0.1)* + (0.2)*]/2 = 0.16
Hor the first reading (4.6%) at 8:35, the first intermedi-
ate [correction (from the initial accuracy checK)lat 4.6% is
The adjusted positive instrument systemati¢ uncer-
+0.1 x +0.2 . . .
00 ‘46’ 48 tainty for each reading is the sum of the readingf's unad-
justed positive systematic uncertainty and the rpading’s
_(02-01) (46 £00) correction; if that is a positive value, it is divided by 2
= +0.1 s
4.8 - 00 and otherwise it is 0.
= +0.20 The adjusted positive systematic uncertainty |is [0.1 +
— 0,
Tlhe second intermediate correction (from the mid- (+O'02)]/2. = 0.06%. o .
tes{ accuracy check)at 4.6% is .The adjusted negatlYe 1nstrum.ent systema.tl: uncer-
y ,
tainty for each reading is the reading’s correction minus
-01 x -01 the reading’s unadjusted negative systemati¢ uncer-
02’46’ 51 tainty; if that is a negative value, it is divided Ry 2 and
otherwise it is 0.
- [0 _é'_lo'_l)(])_?b —02), (-0.1) The adjusted negative systematic uncertpinty is
_ o010 [+0.02 - (+0.16)]/2 = —0.07%.
The data for the other readings are in Table IV-2.2-1.

The correction to be applied to the reading, by interpo-
lating between the times of the accuracy checks and the
time of the reading, is

0.20

6:30 ” 8:35 7 10:00

-0.1

X

_ [(=0.1) - (0.2)] (8:35 - 6:30)
10:00 — 6:30

+(=0.1)

+0.02
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The average of the corrected readings is 4.40%. The
positive systematic uncertainty is the square root of the
results of the sum of the squares of the individual posi-
tive systematic uncertainties divided by 71 minus 1
(0.04%). The negative systematic uncertainty is the
square root of the results of the sum of the squares of
the individual negative systematic uncertainties divided
by 71 minus 1 (0.10%).

See Table 1V-2.2-2.
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IV-3 METHOD 2 — SINGLE CORRECTION FOR ALL
DATA COLLECTED BETWEEN ACCURACY
CHECKS

IV-3.1 Procedure

In the second method, all values at a location (with
one or more points) measured with the same gas ana-
lyzer, taken between consecutive accuracy checks, are
adjusted by the same correction. Using this method, the

IV-3.2 Example

Given the following data:

The results of the initial accuracy check are

Time Calibrated Gas Instrument Reading Correction

06:30 0.1% O, 0.0 +0.1
5% O, 4.8 +0.2
10% O, 10.1 =0.1

readingp are adjusted based on an assumed linear drift of
the instfument. The systematic uncertainty is the square
root of the sum of the squares of the corrections calcu-
lated at|the lowest reading, the highest reading, and the
midrange accuracy check gas, using the accuracy check
data both before and after the data collection times.

IV-3.
the first
(a) ay
reading
(b) 4
[time of
reading]
(c) 4
check d
reading]
(d) cqlculate the loop correction from the accuracy
check data after the average clock time, at the average
reading
(e) cdlculate the correction to be applied to each read-
ing by interpolating between the two above corrections,
based oh the time of each accuracy check and the average
clock tifne of the readings
(f) add the correction to the average reading

Iv-3

the pos
by the

1.1 Readings. For all readings taken between
and second accuracy check of the analyzer,
erage (arithmetic or weight, by mass flow) all
5

lculate the average clock time of the readings
the first reading + (time between first and last
5/2)]

Iculate the loop correction from the accuracy
hta before the average clock time, at the average

1.2 Loop Systematic Uncertainties. Estimate
tive and negative loop systematic uncertainties
square root of the sum of_the squares of the
correctipns calculated at the lowest reading, the highest
reading} and the mid-range acduracy check gas, using
the accyiracy check data both/before and after the data

The results of the mid-test accuracy check are

Time Calibrated Gas Instrument Reading Corre¢tion

10:00 0.1% O, 0.2 -0j1
5% O, 5.1 -0j1
10% O, 104 -0j4

The results of the post-test deuracy check are

Time Calibrated Gas Instrument Reading Corregtion

11:30 0.1% O, 0.4 -03
5% O, 5.2 -0f2
10% Oy 10.3 -03

The readings taken between the pretest and mid-{test

accuracy.checks are

Time Reading Time Reading Time Reagling
8:35 4.6 9:03 4.1 9:31 47
8:37 4.5 9:05 4.2 9:33 419
8:39 4.1 9:07 3.8 9:35 41
8:41 43 9:09 5.1 9:37 316
8:43 4.7 9:11 5.2 9:39 319
8:45 45 9:13 44 9:41 3[9
8:47 5.1 9:15 3.8 9:43 5[1
8:49 5.1 9:17 42 9:45 417
8:51 45 9:19 45 9:47 49
8:53 3.8 9:21 5.2 9:49 418
8:55 42 9:23 3.9 9:51 416
8:57 3.6 9:25 3.7 9:53 513
8:59 4.1 9:27 5.2

9:01 42 9:29 42

collectign times. Repeat the above steps for data col-  The readings taken between the mid-test and post{test

lected Between the second and third accuracy checks, accuracy checks are

then for data collected between the third and fourth

accuracl check$yetc. Time Reading Time Reading Time Reagling
IV-3,1.3CCorrected Averages. Average (by number 181? gg 1823 gg 123? Z 2

of readingsin each group or weight, by mass flow) all [ "¢ = 1o L 10n sl

corrected averages for this duct. 10:21 57 10:43 41 11:05 59
IV-3.1.4 Averages. Average (arithmetic or weight, 18;? g? 18:57’ ig ﬁg; gg

by mass flow) the averages at each point in this location. 1027 338 1049 43 1111 48
IV-3.1.5 Systematic Uncertainties. Combine the 1029 39 10:51 51 11:13 42

positive (then negative) systematic uncertainties of each 18; gg 18?; ig ﬁg gg

by the square root of the ratio of the sum of the squares 10:35 3'8 10:57 4 6 ’ ’

of the positive (then negative) systematic uncertainties
for each analyzer/time period, to the number of ana-
lyzers/time periods minus 1.

148

The average of the 40 readings taken between the
initial accuracy check and the mid-test accuracy check
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is 4.43% O,. The average of the 32 readings taken
between the mid-test accuracy check and the post-test
accuracy check is 4.58% Os.

(a) For the first time period (between the initial accu-
racy check and the mid-test accuracy check), the first
intermediate correction (from the initial accuracy check)
at 4.43% is

+0

X

The correction from the mid-test accuracy check at
the lowest reading (3.6%) is

-0.1
51

0.2’

-01 «x
27’367

_ [(=0.1) — (<0.1)] (3.6 — 0.2)
= 51— 02

+ (-0.1)

-0.10

1 +0.2
0.0 4.

4.43 3

(02-01) 443 -00)

48 -00 !

+0.19

Tlhe second intermediate correction (from the mid-
tesf| accuracy check) at 4.43% is

-0.1 X -0.1

02 "443’ 5.1

[(-0.1) = (-0.1)] (443 - 0.2)
51-02

+ (-0.1)
-0.10

The correction to be applied to the reading, by interpo-
lating between the times of the accuracy checks and the
time of the reading, is

0.19 x 0.1
6:30 ' 8:35 + (9:53 - 8:35)/2 " 10:00

_ [(-0.1) - (0.19)] (9:14 — 6:30)

10:00 — 6:30 +0.19

-0.04

The average reading (4.43%) between theinitial accu-
racly check and the mid-test accuracy*eheck will be
adjpisted by adding —0.04% points, ‘resulting in a cor-
recfed average of 4.39%.

(alculate the positive and négative systematic uncer-
tairjty for the data in the fifst,time period as follows:
The correction from the initial accuracy check at the

lowlest reading (3.6%).3s
+0.1 X +0.2
00 "3.6" 4.8
_(02-0.1) 3.6 - 0.0)
= 18- 00 +01
= +0.175

heck at
-0.10.
heck at

The correction from the mid-test accuracy
the mid-range calibration gas reading (5.1%) is
The correction from the mid-test @acctiracy

the highest reading (5.3%) is

K
S

X,

7 5.8 10.

-0.1
5.1

o~

 [(-0.4)-5¢-0.1)] (5.3 — 5.1)
= 104 — 5.1

+ (-0.1)

-0.11

The squaréroot of the result of the sum of the
of the negative corrections divided by the nu
errorsis |/(-0.1) + (<0.1)2 + (<0.11)%/3 = 0.10
Since“the average of this data has a negative cq
0f~0.04, the positive systematic uncertainty is
by that amount, so the positive systematic und
for this set of readings is 0.10 — 0.04 = 0.06%.

The square root of the result of the sum of the
of the positive corrections divided by the nu
errors is j(0.175)2 +(0.2)* + (0.17)*/3 = 0.18% point.
Since the average of this data has a negative cdrrection
of —0.04, the negative systematic uncert3inty is
unchanged, so 0.18% is the negative systematif uncer-
tainty for this set of readings.

(b) For the second time period (between the
accuracy check and the post-test accuracy chd
first intermediate correction (from the mid-test g
check) at 4.58% is

squares
mber of

o point.
rrection
reduced
ertainty

squares
mber of

mid-test
ck), the
ccuracy

X

-0.1 -0.1

02 "458’ 51

[(-0.1) = (~0.1)] (4.58 — 0.2)
51-02

+(=0.1)

=010

The correction from the initial accuracy check at the
mid-range calibration gas reading (4.8%) is +0.2.
The correction from the initial accuracy check at the
highest reading (5.3%) is
#2 x 01
48 753710.1
[(=0.1) - (0.2)] (5.3 — 4.8)

101 - 4.8 +02

+0.17

149

The second intermediate correction (from the post-
test accuracy check) at 4.58% is

_ [(=0.2) = (<0.3)] (4.58 — 0.4)
= 52-04

+(=0.3)
-0.21
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The correction to be applied to the reading, by interpo-
lating between the times of the accuracy checks and the
time of the reading, is

-0.1 X -0.21
10:00 " 10:15 + (11:17 — 10:15)/2  11:30

_ [(=0.21) — (=0.1)] (10:46 — 10:00)
= 11:30 — 10:00 + (0.

Q16

The square root of the result of the sum of the squares
of the negative corrections divided by the number of
negative corrections is {[(-0.1)* + (-0.1)* + (=0.13)* +
(-0.23)* + (-0.2)* + (-0.21)%/6}/? = 0.17% point. Since
the average of this data has a negative correction of —0.16,
the positive systematic uncertainty is reduced by that
amount, so the positive systematic uncertainty for this
set of readings is 0.01.

The 4
accurac

verage reading (4.58%) between the mid-test
y check and the post-test accuracy check will
be adjusted by adding —0.16% points, resulting in a
correctgd average of 4.42%.
The gverall corrected average is (40 readings X 4.39%
+ 32 reqdings X 4.42%)/72 readings = 4.40%.
Calcdlate the positive and negative systematic uncer-
tainty f¢r the data in the second time period as follows:
The dorrection from the mid-test accuracy check at
the lowpst reading (3.7%) is
-01 x -01
02’37’51
[(=0.1) — (-0.1)] (3.7 - 0.2)
- 51-02

+(-0.1)

-0.10

The dorrection from the mid-test accuracy check at
the mid-range calibration gas reading (5.1%) is -0.10.
The dorrection from the mid-test accuracy check at

the higlest reading (5.7%) is

—_

-0
10.

o~

-0
5.1

X
577

=~

[(=0.4) - (=0.1)] (5.7 - 5.1)
104 - 5.1

+(20.1)
-0.13

The ¢
the low]|

orrection from the pest:tést accuracy check at
pst reading (3.7%) is

-0.2
52

-03 X
04 "377

‘= [(»#0:2) — (-0.3)] (3.7 — 0.4)

Thara arana nacitiys 43 oo tha o HvesVS-
Fhere-areno-pesitive correetions so-the negativepy
tematic uncertainty is 0. Since the average of this, dlata
has a negative correction of —0.16, the negative systemfatic
uncertainty is unchanged, so the negative systematic
uncertainty for this set of readings is 0.

The overall positive systematic uncertainty is

JI40 (0.06)? + 32 (0.01]£(72 - 1) = 0.05%

The overall negative systematic uncertainty is

/[40 (0.18)%+ 32 (0.0)4/(72 - 1) = 0.14%

See Table IV=3.2-1.

IV-4 METHOD 3 — MEASURED VALUES NOT
CORRECTED

IV-4.1 Procedure

In the third method, the measured values are
adjusted. The positive (and negative) instrument pys-
tematic uncertainties are the square root of the result of
the sum of the squares of the negative (and positfive)
corrections divided by the number of negative (and pjosi-
tive) corrections, from all accuracy checks (the injtial
accuracy check, the post-test accuracy check, and pny
mid-test accuracy checks), within the range between
the smallest reading and the largest reading. For dach
accuracy check, a correction must be calculated at|the
minimum reading, the maximum reading, and the mid-
range calibration gas reading (if used).

not

IV-4.2 Example

Given the following data:

52 - 04 + (03
= 023 The results of the initial accuracy check are
The correction from the post-test accuracy check at  -anorared Gas strument reading CorTection
the mid-range calibration gas reading (5.2%) is —0.20. 0.1% O, 0.0 +0.1
The correction from the post-test accuracy check at 5.0% O, 4.8 +0.2
10.0% O, 10.1 -0.1

the highest reading (5.7%) is

-0.2

52

X -0
5771

w

o

3

[(<0.3) - (<0.2)] (5.7 — 5.2)
103 - 5.2

+(-0.2)

-0.21
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The results of the mid-test accuracy check are

Calibrated Gas Instrument Reading Correction
0.1% O, 0.2 -0.1
5.0% O, 5.1 -0.1
10.0% O, 10.4 -0.4
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The results of the post-test accuracy check are

Calibrated Gas Instrument Reading Correction
0.1% O, 0.4 -0.3
5.0% O, 5.2 -0.2
10.0% O, 10.3 -0.3

During the test, the average value was 4.50%. The

smallest measured value was 3.6% and the largest value

The correction from the mid-test accuracy check at

the highest reading (5.7%) is
1

0.
5.1

<
o~

1

o~

X
5.7 " 10.

o[04 - (0] 57 -5.1)
- 104 - 5.1

+(=0.1)

-0.13

was o7 %: Thc coOrrecton fxuxu thc l,zuot test acearacy heck at
The correction from the initial accuracy check at the  the lowest reading (3.6%) is
lowest reading (3.6%) is 03 x -02
04 36" 52
+0.1 x +0.2
00 "36’ 48 _[(=0.2) - (-0.3)] (3.6 ~B.4)
= 52-04 +(03)
_(02-01)(36-00 = -0.23
4.8 -0.0 .
— 10175 The correction from ¢h€ post-test accuracy ¢heck at
' the mid-range calibration gas reading (5.2%) iq —0.20.
The correction from the initial accuracy check at the hT}}lf iorrectlczlr} fror;\;;le .p ost-test accuracy ¢heck at
mid-range calibration gas reading (4.8%) is +0.2. the highest readiag (5.7%) is
The correction from the initial accuracy check at the -02 x -03
highest reading (5.7%) is 52 ’57710.3
W02 ¥ 01 . _[03) —1(0—?()).3)]5 (25.7 =52, Con)
48 7577101 - 021
_ (0.1 - (02 (57 - 48) 5 The square root of the result of the sum of the|squares
101-48 of the negative corrections divided by the number of
= +0.15 corrections is {[(=0.1)? + (<0.1)* + (=0.13)> + (40.23)* +
, ) (-0.2)* + (-0.21)*]/6}/* = 0.17% point, so thdt is the
h"[}11e correctl((i)p from O;he. mid-test accuracycheck at | o0 positive systematic uncertainty.
the|lowest reading (3.6%) is The square root of the result of the sum of the|squares
01 x -01 of the positive corrections divided by the number of
02 36’ 51 corrections is /[(0.175)2 +(0.2)% + (0.15)%]/3 # 0.18%
point, so that is the instrument’s negative sy$tematic
_ [(-0.1) - (=0.1)] (8.6 — 0.2) (<01 uncertainty.
= 51202 -0-1) See Table IV-4.2-1.
= -0.10 For the purpose of pretest uncertainty analysis, the
O, analyzer’s systematic uncertainty can be det¢rmined
The correction fromt the mid-test accuracy check at from the OEM literature, past experience, or a jalue of
the|mid-range calibration gas reading (5.1%) is —0.10. approximately +0.2%.

151
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Table IV-2.2-1 Data for Other Readings — O, Example

Correction at

Prior

Latter

Measured Accuracy Accuracy Time of

Corrected
Reading

Correction Factor at Correction
Prior Latter Prior Latter
Below Above Below Above Below Above Below  Above

Time Reading  Check Check Reading [Note (1)] Reading Reading Reading Reading Reading Reading Reading Reading
8:35 4.6 0.196 -0.100 0.020 4.62 0.196 0.211 -0.100 -0.072 0.100 0.200 -0.100 -0.100
8:37 4.5 0.194 -0.100 0.016 4.52 0.194 0.21/7 -0.100 -0.066 0.100 0.200  -0.T00 _-0}100
8:39 4.1 0.185 -0.100 0.010 4.11 0.185 0.240 -0.100 -0.043 0.100 0.200 -0.100,_ =0}100
8:41 4.3 0.190 -0.100 0.009 4.31 0.190 0.228 -0.100 -0.055 0.100 0.200 -0.100, *-0}100
8:43 4.7 0.198 -0.100 0.009 4.71 0.198 0.206 -0.100 -0.077 0.100 0.200 -0:100" -0}100
8:45 4.5 0.194 -0.100 0.005 4.51 0.194 0.217 -0.100 -0.066 0.100 0.200 “~0,100 -0}100
8:47 5.1 0.183 -0.100 0.002 5.10 0.206 0.183 -0.100 -0.100 0.200 -0.1001%=0.100 -0}J100
8:49 5.1 0.183 -0.100 -0.004 5.10 0.206 0.183 -0.100 -0.100 0.200 -0400 -0.100 -0}j100
8:51 4.5 0.194  -0.100 0.003 4.50 0.194 0.217 -0.100 -0.066 0.100 0,200 -0.100 -0j100
8:53 3.8 0.179 -0.100 -0.011 3.79 0.179 0.257 -0.100 -0.026 0.100 0.200 -0.100 -0}100
8:55 4.2 0.188 -0.100 -0.011 4.19 0.188 0.234 -0.100 -0.049 0.100 0.200 -0.100 -0j100
8:57 3.6 0.175 -0.100 -0.018 3.58 0.175 0.268 -0.100 -0.015 0.100 0.200 -0.100 -0}100
8:59 4.1 0.185 -0.100 -0.017 4.08 0.185 0.240 -0.100 -0.043 0,100 0.200 -0.100 -0j100
9:01 4.2 0.188 -0.100 -0.019 4.18 0.188 0.234 -0.100 -0.049 0.100 0.200 -0.100 -0}100
9:03 4.1 0.185 -0.100 -0.023 4.08 0.185 0.240 -0.100 -0.043 0.100 0.200 -0.100 -0j100
9:05 4.2 0.188 -0.100 -0.025 4.18 0.188 0.234 -0.100 A40.049 0.100 0.200 -0.100 -0}100
9:07 3.8 0.179 -0.100 -0.030 3.77 0.179 0.257 —-0.1007~~0.026 0.100 0.200 -0.100 -0}100
9:09 5.1 0.183 -0.100 -0.031 5.07 0.206 0.183 -0.100 V-0.100 0.200 -0.100 -0.100 -0}j100
9:11 5.2 0.177 -0.106 -0.040 5.16 0.208 0.177 —-0:100 -0.106 0.200 -0.100 -0.100 -0}j400
9:13 4.4 0.192 -0.100 -0.035 4.37 0.192 0.223 (<0700 -0.060 0.100 0.200 -0.100 -0}100
9:15 3.8 0.179 -0.100 -0.040 3.76 0.179 0.257, =0.100 -0.026 0.100 0.200 -0.100 -0}100
9:17 4.2 0.188 -0.100 -0.041 4.16 0.188 0.2347 -0.100 -0.049 0.100 0.200 -0.100 -0}100
9:19 4.5 0.194 -0.100 -0.043 4.46 0.194 0.217 -0.100 -0.066 0.100 0.200 -0.100 -0}100
9:21 5.2 0.177 -0.106 -0.053 5.15 0.208 0.177 -0.100 -0.106 0.200 -0.100 -0.100 -0}j400
9:23 3.9 0.181 -0.100 -0.050 3.85 0.181 0.251 -0.100 -0.032 0.100 0.200 -0.100 -0}100
9:25 3.7 0.177 -0.100 -0.054 3.65 0.177 0.262 -0.100 -0.021 0.100 0.200 -0.100 -01100
9:27 5.2 0.177 -0.106 -0.062 5.14 0208 0.177 -0.100 -0.106 0.200 -0.100 -0.100 -0}j400
9:29 4.2 0.188 -0.100 -0.057 4.14 0.188 0.234 -0.100 -0.049 0.100 0.200 -0.100 -0j100
9:31 4.7 0.198 -0.100 -0.059 464 0.198 0.206 -0.100 -0.077 0.100 0.200 -0.100 -0}100
9:33 4.9 0.194 -0.100 -0.062 4.84 0.202 0.194 -0.100 -0.089 0.200 -0.100 -0.100 -0}100
9:35 4.1 0.185 -0.100 -0.066 4.03 0.185 0.240 -0.100 -0.043 0.100 0.200 -0.100 -0}100
9:37 3.6 0.175 -0.100 -0.076 3.53 0.175 0.268 -0.100 -0.015 0.100 0.200 -0.100 -0j100
9:39 3.9 0.181 -0.100 -0.072 3.83 0.181 0.251 -0.100 -0.032 0.100 0.200 -0.100 -0}100
9:41 3.9 0.181 -0.100 =0.075 3.83 0.181 0.251 -0.100 -0.032 0.100 0.200 -0.100 -0j100
9:43 5.1 0.183 -0.100{ #0.077 5.02 0.206 0.183 -0.100 -0.100 0.200 -0.100 -0.100 -0}j100
9:45 4.7 0.198 -0.100) -0.079 4.62 0.198 0.206 -0.100 -0.077 0.100 0.200 -0.100 -0j100
9:47 4.9 0.194 0.100 -0.082 4.82 0.202 0.194 -0.100 -0.089 0.200 -0.100 -0.100 -0}j100
9:49 4.8 0.200 «-=0.100 -0.084 4.72 0.200 0.200 -0.100 -0.083 0.100 0.200 -0.100 -0j100
9:51 4.6 0.196./~-0.100 -0.087 4.51 0.196 0.211 -0.100 -0.072 0.100 0.200 -0.100 -0}100
9:53 5.3 0.172 -0.111 -0.102 5.20 0.210 0.172 -0.100 -0.111 0.200 -0.100 -0.100 -0}j400
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Table IV-2.2-1 Data for Other Readings — O, Example

Positive Systematic Uncertainty

(Unadjusted for Reading Correction)

Negative Systematic Uncertainty
(Unadjusted for Reading Correction)

Systematic
Uncertainty

. No. Sq. Root ) No. Sqg. Root
Prior Latter of  (Sum Sq./ Prior Latter of  (Sum Sq./
Below Above Below Above Neg. No. of Below Above Below Above Pos. No. of Positive  Negative
Reading Reading Reading Reading Corr. Readings) Reading Reading Reading Reading Corr. Readings) [Note (2)] [Note (3)]
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.060 -0.069
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.155 0.0538 -0.071
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.055 -0.074
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.055 -0.075
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.055 -0.075
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.053 -0.077
0.000 -0.100 -0.100 -0.100 3 0.100 0.200 0.000 0.000 0.000 1 0.200 0.049 -0.101
0.900 -0.100 -0.100 -0.100 3 0.100 0.200 0.000 0.000 0.000 1 0.200 0.048 -0.102
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.049 -0.081
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.045 -0.085
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.045 -0.085
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.041 -0.088
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.042 -0.088
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.041 -0.089
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0,000 2 0.158 0.039 -0.091
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.038 -0.092
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.035 -0.094
0.900 -0.100 -0.100 -0.100 3 0.100 0.200 0.000 0000 0.000 1 0.200 0.035 -0.116
0.900 -0.100 -0.100 -0.400 3 0.245 0.200 0.000 0.000 0.000 1 0.200 0.103 -0.120
0.9o0 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.033 -0.097
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.030 -0.099
0.9oo 0.000 -0.100 -0.100 2 0.100 0.100 0200 0.000 0.000 2 0.158 0.030 -0.100
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0:200 0.000 0.000 2 0.158 0.029 -0.101
0.9oo -0.100 -0.100 -0.400 3 0.245 0.200 0.000 0.000 0.000 1 0.200 0.096 -0.127
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.025 -0.104
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.023 -0.106
0.900 -0.100 -0.100 -0.400 3 0.245 0.200 0.000 0.000 0.000 1 0.200 0.092 -0.131
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.022 -0.108
0.900 0.000 -0.100 -0.100 2 0100 0.100 0.200 0.000 0.000 2 0.158 0.021 -0.109
0.000 -0.100 -0.100 -0.100 3 0.100 0.200 0.000 0.000 0.000 1 0.200 0.019 -0.131
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.017 -0.112
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.015 -0.114
0.900 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.014 -0.115
0.000 0.000 -0.100 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.013 -0.117
0.900 -0.100 -0.100 -0(100 3 0.100 0.200 0.000 0.000 0.000 1 0.200 0.012 -0.139
0.000 0.000 -0.100 03100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.011 -0.119
0.900 -0.100 -0.100. *0.100 3 0.100 0.200 0.000 0.000 0.000 1 0.200 0.009 -0.141
0.000 0.000 -0.100% -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.008 -0.121
0.900 0.000 <000 -0.100 2 0.100 0.100 0.200 0.000 0.000 2 0.158 0.007 -0.123
0.900 -0.100,{ -0.100 -0.400 3 0.245 0.200 0.000 0.000 0.000 1 0.200 0.072 -0.151

153


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Table IV-2.2-1 Data for Other Readings — O, Example (Cont’d)

Correction at Correction Factor at Correction

Prior Latter Corrected Prior Latter Prior Latter

Measured Accuracy Accuracy Time of Reading Below Above Below Above Below Above Below Above
Time Reading  Check Check Reading [Note (1)] Reading Reading Reading Reading Reading Reading Reading Reading

10:15 3.8 -0.100 -0.229 -0.122 3.68 -0.100 -0.026 -0.229 -0.173 -0.100 -0.100 -0.300 -0.200
10:17 5.2 -0.106  -0.200 -0.124 5.08 —-0.700 -0.706 -0.200 -0.200 -0.100 -0.400 -0.300 -0}j200
10:19 5.0 -0.100 -0.204 -0.122 4.88 -0.100 -0.094 -0.204 -0.196 -0.100 -0.100 -0.300, =0{200
10:21 5.7 -0.134 -0.210 -0.152 5.55 -0.100 -0.134 -0.190 -0.210 -0.100 -0.400 -0.200, “-0}300
10:23 5.6 -0.128 -0.208 -0.148 5.45 -0.100 -0.128 -0.192 -0.208 -0.100 -0.400 -0:200° -0{300
10:25 5.1 -0.100 -0.202 -0.128 4.97 -0.100 -0.100 -0.202 -0.198 -0.100 -0.100 “~0,300 -0}200
10:27 3.8 -0.100 -0.229 -0.139 3.66 -0.100 -0.026 -0.229 -0.173 -0.100 -0.100\%=0.300 -0{200
10:29 3.9 -0.100 -0.227 -0.141 3.76 -0.100 -0.032 -0.227 -0.175 -0.100 -0400 -0.300 -0}200
10:31 5.7 -0.134 -0.210 -0.160 5.54 -0.100 -0.134 -0.190 -0.210 -0.100 _#0,400 -0.200 -0}300
10:33 3.9 -0.100 -0.227 -0.147 3.75 -0.100 -0.032 -0.227 -0.175 -0.100 4#0.100 -0.300 -0}200
10:35 3.8 -0.100 -0.229 -0.150 3.65 -0.100 -0.026 -0.229 -0.173 -0.100, -0.100 -0.300 -0{200
10:37 3.8 -0.100 -0.229 -0.153 3.65 -0.100 -0.026 -0.229 -0.173 -0.100 -0.100 -0.300 -0}200
10:39 5.2 -0.106 -0.200 -0.147 5.05 -0.100 -0.106 -0.200 -0.200 (=0.100 -0.400 -0.300 -0{200
10:41 4.6 -0.100 -0.213 -0.151 4.45 -0.100 -0.072 -0.213 -0.188\/=0.100 -0.100 -0.300 -0}200
10:43 4.1 -0.100 -0.223 -0.159 3.94 -0.100 -0.043 -0.223 -0.178 -0.100 -0.100 -0.300 -0}200
10:45 4.5 -0.100 -0.215 -0.158 4.34 -0.100 -0.066 -0.215 A40.186 -0.100 -0.100 -0.300 -0}200
10:47 4.8 -0.100 -0.208 -0.156 4.64 -0.100 -0.083 -0.208~0.192 -0.100 -0.100 -0.300 -0}200
10:49 4.3 -0.100 -0.219 -0.165 4.14 -0.100 -0.055 -0.219V-0.182 -0.100 -0.100 -0.300 -0}200
10:51 5.1 -0.100 -0.202 -0.158 4.94 -0.100 -0.100 —-0:202 -0.198 -0.100 -0.100 -0.300 -0}200
10:53 4.5 -0.100 -0.215 -0.168 4.33 -0.100 -0.066 ¢<0.215 -0.186 -0.100 -0.100 -0.300 -0}200
10:55 4.9 -0.100 -0.206 -0.165 4.74 -0.100 -0.089, =0.206 -0.194 -0.100 -0.100 -0.300 -0}200
10:57 4.6 -0.100 -0.213 -0.172 4.43 -0.100 -0:972° -0.213 -0.188 -0.100 -0.100 -0.300 -0}200
10:59 3.8 -0.100 -0.229 -0.185 3.62 -0.100 -0.026 -0.229 -0.173 -0.100 -0.100 -0.300 -0}200
11:01 4.2 -0.100 -0.221 -0.182 4.02 -0.100,5=0.049 -0.221 -0.180 -0.100 -0.100 -0.300 -0}200
11:03 5.6 -0.128 -0.208 -0.184 5.42 -0.100.7-0.128 -0.192 -0.208 -0.100 -0.400 -0.200 -0}300
11:05 5.2 -0.106 -0.200 -0.174 5.03 -0.J00 -0.106 -0.200 -0.200 -0.100 -0.400 -0.300 -0{200
11:07 3.8 -0.100 -0.229 -0.196 3.60 =07700 -0.026 -0.229 -0.173 -0.100 -0.100 -0.300 -0{200
11:09 3.8 -0.100 -0.229 -0.199 3.60 =0.100 -0.026 -0.229 -0.173 -0.100 -0.100 -0.300 -0{200
11:11 4.8 -0.100 -0.208 -0.185 462 -0.100 -0.083 -0.208 -0.192 -0.100 -0.100 -0.300 -0}200
11:13 4.2 -0.100 -0.221 -0.198 4,00 -0.100 -0.049 -0.221 -0.180 -0.100 -0.100 -0.300 -0}200
11:15 5.6 -0.128 -0.208 -0.195 5.41 -0.100 -0.128 -0.192 -0.208 -0.100 -0.400 -0.200 -0}300
11:17 3.7 -0.100 -0.231 -0.212 3.49 -0.100 -0.021 -0.231 -0.171 -0.100 -0.100 -0.300 -0}200
NOTES:

(1) The gverage corrected reading is 4(40%.

(2) The gverage positive systematiciuncertainty is +0.04% points.

(3) The gverage negative systematig uncertainty is —0.10% points.
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Table IV-2.2-1 Data for Other Readings — O, Example (Cont’d)

Positive Systematic Uncertainty
(Unadjusted for Reading Correction)

Negative Systematic Uncertainty
(Unadjusted for Reading Correction)

Systematic
Uncertainty

Prior

Latter

No. Sq. Root
of (Sum Sq./

Below Above

Below Above Neg. No. of

Prior

Latter

Below

Above

Below Above

No. Sqg. Root
of (Sum Sq./
Pos. No. of

Positive  Negative

Reading Reading Reading Reading Corr. Readings) Reading Reading Reading Reading Corr.  Readings) [Note (2)] [Note (3)]
-0.100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.036 -0.061
-0[T00 -0.200 -0.300 -0.200 & 0.274 0.000 0.000 0.000 0.000 O 0.000 0.075 -0.062
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.036 -0.061
-0J100 -0.400 -0.200 -0.300 4 0.274 0.000 0.000 0.000 0.000 O 0.000 00061 -0.076
-0{100 -0.400 -0.200 -0.300 4 0.274 0.000 0.000 0.000 0.000 O 0.000 0.063 -0.074
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.033 -0.064
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.028 -0.070
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.027 -0.071
-0{100 -0.400 -0.200 -0.300 4 0.274 0.000 0.000 0.000 0.000 O 02000 0.057 -0.080
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.024 -0.074
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.022 -0.075
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 @ 0.000 0.021 -0.077
-0{100 -0.400 -0.300 -0.200 4 0.274 0.000 0.000 0.000 0.000 0 0.000 0.064 -0.074
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000  0.000~0 0.000 0.022 -0.076
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.018 -0.080
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000,, 0:000 O 0.000 0.018 -0.079
-0/100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000%* 0.000 O 0.000 0.019 -0.078
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 00007 0.000 O 0.000 0.015 -0.083
-0/100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.018 -0.079
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000  0.000 0.000 0.000 O 0.000 0.013 -0.084
-0/100 -0.100 -0.300 -0.200 4 0.194 0.000  0.000 0.000 0.000 O 0.000 0.015 -0.083
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 04000 0.000 0.000 O 0.000 0.011 -0.086
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000 0000 0.000 0.000 O 0.000 0.005 -0.093
-0J100 -0.100 -0.300 -0.200 4 0.194 0.000~70.000 0.000 0.000 O 0.000 0.006 -0.091
-0J100 -0.400 -0.200 -0.300 4 0.274 0.000° 0.000 0.000 0.000 O 0.000 0.045 -0.092
-0{100 -0.400 -0.300 -0.200 4 0.274 0.000 0.000 0.000 0.000 O 0.000 0.050 -0.087
-0/100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.000 -0.098
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.000 -0.100
-0J100 -0.100 -0.300 -0.200 4 Q194 0.000 0.000 0.000 0.000 O 0.000 0.005 -0.093
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.000 -0.099
-0J100 -0.400 -0.200 -0.300 4 0.274 0.000 0.000 0.000 0.000 O 0.000 0.040 -0.098
-0{100 -0.100 -0.300 -0.200 4 0.194 0.000 0.000 0.000 0.000 O 0.000 0.000 -0.106

Table IV-2.2-2 Estimate of Systematic Uncertainty for Method 1

1 | Measured Parameter Source of 2 Positive 3 Negative
f(;r I;::;'::::' Systematic Percent of | Percent | Percent of | Pergent
4 . Uncertainty Reading Points Reading Points
Uncertainty
a'l Readability Characteristic of data acquisition system +0.05 -0105
b | Accuracy Calculated from test and accuracy check data +0.04 -0.10
[
d
e
Total systematic uncertainty (a2 + b2 + ¢2 + ...)05 2A 2B 3A 3B
+0.06 -0.11
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Table IV-3.2-1 Estimate of Systematic Uncertainty for Method 2

ﬂ Measured Parameter Source of ﬂ _Positive ﬂ Negative
f:y';:m:;::‘ Systematic Percent of | Percent | Percent of | Percent
Uncertainty Uncertainty Reading Points Reading Points
a | Readability Characteristic of data acquisition system +0.05 -0.05
b | Accuracy Calculated from test and accuracy check data +0.05 -0.14
c
d
e
Totpl systematic uncertainty (a2 + b2 + ¢2 +...)%5 ﬂ 2B 3A I 3_B‘
+0.07 -0.15
Table IV-4.2-1 Estimate of Systematic Uncertainty foryMethod 3
j Measured _Pa_xrameter Source of _ZJ /Positive ﬂ Negative
f‘;’y:;:'r‘r’l':tli‘:' Systematic Percent of | Percent | Percent of | Percent
Uncertainty Uncertainty Reading Points Reading Points
a ||Readability Characteristic of data acquisition systeqr +0.05 -0.05
b ||Accuracy Calculated from test and accuracy checK data +0.17 -0.18
c
d
e
Totpl systematic uncertainty (a2 + b2 + ¢ + .{)%P ﬂ 2B 3A | 3—81
+0.18 -0.19
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MANDATORY APPENDIX V
NONDIRECTIONAL AND DIRECTIONAL FLOW PROBES

V-1—INTRODUCTHON
Nondirectional probes include Pitot-static tubes and
Stafischeibe tubes. The most common type of directional

prope is the Fechheimer. For additional information on
flow probes, see ASME PTC 11, Fans.

V-2 PITOT-STATIC TUBES

Hitot-static tubes are also called “L” type pitots due
to their shape. The Pitot-static tube consists of a tube
within a tube, bent at a 90-deg angle toward the sensing
head (see Fig. V-2-1 and Fig. V-2-2). The shapes of the
senking head include hemispherical, tapered, ellipsoi-
dal} and modified ellipsoidal. At the head of the probe,
the|inner tube is open to the flow and senses the total
(static plus velocity) pressure of the flow stream. Down-
strdam of the head but before the bend, the outer tube
has| several holes through which the static pressure of
the| flow stream is transmitted to the annular area
betjveen the two tubes.

V-3 STAUSCHEIBE TUBE

Stauscheibe tubes are also called “S” typeor' forward-
reverse tubes.

The type “S” consists of two stainless steel tubes with
impact holes oriented at 180-degrangles to one another
(seg¢ Fig. V-3-1). One hole faces upstream for the mea-
surgment of total pressure (Pr);, the other is aligned in
a dpwnstream direction fgr'static pressure (Ps) measure-
meft. The difference bétween these two pressures (Pr —
Pg)lapproximately equals 142% of the velocity pressure
(Py) of the fluid.-Ryapproximation must be corrected
to true value through proper calibration to the particular
flow situation.

V-lll THREE-HOLE FECHHEIMER

angtes fsee Fig V-5-1, iftustrations (aj throygh (c)].
Probes with wedge shapes (see Fig. V-5-2) where the
holes are located on flat surfaces are slightly preferred
over probes with spherical shapes throughout, pecause
they are easier to null-balance (see para. V-7.5)

V-6 PROBE CALIBRATION

All probes except pitot=§tatic tubes shall be calibrated.
Pitot-static tubes are considered primary instfuments
and need not be talibrated, provided they are main-
tained in as-new‘condition. The calibration prqcedures
specified inghisparagraph apply to pressure measure-
ment only, Galibration of probes for direction s¢nsing is
usually‘earried out simultaneously with calibrgtion for
pressuite. See para. V-7.3 for calibration procedures for
diréction sensing.

Probe calibration may be carried out in a fre¢ stream
nozzle jet or a closed wind tunnel (see Figp. V-6-1
through V-6-3). Preferably, the probe blockagd should
be as small as possible and shall be less thap 5% of
the cross-sectional area. The flow should be adjusted to
produce equally spaced calibration points. For two- and
three-hole probes, a minimum of eight points between
the expected minimum and maximum nominal jvelocity
is required. For five-hole probes, calibration pg¢ints are
required at a minimum of three points, with ope point
near the expected minimum nominal velocity, ohe point
near the expected maximum nominal velocity, |and the
other points equally spaced between these twd.

The calibration reference may be a standarnd pitot-
static tube (preferred) or a previously calibratd¢d refer-
ence probe of another type. The blockage of the rpference
probe should be as small as possible. In no cgse shall
the blockage of the reference probe exceed 5% of the
cross-sectional area.

The reference probe and test probe shall pach be
mounted so that they can be placed in the stream alter-

A three-hole version of the Fechheimer probe, also
called a three-hole cylindrical yaw probe, can be used
to determine total pressure (and therefore indicated
velocity pressure), as well as the static pressure and yaw
(see Fig. V-4-1).

V-5 FIVE-HOLE FECHHEIMER

A five-hole probe is generally required to determine
pitch angles, as well as the various pressures and yaw

nately, and their positions in the stream will be the same
and firmly held, or the test probe and the reference probe
can be placed side by side if it can be demonstrated that
there is no difference in flow conditions between the
two locations, the total blockage does not exceed 5%,
and there is no interference between the test probe and
reference probe. When calibrating directional probes,
the probe shall be aligned with the stream to eliminate
yaw according to the null-balance principle described
in para. V-7.5. Any offset of the null position with respect
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to jet or tunnel axis shall be recorded. Positive yaw
angles are associated with probe rotation clockwise to
achieve null-balance position, and negative yaw angles
with counterclockwise rotation. Static pressure indica-
tion shall be from the appropriate static pressure hole(s)
of the reference probe and test probe, and not from wall
taps (wind tunnel), nor shall it be assumed equal to
ambient pressure (free ]et) The test probe and reference

) and indicated velocity pressure, p,;, can each
ded for each probe. The static pressure hole that
is used o obtain indicated velocity pressure during the
calibratjon should be noted and the same hole used for
subseqyent tests.

Probg¢ calibration shall be expressed in terms of a
probe total pressure coefficient, K;, and a probe velocity
coefficignt, K, The probe total pressure coefficient is
calculated from the calibration data by

(pti)n,f
(pti)test

(V-6-1)

P =

The prope velocity pressure coefficient is calculated from

the test|data by
(Kv) ref (pvl) ref
1+ ( v)nf ,8ref ( )tht

K, = (V-6-2)

L[ Bk, [(p >,L,]

- 1+ ( v)rqf ,Bref ( )test

where
B == ﬁﬂch(—_le;% (%) (V-6-3)
and
e 1. I:(Kv)m] {(Pw‘)m] (V-64)
4 2% | | (),
NOTE: [It is recognized.that"CD is usually not known to a high

degree of accuracy. Lacking specific information, CD = 1.2 for
probes of cylindrical‘shape. For a closed wind tunnel, 8 will be
positive; [for a free jet; 8 will be negative.

The dquation for K, includes a correction for probe
blockage (see ASME PTC 11). If the reference probe is

probes, and functions of pitch pressure coefficient, Cq
and Reynolds number for five-hole probes. For probes
of highly angular shape, e.g., the prismatic five-hole
probe shown in Fig. V-5-2, the coefficients may be
expected to be independent of Reynolds number for
values of Reynolds number above roughly 10%. For such
probes, Reynolds number effects on the coefficients may
be 1gn0red

a are
because large scratches or nicks near the pressure {aps
will invalidate the calibration. Probe recalibrafion
should be performed on a regular basis but-shal} be
performed if damage near the sensing holes is not¢d.

V-7 YAW AND PITCH

Refer to Fig. V-7-1 for an illustration of the yaw pnd
pitch planes with regard to\the direction of fluid flow.
Refer to Fig. V-7-2 as wellyas Fig. V-4-1 and Fig. W}7-3
with regard to the devices for indicating yaw and pjitch
angles.

V-7.1 Instruments

Yaw angle'shall be measured using a directional pgobe
equipped\with a suitable indicating device. Pitch shall
be determined from directional probe calibration. A five-
holeprobe is preferred as noted in section V-5. A thfee-
hole probe may be suitable in some cases (see Fig. V-4-1
and Fig. V-7-3).

V-7.2 Accuracy

The yaw- and pitch-measuring systems shall Have
demonstrated accuracies of +2 deg.

V-7.3 Calibration

A reference line shall be scribed along the probe pxis
prior to calibration for pressure response. This refergnce
line is typically aligned with, or 180 deg from, the tptal
pressure-sensing hole. The scribe is used as a refergnce
position for installation of a yaw angle-measuiing
device. The relationship of the reference line to rfull-
balance position shall be known as determined in section
V-6. The probe is then equipped with a protractor sgale
that can be checked against any high-quality protraftor
used as a reference. As noted below, the protrag¢tor
arrangement is only used to measure yaw.

Calibration for pitch can be performed in a free-str¢gam

a pitot-static tube, K, ,s = 1.0, and the blockage of both
the reference probe and test probe is negligible (Sp/C
<0.005), the equation for K, assumes the simplified form

(pvi)mf

K, =
(P vi) test

(V-6-5)

Generally, the probe total pressure coefficient and
probe velocity pressure coefficient are functions of
Reynolds number, Re,, for nondirectional and three-hole

nozzle jet or in a wind tunnel and is usually completed
during calibrations outlined in section V-6. The facility
should be equipped to allow the test probe to be posi-
tioned at various pitch angles. The mounting apparatus
should firmly hold the test probe at each location along
the pitch arc. Probe sensing-head location should remain
in the same position within the flow stream as the probe
pitch angle is varied.

The probe shall be precision aligned at various pitch
angles, null-balanced, and the pressure difference across
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the taps for the fourth and fifth holes recorded, along
with pressures and pressure differences required in sec-
tion V-6 and any null-balance offset. Pressure data shall
be recorded at pitch angles from -30 deg to +30 deg in
5-deg increments at each of three nominal velocities as
described in section V-6. The calibration facility flow
should be set at one nominal velocity and data recorded
at each required pitch angle before proceeding to subse-

indicated velocity pressure and static pressure, or indi-
cated velocity pressure and total pressure, as outlined
in para. V-7.4, shall be recorded with the probe in the
proper null-balance position. (Note that a null balance
can be obtained at four different positions, but only one
is correct. Incorrect null positions usually correspond to
negative velocity pressures.)

When a directional probe cannot be nulled, velocity

quent nominal velocities and repeating. Alternatively,
the|nominal velocity can be set at required values for
each probe pitch position to develop the data set.
(alibration functions, which represent pitch angle and
probe coefficient(s) as a function of pitch pressure coeffi-
cient, C4 (defined as pitch pressure difference/indicated
velpcity pressure), and Reynolds number may be
derjved. For probes of highly angular shape, e.g., the
pripmatic five-hole probe, the pitch-angle/pitch-
prepsure coefficient relationship may be expected to be
indppendent of Reynolds number for values of Reynolds
nuthber above roughly 10%. For such probes, Reynolds
nuinber effects may be ignored (see Figs. V-7.3-1 through
V-713-3).

V-7
H

4 Number of Readings

ressure measurements shall be made at each traverse
poipt for each traverse plane. The indicated velocity
prepsure and either the total pressure or static pressure
shall be measured. The remaining pressure can be deter-
mired arithmetically. Where required, yaw and pitch
angles shall be determined at each traverse point for
each traverse plane.

Bressures can be obtained at two or more locations,
sin£ltaneously, by using two or more probes as appro-

priate. This would require two or more probes and two
ore probe crews, but it wouldssignificantly reduce
total elapsed time required for)a test.

or

the

V-7,

In operation, a five-hgle probe is inserted in the proper
port to the proper depth for each traverse point. The
probe should be figid enough over its inserted length
to gvoid any dreop outside the traverse plane by more
than 30% of the largest elemental area dimension. The
refgrence line’on the probe should be used to orient the
prope in-such a way that when the total pressure hole
is pointing upstream perpendicular to the measuring

5 Operation

pY’QCC11YD C]’\Q]] hﬂ YD!’{\Y‘!“D('] aS—ZEexro. A f]’\rﬂﬂ—]’\f\ e probe
is operated in a similar manner, except that\the pitch

pressure difference is omitted.

V-8 CORRECTION OF TRAVERSE\.DATA

Difficulties arise in using traverse data in calcfilations,
as these data usually mustbe‘corrected for probe|calibra-
tion and possibly for_bloekage and compressipility as
well. The probe calibration coefficients, K; and K, are
sometimes functions-of the probe Reynolds number, Rey,
which is determined by actual gas velocity, V,|density,
p, and viscoSity, w, at the probe location. They [are also
slightly dependent upon specific heat ratio, k. AAs these
four quantities are determined only from the npeasure-
ments themselves, an iteration procedure may be neces-
sary: Such a procedure would be as follows:

(a) Select provisional values of Ky;, K, and k (g
V-8.1).

(b) Correct the traverse readings for calibrat
if necessary, probe blockage and compressibi
para. V-8.2).

(c) Proceed with calculations.

(d) After determining gas viscosity (se
4-6.6.23), densities (see para. 5-3.4.10 or 5-3.5.
velocities (see para. 4-6.6.22) at all points in a ftraverse
plane, calculate Reynolds number (see para. 4-4.6.24) at
all points, and determine new values of K andl Ky;.

(e) If new values of K;; and K,; are significantly differ-
ent from the old values, the process must be rgpeated.

The probe calibration coefficients are also a funiction of
pitch pressure coefficient, C 4 however, this dep¢ndency
does not affect the iteration process.

ee para.
on and,

ity (see

e para.
13), and

V-8.1 Guideline for Initial Estimation of Probe
Coefficient

plane, the indicated yaw angle is zero. The probe is then
rotated about its own axis until a null balance is obtained
across the taps of the static pressure holes. The angle of
probe rotation from the zero yaw reference direction is
measured with an appropriate indicator and is reported
as the yaw angle. Without changing the angularity of
the probe, the pressure difference across the taps for the
fourth and fifth holes shall also be recorded, and used
with the indicated velocity pressure and pitch pressure
coefficient to determine pitch angle. Measurements of

159

Tobegimcatcatatiorns; initiat vatues of Kjand K,; must
be selected. The selection of an appropriate value makes
the calculation procedure converge more rapidly, often
making iteration unnecessary. The following are guide-
lines to help the initial selection of Ky and Ky

(a) For pitot-static probe, K;; and K,; = 1.0 and need
not be changed.

(b) For other probes, the K;; and K,; versus Re, curves
should be relatively flat in the range of interest; hence,
any reasonable first estimates of K;; and K,; should
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produce satisfactory results. The following ideas are
suggested:

(1) Select the values of K;; and K; at the middle of
the range of calibration data.

(2) Use an average K;; and K,; value based on the
calibration data.

(3) Estimate Re, from standard or design fan condi-
tions, and use corresponding K;; and K,; values.

poj = Kyie (1 = ) pui (V-8-5)

Ty = T,/(1 + &) (V-8-6)

ti + C1
t; + 459.7°F (273.15°C)

(4) Estimate Re_from a thir*:\] pninf inthe traverse B] is used to correct for probe blockage and is calcu-
data, and use the corresponding Kj; and K,; values. lated by
V-8.2 dorrection for Probe Coefficient and Probe Cp(1-¢) (S,
B = 2 ) (Vi8-7)
Blockage 77 4(1-¢)-31A
Measpred values from traverse are t;, p,;, and ps or _
psi- The femaining pressures can be calculated from py; = In these equations, (1 - ) and (1(+ er) are comprpss-
Psi + Poi-|Corrected values (subscript j) at each point shall ~ ibility corrections and are calculated by

be obtajned from the measured values (subscript i) at

that point and probe coefficients, K;; and Ky, using
pii = Ktj Pii (V-8-1)
Ky = —u V-8-2
¥ =TT B K, (V-8-2)
Psi = Ktj Pii — vac Poi (V-8-3)

= Kv]'c Psi — (Kv] - Kt]) Pt
Psaj = Psj + Ciz py (V-8-4)
where
Ci3 5 13.62 in. wg/in. Hg (1.0 Pa/Pa)

_ 1 vac pvi
1_€p_1_ﬁ(T¢;j> (V8-8)
and
- Kv'c vi
1—eT:1+O.85(k—1>< fp) (Vl8-9)
k psuj

provided that Ky p,i/ps; does not exceed 0.1 (see ppra.
4-6,6.13).

NOTE: The recovery factor of the temperature sensor is assumed
to be 0.85 (see Aerodynamic Measurements, MIT Gas Turbing Lab
Report, 1953, edited by R. C. Dean).

160
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Fig. V-2-1 Pitot-Static Probe

161
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Fig. V-4-1 Fechheimer Probe
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Fig. V-5-1 Five-Hole Probe Tips

(a)
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Fig. V-5-2 Prism Probe Cutaway
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Fig. V-6-1 Free Stream Nozzle Jet
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Fig. V-6-2 Wind Tunnel b‘(b
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Fig. V-6-3 Free Stream
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Fig. V-7-1 Yaw and Pitch Planes
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Fig. V-7-2 Yaw and Pltch Convention
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Fig. V-7-3 Five-Hole Probe
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Fig. V-7.3-1 Pitch Angle, @&, Versus Pitch Coefficient, C4
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Fig. V-7.3-3 Total Pressure Coefficient, K;, Versus Pitch Pressure Coefficient, C4

ASME PTC 4.3-2017

Pitch Pressure ‘Coefficient

1.20
@ 60 ft/sec Reynolds no. 25708
1.15
O 90 ft/sec Reynolds no. 38482

1.10
x @ 120 ft/sec Reynolds no. 51666
sl
5 1.05
B
§ 1.00 O O O O
°© O O ;l O O
5 0.95 |
BN A e e
o o o ¢
o 0.90 &
g 4 &
o
= 0.85

0.80

0.75

-1.0 -0.8 -0.5 -0.3 0.0 0.3 0.5 0.8 1.0

173



https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

NONMANDATORY APPENDIX A
SAMPLE CALCULATIONS

rms in this Appendix show an example of the
ons for two tri-sector air heaters in parallel. The
on forms for this Code generally show the input
uired and calculated results, as opposed to the
step-by-step calculations required.

s to work with, the units used on the forms are
abbreviated and are some multiple of the basic mass/
mass of mass/unit of heat input. Some of the more
frequently used abbreviations are described below.

(a) lhm/Ibm. Pound mass of one constituent per
pound mass of another constituent or total. For example,
Ibm ash{/Ibm fuel is the mass fraction of ash in the fuel.

(b) Ibp/100 Ibm. Pound mass of one constituent per
100 Ib npass of another constituent or total. For example,
Ibm ash/100 Ibm fuel is the same as percent ash in fuel.

(c) 1gm/10 kBtu. Pound mass per 10,000 Btu input
from fyel. These are convenient units to use for the
combustion calculations.

(d) Iby10 kB. Abbreviation for Ibm/10 kBtu.

(e) klpm/hr. 1,000 pound mass per hour.

A-2 INPUT DATA SHEETS

The 1pquired input is shown on Inp#itData Sheets 1
through 4 (Tables A-2-1 through A-2-4).

Data Pheets 1 and 2 show the detailed average values
and ungertainty input requireds

Data [Sheet 3 shows thednput and uncertainty data
requiredl for the combustion ‘and unit efficiency calcula-
tions. Itlis noted that tHe’pteferred method for determin-
ing input from fuel is to perform the efficiency
calculations by she energy-balance method. The most
critical flata for'pérforming these calculations is the air
heater datalHowever, the Code also allows measuring
fuel flow (this is only recommended for oil- and gas-fired

red
to calculate output.

A-3 INTEGRATED UNCERTAINTY INPUT’SHEETS

The major task of testing an aiy~heater consistp of
obtaining air and flue gas tempefature, velocity, pres-
sure, and flue gas oxygen content over large flue pnd
duct areas. Two of the major uncertainties associgted
with these measurements.are the systematic uncertajnty
related to spatial variations (numerical integration) pnd
the systematic unceftainty related to velocity or flow
weighting the measured parameters. These sheets [see
Table A-3-1 and.Table A-3-2) provide a format|for
determining_the total systematic uncertainty for these
measurements on a unit basis.

An example systematic uncertainty worksheet fof air
tempetature follows the integrated uncertainty irjput
sheets (see Table A-3-3). These sheets are developed
for most measurements and referenced in most of|the
uncertainty worksheets by worksheet number, abbrgvi-
ated “Sys. Unc. Sht. No.,” e.g., 1A, 1C, and 4B. Also
reference ASME PTC 4 for uncertainty calculations

A-4 OUTPUT — U.S. UNITS (INPUT AND
CALCULATION SHEET)

The input data — flow, temperature and pressur¢ —
are shown in three columns in Table A-4-1. Superhepter
spray flow can be measured or calculated by heat
balance.

A-5 COMBUSTION AND EFFICIENCY
CALCULATIONS

The input data is shown at the top of the first sheet
in Table A-5-1. If sorbent is utilized, the inputs sh¢gwn
would have to be calculated separately. The combustion

units and the flow must be measured with minimum
uncertainty for acceptable uncertainty of the air heater
performance result).

Data Sheet 4 shows the standard or design values for
the air heater(s). Included is curve-fit data for the X-ratio
and entering gas mass-flow corrections.

It is preferred that the unit output be calculated and
the required input data obtained. See Output —
U.S. Units (Input and Calculation Sheet) in this
Appendix. Note that Data Sheet 3 provides for entering

and efficiency calculations from Item 50 through Item
69 are tutorial in that the Item numbers and calculations
are shown.

A-6 CORRECTED AIR HEATER PERFORMANCE
CALCULATION SHEETS

In Table A-6-1, sheet 1 summarizes the measured data
for each air heater. Sheet 2 shows the standard or design
data utilized for the correction calculations. Sheet 3
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shows the intermediate results of the calculated values
required for the air heater performance corrections and
the corrected results of the key performance parameters.

A-7 AIR HEATER PERFORMANCE UNCERTAINTY
WORKSHEETS

The sheets in Tables A-7-1 through A-7-6 show the
det

2A show the measured values, standard deviation, and
systematic uncertainty values to be used for each mea-
sured parameter (refer to the description of the input
forms). Sheets 1B and 2B show the recalculated result
for an incremental change for each measured parameter,
and the calculation of the random uncertainty and posi-
tive and negative systematic uncertainty of the result
for each parameter. The uncertainties for each parameter

the

iled inputs and calculations required to determine  are totaled on Sheet 2F and a summary of the total
uncertainty of any selected parameter. The example  uncertainty results is displayed. The detailéd |calcula-
shown is for determining the uncertainty of the AHexit  tions required for each column are shown‘in [the title

temperature excluding leakage. Sheets are num-
bd 1A and 2A through 1F and 2F. Sheets 1A and

gas|
ber

block of each sheet. The uncertainty paraineter|investi-
gated is shown in Item [20] on Sheets2A throyigh 2F.

175


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Table A-2-1 Input Data Sheet 1

Total Positive Total Negative Sys

AIR HEATER INPUT DATA Average | Standard |Systematic Uncertainty|Systematic Uncertainty| No. of |ync Sht

Value Deviation % Unit % Unit Readings| No.
Air Heater ID A
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 1
TEMPERATURES
Air Ent AH (Secondary) 93.5 0.17 0.14 0.75 0.14 0.70 20.95| 1A
Air Lvg AH (Secondary) 639.3 0.03 0.14 1.48 0.14 1.81 16.28| 1A
T EntARtPTITTaTY) ™48 020 o1 059 ot 059 T80T tA
Air Lvg AH (Primary) 617.1 0.16 0.14 8.256 0.14 8.25 4.30] 1A
Gas Ent AH (Secondary) 712.3 0.33 0.14 4.63 0.14 4.59 20.23| 1B
Gas Lvg AH (Secondary) 283.6 0.02 0.14 4.57 0.14 4.47 19.40(\1B
Gas Ent AH (Primary) 0.0 0.00 0.14 0.00 0.14 0.00 0.00{.1B
Gas Lvg AH (Primary) 0.0 0.00 0.14 0.00 0.14 0.00 0.00f 1B
[GAS AND AIR WEIGHTS
Flue Gas Flow Ent AH (Meas) 2,941.6 6.63 5.00 0.05 5.00 005 2 4D
Air Flow Lvg Sec AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4D
Air Flow Ent Sec AH (Meas - Bisector) 0.0 0.00 5.00 0.05 5.00 0.05 0 4D
Air Flow Lvg Pri AH (Meas) 373.8 0.06 5.00 0.05 5.00 0.05 2 4D
MISCELLANEOUS
D, Ent AH, % Vol Dry=0 Wet=1 0 3.26 0.02 0.00 0.15 0.00 0.15 20.49| 5A
D, Lvg AH, % Vol Dry=0 Wet=1 0 4.14 0.02 0.00 0.32 0.00 0.32 20.70( 5B
PRESSURE DROP
PP Secondary Air, in. wg 4.26 0.23 0.00 0.27 0.00 0.27 32 2C
DP Primary Air, in. wg 4.17 0.14 0.00. 0.27 0.00 0.27 30 2C
DP Flue Gas (Secondary) 5.84 0.08 0.0Q 0.27 0.00 0.27 32 2C
DP Flue Gas (Primary) 0.00 0.00 0:00 0.27 0.00 0.27 0 2C
DP Secondary Air Ent to Flue Gas Lvg, in. wg 18.10 0.21 0.00 0.27 0.00 0.27 32 2C
DP Primary Air Ent to Flue Gas Lvg, in. wg 44.00 0.16 0.00 0.27 0.00 0.27 30 2C
Mir Heater ID B N
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 1 :\W
TEMPERATURES
Air Ent AH (Secondary) 9341 0.16 0.14 0.6 0.14 0.7 20.95| 1A
Air Lvg AH (Secondary) 641,6 0.06 0.14 1.3 0.14 1.7 16.28| 1A
Air Ent AH (Primary) 17.6 0.20 0.14 0.7 0.14 0.7 14.80| 1A
Air Lvg AH (Primary) 623.7 0.14 0.14 8.4 0.14 8.4 430 1A
[Gas Ent AH (Secondary) 717.6 0.28 0.14 4.3 0.14 4.2 20.23| 1B
[Gas Lvg AH (Secondary) 284.7 0.01 0.14 4.5 0.14 4.3 19.40( 1B
[Gas Ent AH (Primary) 0.0 0.00 0.00 0.0 0.00 0.0 0.00
[Gas Lvg AH (Primary) 0.0 0.00 0.00 0.0 0.00 0.0 0.00
[GAS AND AIR WEIGHTS
Flue Gas Flow Ent AH (Meas) 3,106.6 20.14 5.00 0.05 5.00 0.05 2 4D
Air Flow Lvg Sec AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4D
Air Flow Ent Sec AH (Meas' Bisector) 0.0 0.00 5.00 0.05 5.00 0.05 0 4D
Air Flow Lvg Pri AH{Meas) 385.8 0.05 5.00 0.05 5.00 0.05 2 4D
MISCELLANEQUS
D, Ent AH, &/\Vel 3.49 0.02 0.00 0.2 0.00 0.2 20.49| 5A
D, Lvg AH %V ol 3.96 0.01 0.00 0.2 0.00 0.2 20.70| 5B
PRESSURE DROP
DP Secondary Air, in. wg 3.87 0.38 0.00 0.27 0.00 0.27 32 2C
DP Primary Air, in. wg 4.22 0.16 0.00 0.27 0.00 0.27 30 2C
DP Flue Gas (Secondary) 5.00 0.18 0.00 0.27 0.00 0.27 32 2C
DP Flue Gas (Primary) 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
DP Secondary Air Ent to Flue Gas Lvg, in. wg 16.87 0.41 0.00 0.27 0.00 0.27 32 2C
DP Primary Air Ent to Flue Gas Lvg, in. wg 43.17 0.21 0.00 0.27 0.00 0.27 30 2C
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Date Test 1-Sep-2010

TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date Calc 1-Dec-2011
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Table A-2-2 Input Data Sheet 2

Total Positive Total Negative Sys
AIR HEATER INPUT DATA Average | Standard | Systematic Uncertainty| Systematic Uncertainty| No. of |ync sht
Value Deviation % Unit % Unit Readings| No.
Air Heater ID Cc
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 0
TEMPERATURES
Air Ent AH (Secondary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1A
Air Lvg AH (Secondary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1A
I-\il' CIiLAR \rrinfary) U.U U.UU U. 14 U.00 U. 158 U.00 U.UU RN
Air Lvg AH (Primary) 0.0 0.00 0.14 0.58 0.14 0.58 0.001 \1p
Gas Ent AH (Secondary) 0.0 0.00 0.14 1.16 0.14 1.16 0.00% 1B
Gas Lvg AH (Secondary) 0.0 0.00 0.14 1.16 0.14 1.16 0.00| 1B
Gas Ent AH (Primary) 0.0 0.00 0.14 0.00 0.14 0.00 0.00
Gas Lvg AH (Primary) 0.0 0.00 0.14 0.00 0.14 0.00 0.00
GAS AND AIR WEIGHTS
Flue Gas Flow Ent AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
Air Flow Lvg Sec AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
Air Flow Ent Sec AH (Meas - Bisector) 0.0 0.00 5.00 0.05 5100 0.05 0 4
Air Flow Lvg Pri AH (Meas) 0.0 0.00 5.00 0.05 5:00 0.05 0 4
MISCELLANEQUS
O, EntAH, % Vol 0.00 0.00 0.00 0,15 0.00 0.15 0.00| 5A
O, Lvg AH, % Vol 0.00 0.00 0.00 0.15 0.00 0.15 0.00| 5B
PRESSURE DROP
DP Secondary Air, in. wg 0.00 0.00 0,00 0.27 0.00 0.27 0 2
DP Primary Air, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2
DP Flue Gas (Secondary) 0.00 0.00 0.00 0.27 0.00 0.27 0 2
DP Flue Gas (Primary) 0.00 0.00 0.00 0.27 0.00 0.27 0 2
DP Secondary Air Ent to Flue Gas Lvg, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2
DP Primary Air Ent to Flue Gas Lvg, in. wg 0.00 0:00 0.00 0.27 0.00 0.27 0 2
Air Heater ID D RN
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 0 ‘\W
TEMPERATURES
Air Ent AH (Secondary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1A
Air Lvg AH (Secondary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1A
Air Ent AH (Primary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1p
Air Lvg AH (Primary) 0.0 0.00 0.14 0.58 0.14 0.58 0.00] 1A
Gas Ent AH (Secondary) 0.0 0.00 0.14 0.58 0.14 1.16 0.00] 1B
Gas Lvg AH (Secondary) 0.0 0.00 0.14 0.58 0.14 1.16 0.00] 1B
Gas Ent AH (Primary) 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Gas Lvg AH (Primary) 0.0 0.00 0.00 0.00 0.00 0.00 0.00
GAS AND AIR WEIGHTS
Flue Gas Flow Ent AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
Air Flow Lvg Sec AH\(Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
Air Flow Ent SeciAH (Meas - Bisector) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
Air Flow Lvg Rri/AH (Meas) 0.0 0.00 5.00 0.05 5.00 0.05 0 4
MISCELLANEOUS
0, Eqt AH, % Vol 0.00 0.00 0.00 0.15 0.00 0.15 0.00| 5
0O, Lvg*AH, % Vol 0.00 0.00 0.00 0.15 0.00 0.15 0.00| 5B
PRESSURE DROP
DP Secondary Air, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2
DP Primary Air, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
DP Flue Gas (Secondary) 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
DP Flue Gas (Primary) 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
DP Secondary Air Ent to Flue Gas Lvg, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
DP Primary Air Ent to Flue Gas Lvg, in. wg 0.00 0.00 0.00 0.27 0.00 0.27 0 2C
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR __ [Date Test 1-Sep-2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date Calc 1-Dec-2011
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Table A-2-3 Input Data Sheet 3
Total Positive Total Negative Sys
COMB. AND EFFICIENCY INPUT Average | Standard | Systematic Uncertainty Systematic Uncertainty No.of |yunc sh
Value Deviation % Unit % Unit Readings| No.
Fuel Temperature 86.4 0.30 0.00 7.07 0.00 7.07 120 INPT
Moisture in Air (enter value or meas below) 0.016 0 0
Barometric Pressure, in. Hg 29.92 0 0.00 0.11 0.00 0.11 2 4B
Dry Bulb Temperature, °F 98.0 1.25 0.14 0.58 0.14 0.58 4 1A
Wet Bulb Temperature, °F 74.6 0.40 0.00 0.00 0.00 0.00 4 1A
Relative Humidity, % 0.0 0 0.00 0.00 0.00 0.00 0 4A
proditonarvioTstare; tmy Too b Fuet 00 00 00 00 00 00 0
Residue Entering AH, % Total 75.0 0.0 0.0 0.0 0.0 0.0 0
Dutput, 10° Btu/hr (enter only if not meas) 5,615.000 0.0 3.0 0.0 3.0 0.0 0
Fuel Rate (meas), klbm/hr (in lieu of output) 0 0.0 0.0 0.0 0.0 0.0 0
Fuel Type 0=Coal 1=0il 2=Gas 3=Wood 4=Other 0 ~ |V
Fuel Analysis, % Mass
Carbon 63.580 0.10 0.32 0.00 0.32 0.00 2 6B
Sulfur 0.945 0.01 0.11 0.00 0.11 0.00 2 6C
Hydrogen 3.230 0.00 0.12 0.00 0.12 0°Q0 2 6D
Water 13.600 0.57 2.02 0.00 2.25 0.00 2 6E
Water Vapor 0.000 0.40 0.00 0.00 0.00 0.00 2
Nitrogen 0.825 0.01 0.14 0.00 0.14 0.00 2 6G
Oxygen 13.115 0.45 0.12 0.00 012 0.00 2 6D
Ash 4.705 0.04 2.02 0.00 2725 0.00 2 6E
Molatile Matter, % (for coal enthalpy) 40.8 3.04 0.00 0.00 0:00 0.00 2 5C
Fixed Carbon, % (for coal enthalpy) 41.0 3.61 0.00 0.00 0.00 0.00 2 5D
AP for QOil Fuels (for enthalpy) 0.0 0.00 0.00 0,00 0.00 0.00 1 5A
Higher Heating Value (HHV), Btu/lb 10,621 18.14 2.00 54,00 2.24 54.00 2 6A
Unburned Carbon Loss, % Fuel Input 0.60 0.00 0.00 0:30 0.00 0.30 0 INPT
Auxiliary Equipment Power, kW 0.00 0.00 1.50 0.00 1.50 0.00 0 INPT
Motor Efficiency 0.00 0.00 000 1.00 0.00 1.00 0 INPT
Burface Radiation and Convection Loss, %
(use if area not calculated) 0.39 0.00 0.00 0.20 0.00 0.10 0 INPT
Flat Projected Surface Area, 103 sq ft 0.00 0,00 0.00 0.00 0.00 0.00 0
Average Velocity of Air Near Surface, ft/sec 0.00 0.00 0.00 0.00 0.00 1.00 0
Average Surface Temperature, °F 0.00 0.00 0.00 0.00 0.00 0.00 0
Average Ambient Temperature Near Surface, °F 0.00 0.00 0.00 0.00 0.00 0.00 0
Sorbent Rate, klbm/hr (enter '0" if no sorbent) 0,00 0.00 0.00 0.00 0.00 0.00 0
Ca/S Molar Ratio (estimate if flow not meas) 0.00 0.00 0.00 0.00 0.00 0.00 0
Calcination Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0
Bulfur Capture, Ibm/lbm Sulfur 0.00 0.00 0.00 0.00 0.00 0.00 0
Sorbent Temperature, °F 0.00 0.00 0.00 0.00 0.00 0.00 0
Sorbent Analysis, % Mass
CaCO3; 0.00 0.00 0.00 0.00 0.00 0.00 0
Ca(OH), 0.00 0.00 0.00 0.00 0.00 0.00 0
MgCO; 0.00 0.00 0.00 0.00 0.00 0.00 0
Mg(OH), 0.00 0.00 0.00 0.00 0.00 0.00 0
H,O 0.00 0.00 0.00 0.00 0.00 0.00 0
Inert 0.00 0.00 0.00 0.00 0.00 0.00 0
Tempering Air Flow (air bypassing AH) 258.34 3.43 5.00 5.00 5.00 5.00 10
TemperingAir Temperature 116.20 2.00 5.00 5.00 5.00 5.00 10
F xpected PritAir to Gas Leakage, % Total Lkg 84.39 0.00 1.00 0.00 10.00
Fxpected\Pri Air to Sec Air Leakage, % Total Lkg 0.32 0.00 10.00 0.00 0.00
9 is 0.15 0.00 0.15 0.00 0.15
Other Losses, 10° Btu/hr Basis 0.00 0.00 0.00 0.00 0.00
Other Credits, % Basis 0.00 0.00 0.00 0.00 0.00
Other Credits, 10° Btu/hr Basis 0.00 0.00 0.00 0.00 0.00
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR  [Date Test 1-Sep-2010
TRI-SECTOR AH Time 1 9:00 Time 2 0
Calc By tch Date Calc 1-Dec-2011
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Table A-2-4 Input Data Sheet 4

AIR HEATER DESIGN DATA

Temperatures

Air Ent AH (Secondary)

85.0

Air Lvg AH (Secondary)

652.0

Air Ent AH (Primary)

106.0

Air Lvg AH (Primary)

631.0

Gas Ent AH (Secondary)

720.0

Gas Lvg AH (Secondary)

268.0

Gas Lvg AH Excl Lkg (Secondary)

277 0

Gas Ent AH (Frimary)

Gas Lvg AH (Primary)

Gas Lvg AH Excl Lkg (Primary)

Flows and Curve Fit Constants

Flue Gas Flow Ent AH (Secondary)

5,665

Flue Gas Flow Ent AH (Primary)

Temp Corr Curve Fit Constants for
Ent Gas Flow (Secondary AH)

4.76240E-02

-2.77472E-01| 1 09529{63 -8.54943E-06

Temp Corr Curve Fit Constants for
Ent Gas Flow (Primary AH)

0

Air Flow Lvg AH (Secondary)

3,985

Air Flow Lvg AH (Primary)

828.6

Standard or Design Heat Capacity Ratio (Secondary)

0.80742

Temp Corr Curve Fit Constants for
X-Ratio (Secondary AH)

-695.0774

ﬁ

5 1.889 -1,153.407 322.8411

Standard or Design Heat Capacity Ratio (Primary)

Temp Corr Curve Fit Constants for
X-Ratio (Primary AH)

Miscellaneous

]

Moisture in Air, lbm/lbm dry air

\
Moisture in Flue Gas Ent AH, % ~N

Residue in Flue Gas Ent AH, % Total Solidsgo

For Estimated Pri Air Leakage, see Input Sheet 3
N

AN
PRESSURE DROP (',\‘

DP Secondary Air, in. wg

DP Primary Air, in. wg

DP Flue Gas (Secondar@

DP Flue Gas (Primarm
DP Secondary Air En Flue Gas Lvg, in. wg

DP Primary Air Efit to‘Flue Gas Lvg, in. wg

Exponent for Gas Flow Ratio Correction

Exponent forAir Flow Ratio Correction

Name of Plant ASME PTC 4.3 MASTER FORM

Unit No.

Test No. 1

Remarks PTC 4.3 EXAMPLE CASE

Load

MCR Date Test 1-Sep-2010

TRI-SECTOR AH

Time 1

9:00 Time 2 11:00

Calc By

tch

Date Calc 1-Dec-2011
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Table A-3-1 Integrated Uncertainty Input Sheet 1
ltem Sys Unc Air Heater ID
No. Sht No. A B C D
COMB. CALCULATIONS — CMBSTNa
1 Gas Temp Ent AH, °F (Sec / Pri) 712.3 717.6 0.0 0.0
2 No. Points per Flue, m 40 38 0 0
3 Spatial Distribution Index (SDI) 16.6 11.9 0.0 0.0
4 Tave Flow Weighted Vel Data Availl Yes 710.2 715.2 0.0 0.0
5 Correlation Coefficient 'R' -0.181 0.269 0.000 0.000
B Tave Sglacted Enter 0=Ava 1-Flaow \\/td ! a} 712 3 7217 6 0.0 0.0
7 Sample Standard Deviation for Grid 0.333 0.281 0.000 0.000
8 Sys Ung, Integrated Average, °F 2.66 1.95 0.00 0.00
9 Pos Sys Unc, Flow Weighting, °F 3.61 3.69 0.00 0.00
10 Neg Sys Unc, Flow Weighting, °F 3.56 3.57 0.00 0.00
11 Number of Readings 20.2 Pos Sys Unc, Unit Meas Neg Sys Unc, Unit Meas
12 Total Instrument Sys Unc, °F 1B 1.158 1.158
13 Total Combined Positive Sys Unc for Int Ave, °F 4.627 4.330 0.000 0.000
14 Total Combined Negative Sys Unc for Int Ave, °F 4.588 4.233 0.000 0.000
15 Gas Temp Lvg AH, °F (Sec/ Pri) 283.6 284.7 0 0
16 No. Points per Flue, m 40 40 0 0
17 Spatial Distribution Index (SDI) 26.6 25.8 0 0
18 Tave Flow Weighted Vel Data Avail | Yes 284.8 285.8 0 0
19 Correlation Coefficient 'R’ -0.167 -0.246 0.000 0.000
20 Tave Selected Enter 0=Ave 1=Flow Wtdl 0 283.6 284.7 0.0 0.0
21 Sample Standard Deviation for Grid 0.016 0.014 0.000 0.000
22 Sys Unc, Integrated Average, °F 4.26, 4.12 0.00 0.00
23 Pos Sys Unc, Flow Weighting, °F 146 1.45 0.00 0.00
24 Neg Sys Unc, Flow Weighting, °F 0.6% 0.64 0.00 0.00
25 Number of Readings 19.4 Pos_Sys'Unc, Unit Meas Neg Sys Unc, Unit Meas
26 Total Instrument Sys Unc, °F 1B 1.158 1.158
27 Total Combined Positive Sys Unc for Int Ave, °F 4.568 4.521 0.000 0.000
28 Total Combined Negative Sys Unc for Int Ave, °F 4.467 4.331 0.000 0.000
29 Air Temp Ent Sec AH | APH Coil 0=No 1=Yes| 0.\ 93.5 93.1 0 0
30 No. Points per Flue, m 40 40 0 0
31 Spatial Distribution Index (SDI) 2.0 0.6 0 0
32 Tave Flow Weighted | Vel Data Avail[_ No 92.1 91.2 0 0
33 Correlation Coefficient 'R' 0.080 -0.241 0.000 0.000
34 Tave Selected Enter 0=Ave 1=FElgw Wtd| 0 93.5 93.1 0.0 0.0
35 Sample Standard Deviation for Grid 0.171 0.163 0.000 0.000
36 Sys Ung, Integrated Average, °F 0.3191 0.0898 0.0000 0.0000
37 Pos Sys Unc, Flow Weighting, °F 0.348 -0.046 0.0 0.0
38 Neg Sys Unc, Flow Weighting»\°F 0.207 0.387 0.0 0.0
39 Number of Readings 21.0 Pos Sys Unc, Unit Meas Neg Sys Unc, Unit Meas
40 Total Instrument Sys Unc,-2F 1A 0.583 0.583
41 Total Combined Positive’Sys Unc for Int Ave, °F 0.750 0.592 0.000 0.000
42 Total Combined Negative Sys Unc for Int Ave, °F 0.696 0.706 0.000 0.000
43 Air Temp Lvg Secondary AH 639.3 641.6 0 0
44 No. Points pér Flue, m 40 40 0 0
45 Spatial Distkikttion Index (SDI) 7.6 4.9 0 0
46 Tave Fl6w Weighted [ Vel Data Avail| Yes 638.4 639.2 0 0
47 Cory€lation Coefficient 'R’ 0.088 0.288 0.000 0.000
48 Tave-Selected Enter 0=Ave 1=Flow Wtd | 0 639.3 641.6 0.0 0.0
49 Sample Standard Deviation for Grid 0.030 0.055 0.000 0.000
50 Sys Unc, Integrated Average, °F 1.21 0.78 0.00 0.00
51 Pos Sys Unc, Flow Weighting, °F 0.62 0.93 0.00 0.00
52 Neg Sys Unc, Flow Weighting, °F 1.21 1.40 0.00 0.00
58 Number of Readings | 16.3 Pos Sys Unc, Unit Meas Neg Sys Unc, Unit Meas
54 Total Instrument Sys Unc, °F 1A 0.5683 0.5683
55 Total Combined Positive Sys Unc for Int Ave, °F 1.483 1.342 0.000 0.000
56 Total Combined Negative Sys Unc for Int Ave, °F 1.809 1.705 0.000 0.000
PLANT NAME [ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
REMARKS: PTC 4.3 EXAMPLE CASE Load MCR Test Date 09/01/10
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date Calc 12/01/11
Sheet 1 0f2
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Table A-3-2 Integrated Uncertainty Input Sheet 2

tem Sys Unc Air Heater ID
No. Sht No. A B C D
COMB. CALCULATIONS - CMBSTNa

61 O, in Flue Gas Ent AH, % (Sec/ Pri) 3.26 3.49 0.00 0.00
62 No. Points per Flue, m 40 38 0 0
63 Spatial Distribution Index (SDI) 0.07 0.06 0.00 0.00
64 Ave O, Flow Weighted Vel Data Avail | Yes 3.26 3.46 0.00 0.00
65 Correlation Coefficient 'R* -0.196 0.050 0.00 0.00
519 Ave O, Selected Enter U=Ave T=FlowW vvtai Y 326 349 0.00 AY
67 Sample Standard Deviation for Grid 0.016 0.016 0.000 0.000]
68 Sys Ungc, Integrated Average, Unit Meas 0.012 0.009 0.000 0.000]
69 Pos Sys Unc, Flow Weighting, Unit Meas 0.000 0.054 0.000 0.000]
70 Neg Sys Unc, Flow Weighting, Unit Meas 0.000 0.001 0.000 0.000]
71 Number of Readings | 20.5 Pos Sys Unc, Unit Meas Neg Sys Unc;Unit Meas
72 Total Instrument Sys Unc, Unit Meas 5A 0.150 0150

73 Total Combined Positive Sys Unc for Int Ave, Unit Meas 0.150 0.160 0.000 0.000]
74 Total Combined Negative Sys Unc for Int Ave, Unit Meas 0.150 0.160 0.000 0.000
75 O, inFlue Gas Lvg AH, % (Sec/Pri) 4.14 3.96 0.00 0.00}
76 No. Points per Flug, m 40 40 0 0
77 Spatial Distribution Index (SDI) 0.07 0:06 0.00 0.00
78 Ave O, Flow Weighted Vel Data Avail | Yes 4.09 3.95 0.00 0.00
79 Correlation Coefficient 'R* -0.125 -0.096 0.00 0.00}
80 Ave O, Selected Enter 0=Ave 1=Flow Wtd | 0 4.14 3.96 0.00 0.00)
81 Sample Standard Deviation for Grid 0.096 0.014 0.000 0.000]
82 Sys Ung, Integrated Average, Unit Meas 0.012 0.010 0.000 0.000]
83 Pos Sys Unc, Flow Weighting, Unit Meas 0.281 0.050 0.000 0.000]
84 Neg Sys Unc, Flow Weighting, Unit Meas 0.281 0.050 0.000 0.000]
85 Number of Readings | 20.7 Ros Sys Unc, Unit Meas Neg Sys Unc, Unit Meas|
86 Total Instrument Sys Unc, Unit Meas 5B 0.150 0.150

87 Total Combined Positive Sys Unc for Int Ave, Unit Meas 0.319 0.158 0.000 0.000]
88 Total Combined Negative Sys Unc for Int Ave, Unit Mgas 0.319 0.158 0.000 0.000]
89 Air Temp Ent Pri AH | APH Coil 0=No 1=Yes R 0 114.8 117.6 0 0)
90 No. Points per Flug, m 30 26 0 0
91 Spatial Distribution Index (SDI) 0.47 0.36 0.00 0.00]
92 Tave Flow Weighted | Vel Data Avail| No 116.4 117.3 0 0
93 Correlation Coefficient 'R* -0.112 0.128 0.000 0.000
94 Tave Selected Enter 0=Ave \T=Flow Wtdl 0 114.8 117.6 0.0 0.0
95 Sample Standard Deviation for Grid 0.205 0.200 0.000 0.000]
96 Sys Ung, Integrated Average,SF 0.088 0.073 0.000 0.000]
97 Pos Sys Unc, Flow Weighting, °F 0.043 0.379 0.000 0.000]
98 Neg Sys Unc, Flow Weighting, °F 0.026 0.277 0.000 0.000]
99 Number of Reading$é | 14.8 Pos Sys Unc, Unit Meas Neg Sys Unc, Unit Meas|
100 Total InstrumentSys Unc, °F 1A 0.583 0.583

101 Total Combined Positive Sys Unc for Int Ave, °F 0.591 0.699 0.000 0.000]
102 Total Compined/Negative Sys Unc for Int Ave, °F 0.591 0.699 0.000 0.000]
103 Air Temp Lvg.Primary AH 617.1 623.7 0 0
104 No. Peints'per Flue, m 15 15 6 0
105 SpatialDistribution Index (SDI) 19.02 19.27 0.00 0.00}
106 Tave-Flow Weighted | Vel Data Avail | Yes 616.2 622.8 0 0
107 Correlation Coefficient 'R’ -0.098 -0.248 0.000 0.000
108 Tave Selected Enter 0=Ave 1=Flow Wtd | 0 617.1 623.7 0.00 0.00]
109. Sample Standard Deviation for Grid 0.156 0.142 0.000 0.000]
110 Sys Ung, Integrated Average, °F 8.205 8.312 0.000 0.000]
14M Pos Sys Unc, Flow Weighting, °F 0.673 0.743 0.000 0.000]
112 Neg Sys Unc, Flow Weighting, °F 1.371 1.443 0.000 0.000]
113 Numbar of B c\r“ngo ! /1_'2 Pos Q\,:e Lo . Linit Moac I\Ing C\,u- 1 |nr\, Linit N &
114 Total Instrument Sys Unc, °F 1A 0.583 0.583

115 Total Combined Positive Sys Unc for Int Ave, °F 8.253 8.365 0.000 0.000
116 Total Combined Negative Sys Unc for Int Ave, °F 8.253 8.365 0.000 0.000
PLANT NAME [ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
REMARKS: PTC 4.3 EXAMPLE CASE Load MCR Test Date 09/01/10

TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date Calc 12/01/11
Sheet 2 of 2
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Table A-3-3 Systematic Uncertainty Worksheet

Measured Parameter: Air Temperature, °F

Worksheet No:

1A

Estimate of Systematic Uncertainty

_1| Measured Parameter A Positive il Negative
Percent of Percent of
Individual Sys Unc Source of Sys Unc Reading Unit of Meas Reading Unit of Meas
a [ TC or RTD type Calibrated 0.50 0.50
b || Calibration Included in item a
c || Lead wires Negligible 0.3 0.3
d || Ice bath Negligible
e || Thermowell location/geometry N/A
f || Pad weld (insulated/uninsulated) N/A
g || Stratification of flowing liquid Calculated separately
h |[ Sys unc of instrument system Estimated 0.1 0.1
i |[ Drift Estimated 0.1 0.1
j
k
|
m
n
o
Tofal Systematic Uncertainty E ﬁ ﬂ ﬂ
a2 +b%c?+...)"2 0.14 0.58 0.14 0.58
PLANT NAME |ASME PTC 4.3 MASTER FORM UNIT NO 1
TEST NO. 1 DATE 1-Sep-10 LOAD MCR
TIME START 9:00 [ TIME END 11:00 CALC BY tch
REMARKS: PTC 4.3 EXAMPLE CASE CALC DATE 1-Dec-11
TRI-SECTOR AH
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Table A-4-1 Output — U.S. Units (Input and Calculation Sheet)

Enter Steam Table Vers: 0=1967 1=1997
Absorption, Q,
Flow, W, Enthalpy, H, | 10° Btu/hr [W x
PARAMETER klbom/hr | Temperature,T | Pressure, P Btu/lbm (H - H1)/1,000]
1 | FEEDWATER (Excluding SH Spray) 4,375.267 404.2 2,616.9 382.41
2 | SH SPRAY WATER: Ent 1 to Calc HB 0 404.2 2,616.9 382.41 0.00
2 Lot Ol 1 Ass + A 270 207 240 L QL7 O 1229001
3 ErtSH-Aermperator 4375267 7405 25578 22594
4 Lvg SH-1 Attemperator 4,393.567 735.1 2,557.8 1,222.49 /\
5 SH-1 Spray Water Flow 18.300
6 Ent SH-2 Attemperator 4,393.567 806.4 2,521.0 1,305.69 n\)
7 Lvg SH-2 Attemperator 4,445.367 782.7 2,521.0 1,282.19( vV
8 SH-2 Spray Water Flow 51.800| W6 x (H6 — H7) / (H7 - H2) or W7 x (H6 — H7)./ (H6 - H2)
INTERNAL EXTRACTION FLOWS
9 Blowdown / Drum 0.000 2,586.1 743.37 .00
10 Sat Steam Extraction 0.000 0.0 0.0 1,080.09 .00
11 Sootblowing Steam 0.000 0.0 0.0 0.00 .00
12 SH Steam Extraction 1 0.000 0.0 2,557.8 0.00 .00
13 SH Steam Extraction 2 0.000 0.0 00 0.00 .00
14 Atomizing Steam 0.000 0.0 0.0 0.00 .00
AUXILIARY EXTRACTION FLOWS
15 Aux Steam 1 0.000 0.0 0.0
16 Aux Steam 2 0.000 00 0.0
17
18 | MAIN STEAM 4,445.367] 1,004.8] 2,463.3] 1,462.23 4,800.17
19 | HIGH PRESS STEAM OUTPUT Q18 + Q2 + Q9 through Q17 4,800.17
REHEAT UNITS
20 | REHEAT OUTLET 1,011.3 580.3 1,624.35
21| COLD REHEAT ENT ATTEMPERATOR 0.000 647.4 600.9 1,318.51
22 | RH SPRAY WATER 0.000 399.2 1,000.0 375.11
23 | COLD REHEAT EXTRACTION FLOW 0.000
24 | TURB SEAL FLOW & SHAFT LKG, % 1.750
FW HEATER NO. 1
25 FW Ent: 0=FW 1=FW+Spray| £ 0:"'[ 4,375.267 403.2 2,616.9 381.33
26 FW Leaving 482.4 596.2 467.45
27 Extraction Steam 644.5 596.2 1,317.06
28 Drain 418.7 596.2 395.76
29 | FW HEATER NO. 1 FLOW, 408.989| W25 x (H26 — H25) / (H27 — H28)
FW HEATER NO. 2
30 FW Entering 4,375.267 0.0 0.0 0.00
31 FW Leaving 0.0 0.0 0.00
32 Extractigh.Steam 0.0 0.0 0.00
33 Drain 0.0 0.0 0.00
34 | FW HEATER NO. 2 FLOW 0.000 |[W30 x (H31 — H30) - W29 x (H28 - H33)] / (H32 - H33)
35 | COLD REHEAT FLOW 3,958.599 | W18 x (1.0 — 0.01 x W24) — W23 - W29 - W34
36 | REHEAT OUTPUT W35 x (H20 - H21) + W22 x (H20 - H22) 814.84
37 [SFQTAL OUTPUT Q19 + Q36 5,61%5.00
Namé of Plant|ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks [PTC 4.3 EXAMPLE CASE Load MCR Test Date 09/01/10
Calc By tch Calc Date 12/01/11
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Table A-5-1 Combustion and Efficiency Calculations

INPUT CONDITIONS — BY TEST OR SPECIFICATION — Enter data in lightly shaded cells

1 |Average entering air temperature, °F 97.6 Sorbent Input Parameters
2 |Fuel temperature, °F 86.4| 26 |Sorbent rate, kibm/hr (enter '0" if sorbent not used) 0.000
3 |Average AH exit gas temperature, °F 284.2| 27 |Ca/S molar ratio (enter sorbent rate or est Ca/S ratio) 0.000
4 |Moisture in air, Iom/lbm dry air 0.0160 28 |Calcination fraction 0.000
5 [Additional moisture, Ibm/100 Ibm fuel 0| 29 [Sulfur capture, Ibm/lbm sulfur 0.000
6 |Residue entering AH, % total 75| 31 |Sorbent temperature, °F 0.0
7 |Output, 10°Btu/hr 5,615.000 Sorbent Analysis, % Mass
32—€aCOT 6-69
9 |Huel Type 0=Coal 1=0il 2=Gas 3=Wood 4=Other 0 33 |Ca(OH), _ 70,04
Huel Analysis, % Mass (for Gas, see Gaseous Fuels Form) 34 [(MgCO3 {\'\06(
11 [qarbon 63.580| 35 |Mg(OH), N o.0d
12 |$ulfur 0.945| 36 |H,0 Y 0.0
13 |Hlydrogen 3.230| 37 |[Inert 0.0(
14 |\Vater 13.600| 38 |Total 0.0
15 |Water vapor 0.000 Corrections for Sorbent
16 |Nflitrogen 0.825| 40 |Additional theoretical air, Ibm/10,000 Btu 0.004
17 |@Pxygen 13.115| 41 |CO; from sorbent, Ibm/10,000 Btu 0.00d
18 |Ash 4.705| 42 [H,0 from sorbent, Ibm/10,000 Btu 0.00d
19 |Total 100.000f 43 |Spent sorbent, Ibm/10,000 Btu 0.00d
44 |Dry air/gas flow correction for O3in'SO3, 1bm/10,000 Btu 0.00(
21 [Higher heating value (HHV), Btu/lbm 10,621.475
22 nburned carbon loss, % fuel input 0.600| 46 [Theoretical air, lbm/100 Ibm.fuel 784.94
23 |Wnburned carbon, % of fuel 0.440| 47 |Water from fuel, Ibpn/<100 Ibm fuel 42.44
48 |Theoretical air, lbfp/10,000 Btu 7.434
GOMBUSTION GAS CALCULATIONS, Quantity per 10,000 Btu Fuel Input
50 [Theoretical air (corrected), Ibm/10,000 Btu [48] + [40] - [23] x 1,151/ [21] 7.390)
51 |Residue from fuel, Ibm/10,000 Btu ([18] + [23]) x 100/ [21] 0.048]
52 |Total residue, Ibm/10,000 Btu [561] + [43] 0.048]
53 A| Leaving Econ B|Leaving Air Heater
54 |0, % O, Dry=0 Wet=1 0 3.38 4.05
55 |Hxcess air, % by weight — calculated 19.0 23. 6
56 [Gas from dry air, Ilbm/10,000 Btu (1 + [55]/100) %/[50] - [44] 8.793 9. 136}
57 |20 from air, 1bm/10,000 Btu [56] x [4] 0.141 0.141 0.146 0. 146}
58 /*dditional moisture, Ibm/10,000 Btu [5]%*00/ [21] 0.000 0.000 0.000 0.000)
59 IIIZO from fuel, Ibm/10,000 Btu [471)x 100 /[21] 0.400 0.400
60 [(Vet gas from fuel, Ibm/10,000 Btu (100 - [18] - [23]) x 100/ [21] 0.893 0.893]
61 |¢O, from sorbent, Ibm/10,000 Btu [41] 0.000 0.000}
62 |H,0 from sorbent, Ibm/10,000 Btu [42] 0.000 0.000 0.000 0.000|
63 |Total wet gas, Ibm/10,000 Btu Summation [56] through [62] 9.827 10. 175
64 |WVater in wet gas, Ibm/10,000 Btu Summation [57] + [58] + [569] + [62] 0.541 0.541 0.546 0.546]
65 |[pry gas, Ibm/10,000 Btu [63] - [64] 9.286 9.629]
66 |H,0 in gas, % by weight 100 x [64] / [63] 5.50 5.37
67 |Residue, % by weight (zere,if'<0.125 Ibm/10 kB) [6] x [52] / [63] 0.00 0.00)
68 |Air heater leakage, %‘entering gas weight 100 x ([63 Lvg] — [63 Ent]) / [63 Ent] 3.54
69 |Hxit gas temperatdre éxcluding leakage, °F 13] + [681/100 x ([3]- [TAI]) x CpA / CpG [cpa [cpG | 0.245 0.254 290.0
¢OMBUSTIQINPRODUCTS, % Volume (Dry Basis)
70 |0, 3.38 4.05
71 GO, 16.49 15.84
72 |$0,,ppm 924 889
73 |N, 80.04 80.00
74 |Gas density, Ibm/ft>@ 60°F and 29.92 in. Hg 0.0784 0.08
75 |Dry volume to wet volume conversion factor 0.909
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Test Date 09/01/10
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc Date 12/01/11
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Table A-5-1 Combustion and Efficiency Calculations (Cont'd)

EFFICIENCY CALCULATIONS, Percent Input From Fuel

Losses, % — Enter Calculated Results in Column [B] A| 108 Btu/hr| %
80 |Dry gas, % [65A] x HDFg / 100 HDFg 50.9 4.73
| 81 | Water from | Enthalpy of steam at 1 psia, T=[69] H1=(3.958E-5 x T + 0.4329) x T + 1,062.2 1,191.1
i fuel, as fired| Enthalpy of water at T=77°F H2=77 - 32 45.0
83 % (591 - [151) x ({811 - [82]) / 100 4.58
84 |Water vapor from fuel [15] x HWv[69] / [21] 0.00
85 |Moisture in air, % [57A] x HWv[69] / 100 HW\v [69] | 9.2 0.14
86 |Unburned carbon, % [22] or [23] x 14,500/ [21] 0.60
87 [Sensible heat of residue Temp bottom ash | 2,000 | | HRs bot 515.7] HRs [69] | 427 0.08
88
89 |Unmeasured or other losses, % basis 0.15
90 |Summation of losses, % basis Summation [80] through [89] 10.27
Losses, 10° Btu/hr — Enter in Column [A]
93 [Surface radiation and convection 24.4
94 [Sorbent calcination/dehydration 0.0
95 |Water from sorbent 0.0
96
97 |Other losses, 10° Btu/hr basis 0.0
98 |Summation of losses, 10° Btu/hr basis |Summation [93] through [97] 24.4
Credits, % — Enter Calculated Results in Column [B]
101 [Entering dry air [56A] x HDA[1]/ 100 HDA [1] 5.0 0.44
102 [Moisture in air [67A] x HWv[1]/ 100 HWv[1] 9.2 0.01
103 [Sensible heat in fuel 100 x HF[2] /[21] H Fuel [2] 3.9 0.04
104 [Sulfation 0.00
105
106 | Other credits, % basis 0.00
107 |Summation of credits, % Summation [101] threiigh [106] 0.49
Credits, 10 Btu/hr — Enter in Column [A]
110 [Auxiliary equipment power 3,412 x QX EX /100 | QX (kW) 0.0| EX(%) 0.00 0.0
111 |Sensible heat from sorbent 0.0
112
113 | Other credits, 10° Btu/hr basis 0.0
114 [Summation of credits, 10° Btu/hr basis Summation [110] through [113] 0.0
115 [Fuel Efficiency, % (100 — [90] + [1071)x [7] / ([7] +[98] — [114]) 89.82
| KEY PERFORMANCE PARAMETERS Entering Air Heater Leaving Air Heater
118 | Input from fuel, 1,000,000 Btu/hr 100 x [71/1115] 6,251.0
119 | Fuel rate, 1,000 Ibm/hr 1,000 x [118] / [21] 588.5
120 | Wet gas weight, 1,000 Ibni/hr [63] x [118] / 10 6,142.9 b,360.3
121 [ Air weight (wet), 1,000{|br/hr (1 + [4]) x (1 + [55]/100) x [50] 5,684.629 b,802.1
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
emarks PTC 4.3 EXAMPLE CASE Load MCR Test Date 09]01/10
TRI-SECTOR AH Time 1 9:00 Time 2 1[1:00
Calc By tch Calc Date 12J01/11
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Table A-6-1 Corrected Air Heater Performance Calculation Sheet

Column A B C D
Air Heater ID A/ RIGHT B/ LEFT
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 1 1 0 0
INPUT DATA
Temperatures, °F
1|TA8SS Air Ent AH (Secondary) 93.47 93.08
2|HA8S Enthalpy Air 4.01 4.01
TA9S Air Lvg AH (Secondary) 639.33 641.60 A
4[HA9S Enthalpy Air 139.57 140.15 W\
TA8P Air Ent AH (Primary) 114.77 117.64 0.00 0200
HA8P Enthalpy Air 9.20 9.90
1|TA9P Air Lvg AH (Primary) 617.08 623.68 0.00 0.00
HA9P Enthalpy Air 133.89 135.58
TFg14S Gas Ent AH (Secondary) 712.31 717.59 ™
10|HFg14S Enthalpy Gas 164.17 165.54] [ 4
1{[TFg15S Gas Lvg AH (Secondary) 283.61 284.74] AN
13[HFg15S Enthalpy Gas 51.74 52.01[8)
13|HA15S Enthalpy Air 50.51 50.78]
14|TFg14P Gas Ent AH (Primary) \M 0.00 0.00
1$|HFg14P Enthalpy Air AN
1§[TFg15P Gas Lvg AH (Primary) ) 0.00 0.00
11[HFg15P Enthalpy Gas J Y
1$|HA15P Enthalpy Air
Gas and Air Weights, klom/hr
19|MrFg14Sm Flue Gas Flow Ent Sec AH (Meas) 2,941.560|  3,106.559 0.000 0.000
20|MrFg14Pm Flue Gas Flow Ent Pri AH (Meas) 0.000 0.000]
21|MrFg14 Total Ent Flue Gas Flow (Calc) 6,142.881
22|MrA9Sm Air Flow Lvg Sec AH (Meas) 0.000 0.000 0.000 0.000
23|MrA8Sm Air Flow Ent Sec AH (Meas - Bisector) 0.000 0.000 0.000 0.000
24|MrA9Pm Air Flow Lvg Pri AH (Meas) 373.809 385.758 0.000 0.000
Miscellaneous
25|Vp0214 0, Ent AH, % by vol 0=Dry.) 1=Wet 3.264 3.492 0.000 0.000|
26|Vp0O215 0, Lvg AH, % by vol 0=Dry 1=Wet 4.138 3.960 0.000 0.000|
21[MFrWDA Moisture in Air, Iom/Ibm Dry Air 0.0160
2$|MpWFg14 Moisture in Flue Gas Ent AH, % 5.50
29|MpRsFg14 Residue in Flue Gas Ent AH, % 0.00
30|MrA5 Tempering Air Flow (air that bypasses the AH) 0.00
31|TA5 Tempering Air Temperature 0.00
Pressure Drop
32|PDiA8S DP Secondary Aif, in. wg 4.26 3.87
33| PDiASP DP Primary Air; in, wg 4.17 4.22
34|PDiG14S DP Flue Gas<Secondary) 5.84 5.00
3%[PDiG14P DP Flue Gas.(Primary) 0.00 0.00
3¢|PDiASFg15S DP Seeondary Air Ent to Flue Gas Lvg, in. wg Estimated| 20.10 18.87
31|PDiA8Fg15P DP _PRritpary Air Ent to Flue Gas Lvg, in. wg Estimated 51.00 50.22
Nanpe of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Renjarks PTC 4.3 EXAMPLE CASE Load MCR Date 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date 12/1/2011
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Table A-6-1 Corrected Air Heater Performance Calculation Sheet (Cont'd)

Column A B [ D
Air Heater ID A / RIGHT B /LEFT
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 1 1 0 0
DESIGN VALUES
Temperatures, °F
38|TA8SDs Air Ent AH (Secondary) 85.0
39|TA9SDs Air Lvg AH (Secondary) 652.0
J0[TA8PDs Air Ent AH (Primary) 106.0 N
41|TA9PDs Air Lvg AH (Primary) 631.0 7\
42|TFg14SDs Gas Ent AH (Secondary) 720.0 ™N T
TFg15SDs Gas Lvg AH (Secondary) 268.0
43|TFg15SNLDs Gas Lvg AH Excl Lkg (Secondary) 277.0 A~ V
44|TFg14PDs Gas Ent AH (Primary) 0.0 o)
TFg15PDs Gas Lvg AH (Primary) 0.0 D&‘
45|TFg15PNLDs Gas Lvg AH Excl Lkg (Primary) 0.0 Y
Flows and Curve Fit Constants
46|MrFg14SDs Flue Gas Flow Ent AH (Secondary) 5,665.000 . N
MrFg14PDs Flue Gas Flow Ent AH (Primary) 0.000 W87
47| TDiMrFgSCf Temp Corr Curve Fit for Ent Gas Flow 0.047624034 \:0.2774723| 0.0010952| -8.5494E-06
(Secondary AH)
48| TDiMrFgPCf Temp Corr Curve Fit for Ent Gas Flow 0 0 0 0
(Primary AH)
49|MrA9SDs Air Flow Lvg Sec AH 3,985.000
50{MrA9PDs Air Flow Lvg Pri AH 828.600
56|XrSDs Design Heat Capacity Ratio (Secondary) 0.8074
57| TDiXrSCf Temp Corr Curve Fit Constants for -695.0774 1,5681.889| -1,153.407 3228411
Heat Capacity Ratio (Secondary)
58| XrPDs Design Heat Capacity Ratio (Primary) 0.0000
59| TDiXrPCf Temp Corr Curve Fit Constants for 0 0 0 0
Heat Capacity Ratio (Primary)
Miscellaneous
51|MFrWDADs Moisture in Air, Ibm/lbm Dry Air 0.016
52|MpWFg14Ds Moisture in Flue Gas Ent AH, % 5.21
53|MpRsFg14Ds Residue in Flue Gas Ent AH, % 0.00
54| MpPAIFg Exp Pri Air to Gas Leakage, % of-Total Air to Gas Lkg 84.39
55|MpPAISA Exp Pri Air to Sec Air Lkgh % bf Total Air to Gas Lkg 0.32
Pressure Drop
60|PDiA8SDs DP Secondary Airnin. wg 2.85
61|PDiA8PDs DP Primary Air, in/wg 1.80
62|PDiG14SDs DP Flue Gas (Secondary) Estimated 3.35
63|PDiG14PDs DP Flue Gas (Primary) Estimated 0.00
64|PDiA8Fg15SDs |DP Sécondary Air Ent to Flue Gas Lvg, in. wg Estimated 19.48
65|PDiA8Fg15PDs |DP"Prirary Air Ent to Flue Gas Lvg, in. wg Estimated 50.61
66|ExpFg Exponent for Gas Flow Ratio Correction 1.80
67[ExpA Exponent for Air Flow Ratio Correction 1.80
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Date 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Date 12/1/2011
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Table A-6-1 Corrected Air Heater Performance Calculation Sheet (Cont'd)

Column A B C D
Air Heater ID A / RIGHT B/ LEFT
Air Heater Type 0=No AH 1=Sec/Tri 2=Pri/Bi 1 1 0 0
CALCULATIONS
Air Heater Leakage
XpA14 Excess Air Ent AH, % 18.21 19.73 0 0
XpA15 Excess Air Lvg AH, % 24.29 23.00 0 0|
ot Wet-Gas-WerghtEntAttrto-+B SFF 588 © )
MgFg15 Wet Gas Weight Lvg AH, 1b/10 kB 10.22 10.13 0 0|
MpAl AH Leakage, % Ent Gas Wt 4.67 2.48 0 )
Air Heater Exit Gas Temp Excl Lkg
68| Tal Ave Air Leakage Temp 111.44 113.81
69[Hal Enthalpy 8.39 8.96
7Q|HFg15NL Enthalpy Gas Lvg AH Excl Lkg 53.70 53.04
71| TFg15NL Gas Temp Lvg AH Excl Lkg 291.34 288.82
73|MpFg14 Gas Ent AH, % Mass 48.64 51.36
74|MrPAISA Pri Air to Sec Air Lkg, klbm/hr 0.45 0.25
7%|QFgAh Heat Absorbed by Gas, 10° Btu/hr 330,035.40| 354,940,87
76|QPA Heat Absorbed by Pri Air, 10° Btu/hr 46,612.69 48,481.11
77|QSA Heat Absorbed by Sec Air, 10° Btu/hr 283,422.7}1] '806,459.76
73| MrA9S Secondary Air Lvg AH, klbm/hr 2,090.80 2,249.52
79| TMnA8 Ave Air Temp Ent AH 96.70 96.68
80| TMnA9 Ave Air Temp Lvg AH 635.95 638.98
83| Xr Test Heat Capacity Ratio (X-Ratio) 0.7807 0.7906
83| XrDs Design Heat Capacity Ratio (X-Ratio) 0.8074 0.8074
84|MpDiMrFg14 Ent Gas Flow, % Difference from Design 8.21 8.67
CORRECTED EXIT GAS TEMPERATURE, °F
8]| TDiA8Cr Entering Air Temperature -5.76 -5.55
83| TDiG14Cr Entering Gas Temperature 2.46 0.76
89 TDiMrFg14Cr Entering Gas Mass Flow -2.16 -2.28
90| TDiXrCr Heat Capacity Ratio -9.66 -5.99
91| TFg15NLCr Corrected Exit Gas Temperature 276.22 275.76
92| TA9Cr Corrected Exit Air Temperature, Wtd Ave 638.83 639.37
93/ TMnFg15NLCr [Average Corrected Exit Gas Temperatdre, °F 275.99
94| TMnA9Cr Corrected Exit Air Temperature, Wid Ave 639.11 0.00
93[SmMrAI Total AH Leakage, klbm/hr 217.74
94| MpAIAv Total AH Leakage, % 3.54
CORRECTED PRESSURE-DROP
98|PDiG14SCr Flue Gas Sec AH, ihwwg 5.28 4.09
99|PDiG14PCr Flue Gas Pri AH, ih. wg 0.00 0.00
10| PDiA8SCr Air Sec AH{ in.jwg 3.92 3.11
101|PDiA8PCr Air Pri AH,in- wg 5.03 4.78
102{PDiG14SCrAv__ |AveragéFlue Gas, in. wg  Sec | Pri 4.68 0.00
103|PDIA8SCrAv Average Air, in. wg  Sec | Pri 3.51 4.91
CORRECTED AH LEAKAGE
10| MrAICr AH Leakage, klbm/hr 139.77 79.47 0.00 0.00]
104|MpAICr AH Leakage, % 4.68 2.52 0.00 0.00]
101 SmMFrAICr Total AH Leakage, klbm/hr 219.24
10$| MpAMCrAvV Total AH Leakage, % 3.57
Name ot Prant ASME PTC 4.3 MASTER FORM Unit No. T Test NO. T
Remarks PTC 4.3 EXAMPLE CASE Load MCR Date 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
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Table A-7-1 Air Heater Performance Uncertainty Worksheets: A
Worksheet No. 1A

1] [2] 3 | Total Positive | 4 | Total Negative| 5 | [6] [ 7] [8] [9]
Average Standard Sys | Systematic Uncert| Systematic Uncert] Degrees
Measured Value Deviation | Uncert (Item [2] on (Item [3] on No. of Standard Deyv| of Incremental.
Parameter (ltem [2] on| (Item [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change,*
(from DATA) MEAS Form)| MEAS Form)[ No. % Unit % Unit |(MEAS Form)| [2F%/[5]"? [5]-1 Change |[8]x[1]/100
a_|Output 5,615.000 0.000 3.00 0.00 3.00 0.00 0.00 7.670 63.34 1.00 56.15]
b _[Fuel Temperature 86.38 0.304| INPT 0.00 7.07 0.00 7.07 120.00 0.028 119.00 1.00 0.86
c_|Moisture in Air (User Value) 0.016 0.000 0.00 0.000 0.00 1.00 0.00
d Barometric Pressure, in. Hg 29.92 0.000| 4B 0.00 0.1 0.00 0.11 2.00 0.000 1.00 1.00 0.30
e | Dry Bulb Temperature,°F 97.98 1.250] 1A 0.14 0.58 0.14 0.58 4.00 0.625 3.00 1.00 0.98
f Wet Bulb T ture OF 24.58 0.403 1A, 0.00 0.00 0.00 0.00 4.00 0.202 3.00 1.00 0.75
gl [ Relative Humidity, % 0.00 0.000] 4A 0.00 0.00 0.00 0.00 0.00 0.000 0.00 100 0.00I
h| |Additional Moisture, Ibm/100 Ibm fuel 0.00 0.000 0.00 0.00 0.00 0.00 0.00 0.000 0.00 1.00 0.00]
i] [Residue Entering AH, % Total 75.00 0.000 0.00 0.00 0.00 0.00 0.00 0.000 0.00 1200 0.75
j| [Fuel Rate (Meas), klbm/hr 0.00 0.000 0.00 0.00 0.00 0.00 0.00 0.000 0.00 1.00 0.00
k Carbon 63.6 0.099| 6B 0.32 0.00 0.32 0.00 2.00 0.070 1.00 1.00 0.64
| Sulfur 0.95 0.007| 6C 0.11 0.00 0.11 0.00 2.00 0.005 1.00] 1.00 0.01
m| | Hydrogen 3.23 0.000{ 6D 0.12 0.00 0.12 0.00 2.00 0.000 1.00] 1.00 0.03,
n| [ Water 13.6 0.566| 6E 2.02 0.00 2.25 0.00 2.00 0.400 1500 1.00 0.14]
o| | Water Vapor 0.00 0.403 0.00 0.00 0.00 0.00 2.00 0.285 1.00 1.00 0.00,
p| | Nitrogen 0.83 0.007| 6G 0.14] 0.00 0.14 0.00 2.00 0.005 1.00 1.00 0.01
q Oxygen 13.1 0.445| 6D 0.12 0.00 0.12 0.00 2.00 0.315 1.00 1.00 0.13
r Ash 4.71 0.035| 6E 2.02 0.00 2.25 0.00 2.00 0.025 1.00 1.00 0.05
s| [Volatile Matter, % 40.75 3.041] 5C 0.00 0.00 0.00 0.00 2.00 2.150 1.00 1.00 0.41
t] |Fixed Carbon, % 41.0 3.606| 5D 0.00 0.00 0.00 0.00 2.00 2.550 1.00 1.00 0.41
u| |API for Oil Fuels 0.00 0.000] 5A 0.00 0.00 0.00 0.00 1.00 0.000 0.00 1.00 0.00
v| [Higher Heating Value (HHV), Btu/lbm 10,621.5 18.137| 6A 2.00 54.00 2.24 54.00 2.00, 12.825 1.00 1.00 106.22
Unburned Carbon Loss, % 0.60 0.000| INPT 0.00 0.30 0.00 0.30 0.00. 0.000 0.00 1.00 0.01
X
y| |Auxiliary Equipment Power, kW 0.00 0.000| INPT 1.50 0.00 1.50] 0.00 0.00 0.000 0.00 1.00 0.00
z| [Motor Efficiency, % 0.00 0.000| INPT 0.00 1.00] 0.00 1.00, 0.00 0.000 0.00 1.00 0.00
| aal
aby
ac]
This worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of average value, degrees of freedom, and systematic uncertainty for
integrated average value parameters.
*The value used for incremental change can be any increment of the average value. The recommehdedyincrement is 1.0% (0.01 times the average value). If the average valuefof the
measured parameter is zero, use any small incremental change. It is important to note that the incremental change must be in the same units as the average value.
Worksheet(No. 2A
10 ] L1 ] 12 | IEN| 14 ] L5 ] 16 ]
Recalc Absolute Reldtive Random Overall Positive Sys Negatiye Sys
Corr Exit Sensitivity Sengifivity Unc of Result Deg of Freedom Unc of Result Unc of Result
Measured Gas Temp Coefficient, Coefficient, Calculation, Contribution, (111 x {111 x [3A1/100)%| [11] x {([1] x[[4A] / 100)?
Parameter (See ftem [20]) | (110]1-[20]) /9] j~[111x[1]/[20] 1111 x[6] (11 x[61)*/ 7] + 1381 +14B[)"”
a| [Output 275.669 -0.0056 -0.1144] -0.0431 0.0000 -0.95 -0.95
b| |Fuel Temperature 275.986 0.0014 0.0004 0.0000 0.0000 0.01 0.01
c | [Moisture in Air (User Value) 275.980 #30,1980 -0.0018| 0.0000 0.0000 0.00] 0.00)
d Barometric Pressure, in. Hg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.00
e Dry Bulb Temperature, °F 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
f Wet Bulb Temperature, °F 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
g Relative Humidity, % 275.985 0.0000 0.0000] 0.0000 0.0000 0.00 0.00]
h|] |Additional Moisture, Ibm/100 Ibm fuel 275.985 0.0000, 0.0000 0.0000 0.0000 0.00 0.00]
i | [Residue Entering AH, % Total 275.986 0.0008, 0.0002] 0.0000 0.0000 0.00 0.00
j | |Fuel Rate (Meas), klbm/hr 275.985 0.0000 0.0000; 0.0000 0.0000 0.00] 0.00)
k]| Carbon 275.707 -0.4384| -0.1010| -0.0307 0.0000 -0.09 -0.09)
| Sulfur 275:984 -0.1647 -0.0006 -0.0008| 0.0000 0.00] 0.00)
m| | Hydrogen 275.932 -1.6455| -0.0193] 0.0000 0.0000 -0.01 -0.01
n| | Water 275.980 -0.0405 -0.0020] -0.0162 0.0000 -0.01 -0.01
o]| Water Vapor 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
p|| Nitrogen 275.985 -0.0041 0.0000] 0.0000 0.0000 0.00 0.00]
ql| Oxygen 276.006 0.1615 0.0077| 0.0509 0.0000 0.00 0.00]
r Ash 275.987 0.0284 0.0005| 0.0007 0.0000 0.00 0.00]
s | [Volatile Matter, % 275.985 0.0001 0.0000 0.0003 0.0000 0.00] 0.00)
t | |Fixed Carbon, % 275.985 0.0001 0.0000; 0.0001 0.0000 0.00] 0.00)
u| |API for Qil Fuels 275.985 0.0000 0.0000; 0.0000 0.0000 0.00] 0.00)
v| [Higher Heating Viatue (HHV), Btu/lb 276.334 0.0033 0.1264 0.0421 0.0000 0.72 0.80)
w] |Unburned Carbén,Loss, % 275.985 -0.0100 0.0000; 0.0000 0.0000 0.00] 0.00)
X
y | [AuxiliarysEquipment Power, kW 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
z | [MotowEfficiency, % 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
aa
o]
ac
20 [Corrected Average Exit Gas Temperature, °F From Item [133] on AH Calc Form See UNCERT2F
21 |Standard Deviation of Result ((13a)%+ [13b)%+ ...)"2 0.0074
22 |Overall Degrees of Freedom [211%/ ((14a] + [14b] + ...) 0.0000}
23 [Student's t Value From Table 5-7.5-1 in Code
24 [Random Component of Uncertainty [21] x [23]
25 |Positive Systematic Uncertainty of Result ([15a)%+ [15b)%+ ...)"2 1.4238|
26 |Negative Systematic Uncertainty of Result ([16a]2+ [16b]%+ ...)"2 1.5455
27 |Positive Total Uncertainty ([241%+ (25112
28 |Negative Total Uncertainty (1241%+ [26]%)"2
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011

189


https://asmenormdoc.com/api2/?name=ASME PTC 4.3 2017.pdf

ASME PTC 4.3-2017

Table A-7-2 Air Heater Performance Uncertainty Worksheets: B

Worksheet No. 1B

L] 2 | 3| Total Positive | 4 | Total Negative| 5 | 1 6] 17 ] 18] o]
Average Standard Sys | Systematic Uncert| Systematic Uncert Degrees
Measured Value Deviation | Uncert (tem [2] on (tem [3] on No. of Standard Devj of Incremental
Parameter (ltem [2] on| (ltem [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change,*
(from DATA) MEAS Form)| MEAS Form)| No. % Unit % Unit |(MEAS Form)| [2/ (5] [5]-1 Change [[8]x[1]/100
a_|SurfRad & Conv Loss, % 0.000 0.00 1.00 0.00
b_[Flat Proj Surf Area, 10° sq ft 0.000] 0.00 1.00 0.00]
c_|Ave Vel of Air Near Surf, ft/sec 0.39 0.000| INPT 0.00 0.20 0.00 0.10] 0.00] 0.000] 0.00 1.00 0.00]
d |Average Surface Temperature,°F 0.00 0.000 0.00 0.00] 0.00] 0.00] 0.00] 0.000 0.00 1.00 0.00
e |Ave Amb Temp Near Surface, °F 0.00] 0.000 0.00 0.00] 0.00] 1.00 0.00] 0.000] 0.00 1.00 0.00
f
g |Sorbent Rate, kibm/hr 0.00] 0.000 0.00 0.00] 0.00] 0.00] 0.00] 0.000] 0.00 1.00 0.00]
h_|Ca/S Molar Ratio (estimated) 0.000] 0.00 1.00 0.00f
i |Calcination Fraction 0.00 0.000 0.00 0.00] 0.00] 0.00] 0.00] 0.000] 0.00 1.00 0.00]
i |Sulfur Capture, Ibm/lbm sulfur 0.00] 0.000 0.00 0.00] 0.00] 0.00] 0.00] 0.000] 0.00 1.00 0.00§
k_|Sorbent Temperature, °F 0.0 0.000 0.00 0.00] 0.00] 0.00] 0.00] 0.000] 0.00 1.00 0.00]
|
m |CaCO3 0.000] 0.00 1.00] 0.00]
n |Ca(OH), 0.000 0.00 1.00 0.00]
o |MgCOs 0.00] 0.000 0.00 0.00 0.00] 0.00] 0.00 0.000]| 0.00 1.00 0.00]
p |Mg(OH), 0.00] 0.000 0.00 0.00| 0.00 0.00 0.00] 0.000] 0.00 1.00 0.00]
q |H.0 0.0 0.000 0.00 0.00 0.00 0.00] 0.00] 0.000 0.00 1.00 0.00]
r_|inert 0.00] 0.000 0.00 0.00 0.00] 0.00] 0.00] 0.000] 0.00 1.00 0.00§
s
t_|Tempering Air Flow 0.0 0.000 0.00 0.00 0.00] 0.00] 0.00] 04000 0.00 1.00 0.00]
u_|Tempering Air Temperature 0.000 0.00 1.00 0.00
v_|Exp Pri Air to Gas Leakage, % 258.3] 3.430] 5.00 5.00 5.00 5.00 10.00] 0.000] 0.00 1.00 2.58
w_|Exp Pri Air to Sec Air Lkg, % 116.20] 2.000] 5.00 5.00 5.00 5.00 10.00] 0.000] 0.00 1.00 1.16]
X
y_|Other Losses, % Basis 0.32 0.00 10.00 0.00 0.00 Vi 0.000] 0.00 1.00 0.00]
z_|Other Losses,10° Btu/hr Basis y4 N 0.000] 0.00 1.00 0.00]
aa_|Other Credits, % Basis 0.15 0.00 0.15 0.00] 0.15] AY 0.000] 0.00 1.00 0.00]
ab |Other Credits, 10° Btu/hr Basis 0.00 0.00[  0.00) 000 000 € V° 0.000 0.00 1.00 0.00)
ac
This worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of average value, degrees of freedom, and systematic uncertainty for integrated
average value parameters.
*The value used for incremental change can be any increment of the average value. The recommended increment is 1.0% (0.01 times the average value). If the average value of the
measured parameter is zero, use any small incremental change. It is important to note that the increniéntal change must be in the same units as the average value.
Worksheet No. 2B
[0 ] 1 12 3 ] 14 15 16 ]
Recalc Absolute Relative Random Overall Positive Sys Negative Sys
Corr Exit Sensitivity Sensitivity Unc of Result Deg of Freedom Unc of Result Unc of Result
Measured Gas Temp Coefficient, Cdefficient, Calculation, Contribution, 1111 x {([1] x [3A1/100| [11]x {([1] x [4A]/ 100}
Parameter (See Item [20]) | (1101-[201)/[9] | [1ThT11/120] (111 (6] (111161 /17] +[381)"2 + 14BPY'”
a_|BurfRad & Conv Loss, % 275.984 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
| b |Flat Proj Surf Area, 10°sq ft 275.985 0.0000 0.0000, 0.0000 0.0000, 0.00] 0.00]
c_|Ave Vel of Air Near Surf, ft/sec 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00)
d_|PAverage Surface Temperature, °F 275.985 0.0000, 0.0000, 0.0000 0.0000 0.00 0.00
e |Ave Amb Temp Near Surface, °F 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00)
f
g |Borbent Rate, klbm/hr 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00)
h _|[ca/S Molar Ratio (estimated) 275.985 0.0000 0.0000, 0.0000 0.0000, 0.00] 0.00]
i_[Calcination Fraction 275,985 0.0000 0.0000, 0.0000 0.0000, 0.00] 0.00]
j Eu\fur Capture, [bm/Ibm Sulfur 275.98b 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
k orbent Temperature, °F 275985 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
|
m |[CaCO3 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.00]
n |[ca(OH), 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00|
o gCO3 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00|
P g(OH), 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.00]
q |H.0 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.00]
r_|Inert 275.985 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
s
t_|[rempering Air Flow. 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00)
u_|[rempering Air Témperature 275.986 0.0000 0.0000 0.0000 0.0000 0.00 0.00
v_|Exp Pri Air to,Gas Leakage, % 275.983| -0.0008| -0.0008 0.0000 0.0000 -0.01 -0.01
w_|Exp Pri Airto'SecAir Lkg, % 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00)
X
y |Pther LoSsés, % Basis 275.985 -0.1655 -0.0002 0.0000 0.0000, -1.65 0.00]
z_[ptherkesses, 10° Btu/hr Basis 275.985 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
aa_|Pther Credits, % Basis 275.985) 0.0000 0.0000 0.0000 0.0000 0.00] 0.00]
ab_|Other Credits, 10° Btu/hr Basis 275.%1 0.0000, 0.0000, 0.0000 0.0000, 0.00] 0.00]
ac
20 |Corrected Average Exit Gas Temperature,°F From Item [133] on AH Calc Form See UNCERT2F
| 21 |Standard Deviation of Result ((13a1%+ [13b]%+ ..)"2 0.0074]
22 |Overall Degrees of Freedom [211%/ (114a] + [14b] + ...) 0.0000)
23 |Student's t Value From Table 5-7.5-1 in Code
| 24 |Random Component of Uncertainty [21] x[23]
25 |Positive Systematic Uncertainty of Result ([15a]%+ [15b]%+ ...)"2 1.4238
26 |Negative Systematic Uncertainty of Result ([16a]%+ [16b]%+ ...)"* 1.5455)
27 |Positive Total Uncertainty ([241%+ [251)"2
| 28 [Negative Total Uncertainty (12417 + [26F)"
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011
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Table A-7-3 Air Heater Performance Uncertainty Worksheets: C
Worksheet No. 1C

ﬂ il 3| Total Positive il Total Negativeil ﬂ Ll il il
Average Standard Sys | Systematic Uncert| Systematic Uncert] Degrees
Measured Value Deviation | Uncert (ltem [2] on (Item [3] on No. of Standard Dev| of Incremental
Parameter (ltem [2] on| (Item [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change, *
(from DATA) MEAS Form)| MEAS Form)| No. % Unit % Unit _|(MEAS Form)| [21% (51" 151-1 Change _|[8]x[1]/100
a |[AHA
b |TEMPERATURES
c_|Air Ent AH (Secondary) 93.5 0.171] 1A 0.14 0.75 0.14 0.70 20.95 0.037 19.95 1.00 0.93
d_|Air Lvg AH (Secondary) 639.3 0.030] 1A 0.14 1.48 0.14 1.81 16.28] 0.007 15.28 1.00 6.39]
e _|Air Ent AH (Primary) 114.8] 0.205] 1A 0.14 0.59 0.14 0.59 14.80] 0.053 13.80 1.00 1.15
f |Air Lvg AH (Primary) 617.1 0.156] 1A 0.14 8.2_5 0.14] 8.25 4.30 0.075 3.30 1.00 6.17]
| 9 |Gas Ent AH (Secondary) 712.3 0.333] 1B 0.14 4.63 0.14] 2.59] 20.23 0.074 19.23 1.00 7.12
h |Gas Lvg AH (Secondary) 283.6 0.016] 1B 0.14 4.57 0.14] 4.47 19.40] 0.004 18.40 1.00 2.84]
i [Gas Ent AH (Primary) 0.0] 0.000{ 1B 0.14 0.00 0.14 0.00 0.00] 0.000 0.00 1.00, 0.00]
j |Gas Lvg AH (Primary) 0.0] 0.000| 1B 0.14 0.00 0.14 0.00] 0.00] 0.000 0.00 00| 0.00]
k
| [GAS AND AIR WEIGHTS
m_|Flue Gas Flow Ent AH (Meas) 2,941.6 6.631] 4D 5.00 0.05 5.00 0.05 2.00] 4.689 1.00 1.00] 29.42
n_|Air Flow Lvg Sec AH (Meas) 0.0 0.004| 4D 5.00 0.05 5.00 0.05 0.00 0.000 0:00 1.00 0.00
o _|Air Flow Ent Sec AH (Meas — Bi) 0.0 0.000] 4D 5.00 0.05 5.00 0.05 0.00 0.000 0.00 1.00 0.00
p_|Air Flow Lvg Pri AH (Meas) 373.8] 0.056| 4D 5.00 0.05 5.00 0.05 2.00 0.039 1.00 1.00 3.74
q
r_|MISCELLANEOUS
s |0, Ent AH, % Vol 3.26 0.016] 5A 0.00 0.15 0.00 0.15 20.49] 0.004 19.49 1.00 0.03
t |02 Lvg AH, % Vol 4.14] 0.016] 5B 0.00 0.32 0.00 0.32] 20.70 0.004 19.70 1.00] 0.04]
u
v_|PRESSURE DROP
w_|DP Secondary Air, in. wg 4.26 0.225| 2C 0.00 0.27 0.00 0.27 32.00, 0.040 31.00 1.00 0.04}
x_|DP Primary Air, in. wg 4.17 0.142| 2C 0.00 0.27 0.00 0.27 30.00; 0.026 29.00 1.00 0.04}
y [DP Flue Gas (Secondary), in. wg 5.84 0.081] 2C 0.00 0.27 0.00] 0.27 32.00 0.014 31.00 1.00 0.06
z |DP Flue Gas (Primary), in. wg 0.00] 0.000| 2C 0.00 0.27 0.00] 0.27 0.00 0.000 0.00 1.00 0.00
aa [DP Sec Air Ent to Flue Gas Lvg, in. wg 0.00] 0.400] 2C 0.00 0.27 0.00] 0.27, 32.00 0.071 31.00 1.00 0.00
ab_|DP Pri Air Ent to Flue Gas Lvg, in. wg 0.00 0.400| 2C 0.00 0.27 0.00] 0.2% 32.00 0.071 31.00 1.00 0.00
ac
This worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of averagé'valué, degrees of freedom, and systematic uncertainty for integrajed
average value parameters.
*The value used for incremental change can be any increment of the average value. The recommendedhiricrement is 1.0% (0.01 times the average value). If the average value ¢f the
measured parameter is zero, use any small incremental change. It is important to note that the inGreémental change must be in the same units as the average value.
Worksheet No. 2C
[10] [ ] [12] [13] | [15 ] [16 ]
Recalc Absolute Relative Random Overall Positive Sys Negative Sys
Corr Exit Sensitivity Senisitivity Unc of Result Deg of Freedom Unc of Result Unc of Resfilt
Measured Gas Temp Coefficient, Coefficient, Calculation, Contribution, [11] % {([1] x [3A]/ 10004 [11] x {([1] x [4A]/ 100)?
Parameter (See Item [20) | (1101 -1201) / [9K |=/T11] x[1]/ [20] (111 x (6] (111161 / (7] +[381)'" + [4B1}"”
a |[AHA
| b |TEMPERATURES
c_|Air Ent AH (Secondary) 275.874 =0.1190 -0.0403 -0.0045 0.0000 -0.09 -0.08
d _|Air Lvg AH (Secondary) 274.590] -0.2182 -0.5055 -0.0016 0.0000 -0.38 -0.44
e |Air Ent AH (Primary) 276.024 0.0336 0.0140, 0.0018] 0.0000 0.02 0.02)
f |Air Lvg AH (Primary) 275.743] -0.0392 -0.0877| -0.0030| 0.0000 -0.33] -0.33]
g |Gas Ent AH (Secondary) 277.184 0.1683| 0.4345) 0.0125 0.0000 0.80 0.79
h |Gas Lvg AH (Secondary) 276.465| 0.1691 0.1737, 0.0006 0.0000 0.78 0.76|
| i |Gas Ent AH (Primary) 275985 0.0000 0.0000; 0.0000 0.0000 0.00 0.00
| i |Gas Lvg AH (Primary) 275.985| 0.0000 0.0000, 0.0000, 0.0000 0.00 0.00]
k
| _[GAS AND AIR WEIGHTS
m_|Flue Gas Flow Ent AH (Meas) 275.987| 0.0001 0.0006 0.0003| 0.0000 0.01 0.01
n_|Air Flow Lvg Sec AH (Meas) 275.985| 0.0000 0.0000, 0.0000, 0.0000 0.00 0.00]
o _|Air Flow Ent Sec AH (Meas — Bif 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00
p_|Air Flow Lvg Pri AH (Meas) 276.002] 0.0046| 0.0062, 0.0002| 0.0000 0.09 0.09
q
r_|MISCELLANEOUS
s |0z Ent AH, % Vol 275.911 -2.2709| -0.0269 -0.0081 0.0000 -0.34, -0.34]
t |0, Lvg AH, % ol 276.049| 1.5292 0.0229| 0.0055| 0.0000 0.49 0.49
u
v_|PRESSUBE DRQP
w_|DP Secendary’Air, in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00
x__|DP Rrimary Air, in. wg 275.985| 0.0000 0.0000, 0.0000, 0.0000 0.00 0.00]
y |DPElue Gas (Secondary), in. wg 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00
z,.|DP Flue Gas (Primary), in. wg 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00
aa\DP*Sec Air Ent to Flue Gas Lvg, in. wg 275.985 0.0000 0.0000, 0.0000 0.0000 0.00, 0.00]
Lab | i Al i 2 Q 00000 00000 Q Q 0.00
3 E—— — = = m
20 |Corrected Average Exit Gas Temperature,°F From Item [133] on AH Calc Form See UNCERT2F
| 21 |Standard Deviation of Result ((13a]%+ [13b1%+ ..)"2 0.0003]
22 |Overall Degrees of Freedom [211%/ ((14a] + [14b] + ...) 0.0000
23 [Student's t Value From Table 5-7.5-1 in Code
| 24 |Random Component of Uncertainty [21] x[23]
| 25 |Positive Systematic Uncertainty of Result ((15a]%+ [15b]1%+ ...)"? 1.8569|
| 26 |Negative Systematic Uncertainty of Result ((16a]+ [16b]%+ ...)"? 1.8706
27 |Positive Total Uncertainty ([24]%+ [25P)
| 28 |Negative Total Uncertainty ([241%+ [261) 2
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011
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Table A-7-4 Air Heater Performance Uncertainty Worksheets: D
Worksheet No. 1D

1] 2] | 3| Total Positive | 4 | Total Negative| 5 | 1 6] 171 18] o]
Average Standard Sys | Systematic Uncert| Systematic Uncert Degrees

Measured Value Deviation | Uncert (Item [2] on (Item [3] on No. of Standard Dev| of Incremental

Parameter (tem [2] on| (Item [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change,*

(from DATA) MEAS Form)| MEAS Form)| No. % Unit % Unit _|(MEAS Form)| _[21%/ [5]'" [5]-1 Change _|18]x[1]/100
a_[AHB
b |TEMPERATURES
¢ _|Air Ent AH (Secondary) 93.1 0.163] 1A 0.14 0.59 0.14] 0.71 20.952 0.036 19.95| 1.00 0.93]
d |Air Lvg AH (Secondary) 641.6 0.055| 1A 0.14] 1.34] 0.14 1.70 16.283| 0.014 15.28 1.00] 6.42]
e |Air Ent AH (Primary) 117.6 0.200] 1A 0.14] 0.70 0.14] 0.70| 14.799| 0.052 13.80 1.00 1.18|
f_|Air|Lvg AH (Primary) 623.7 0.142] 1A 0.14 8.37 0.14 8.37 4.304 0.068 3.30] 1.00] 6.p4
g |Ga§ Ent AH (Secondary) 717.6 0.281] 1B 0.14] 4.33 0.14] 4.23 20.226 0.062 19.23] 1.00 7418
h Ga_i Lvg AH (Secondary) 284.7 0.014| 1B 0.14 4.52 0.14 4.33] 19.404 0.003 18.40] 1.00] 2.85)
i |Gag Ent AH (Primary) 0.0 0.000 0.00] 0.00 0.00] 0.00] 0.000 0.000 0.00] 1.00) 0.po|
j Ga_i Lvg AH (Primary) 0.0 0.000 0.00] 0.00 0.00 0.00] 0.000 0.000 0.00 1400, 0.poj
k

| | |GAB AND AIR WEIGHTS

m_|Flup Gas Flow Ent AH (Meas) 3,106.6 20.144| 4D 5.00 0.05 5.00 0.05 2.000 14.244 1.00] 1.00] 31.p7
n_[Air[Flow Lvg Sec AH (Meas) 0.0 0.000| 4D 5.00] 0.05 5.00] 0.05| 0.000 0.000 0.00] 1.00 0.poj
o_[Air|Flow Ent Sec AH (Meas— Bi) 0.0 0.000| 4D 5.00 0.05 5.00 0.05 0.000 0.000 0.00! 1.00] 0.po
p_[Air|[Flow Lvg Pri AH (Meas) 385.8 0.053| 4D 5.00] 0.05 5.00] 0.05| 2.000 0.038 1.00 1.00 3.6
q
r _|[MI$CELLANEOUS
s |0, Ent AH, % Vol 3.492 0.016| 5A 0.00| 0.16 0.00| 0.16] 20.490) 0.003 19.49 1.00 0.p3|
t |0, fvg AH, % Vol 3.960 0.014| 5B 0.00] 0.16 0.00] 0.16] 20.696 0.008, 19.70] 1.00 0.p4
u
v_|PRESSURE DROP
w_|DP[Secondary Air, in. wg 3.87 0.381] 2C 0.00 0.27 0.00 0.27 32.000] 0.067 31.00 1.00] 0.p4
x_|DPJPrimary Air, in. wg 4.22 0.157( 2C 0.00] 0.27 0.00] 0.27] 30.000 0.029 29.00 1.00 0.p4
y_|DPJFlue Gas (Secondary), in. wg 5.00 0.180] 2C 0.00 0.27 0.00 0.27] 32.000 0.032 31.00 1.00] 0.p5)
z |DPJFlue Gas (Primary), in. wg 0.00 0.000{ 2C 0.00] 0.27 0.00] 0.27] 0.000 0.000 0.00] 1.00 0.poj
aa_|DP[Sec Air Ent to Flue Gas Lvg, in. wg 0.00 0.400] 2C 0.00] 0.27 0.00] 0.27] 82.000 0.071 31.00 1.00 0.poj
ab |DPPri Air Ent to Flue Gas Lvg, in. wg 0.00 0.400{ 2C 0.00] 0.27 0.00] 0.27] 32.000 0.071 31.00 10.00] 0.poj
ac

Thip worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of average value,'degrees of freedom, and systematic uncertainty for integrated
avgrage value parameters.

*THe value used for incremental change can be any increment of the average value. The recommended inerément is 1.0% (0.01 times the average value). If the average value of the
mdasured parameter is zero, use any small incremental change. It is important to note that the increpiental change must be in the same units as the average value.

Worksheet No: 2D

[0 ] L] 12 13 | |14 ] 115 ] |16 |
Recalc Absolute Relative. Random Overall Positive Sys Negative Sys
Corr Exit Sensitivity Sensitivity Unc of Result Deg of Freedom Unc of Result Unc of Result
Measured Gas Temp Coefficient, Coefficient, Calculation, Contribution, 111 x {111 x [3A1/100P] (111 x {([1] x [4A] / 100
Parameter (See Item [201) | ([10]-[201)/[9] | [T 3%4]/120] 1111 x[6] ([111x161)*/17] +[3BPY"2 + [4BP)"?
a |AHB
b |TEMPERATURES
c_|Air Ent AH (Secondary) 275.867 -0.1267| -0.0427| -0.0045 0.0000 -0.08 -0.99
d_|Air fvg AH (Secondary) 274.517 -0.2288| -0.5320 -0.0031 0.0000 -0.37 -0.44
e |Air Ent AH (Primary) 276.028 0:0364| 0.0155 0.0019 0.0000 0.03] 0.93
f_[Air Lvg AH (Primary) 275.739 -0.0394 -0.0891 -0.0027 0.0000 -0.33 -0.$3
g |Gas|Ent AH (Secondary) 277.231 0.1737 0.4515 0.0108 0.0000 0.77] 0.}6
| _h |Gas|Lvg AH (Secondary) 276.496 0.1794] 0.1851 0.0006 0.0000 0.81 0.}8|
i [Gas|Ent AH (Primary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.90
j |Gas|Lvg AH (Primary) 2754985 0.0000 0.0000 0.0000 0.0000 0.00 0.90
k
| [GA$ AND AIR WEIGHTS
m_|Flug Gas Flow Ent AH (Meas) 276.983 -0.0001 -0.0006 -0.0008 0.0000 -0.01 -0.91
n_|Air Flow Lvg Sec AH (Meas) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.90
o _|Air Flow Ent Sec AH (Meas - Bi) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.90
p_|Air Flow Lvg Pri AH (Meas) 276.002 0.0044 0.0061 0.0002 0.0000 0.08 0.98]
q
r_|[MISCELLANEOUS
s |0, §nt AH, % Vol 275.901 -2.4167| -0.0306| -0.0084 0.0000 -0.39] -0.39]
t |0z Yvg AH, % Vol 276.048 1.5898 0.0228 0.0050 0.0000 0.25| 0.95
u
v_|PRESSURE DROP
w_|DP $econdary Aithinwivg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.90
Xx__|DP Primary Air,iny wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.90
y |DP flue Gas«{Secondary), in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.90
z |DP fluéGas'{Primary), in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.90
aa |DP $ec Air Ent to Flue Gas Lvg, in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00] 0.90)
ab_|DP PriAir Ent to Flue Gas Lvg, in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00
ac
20 |Corrected Average Exit Gas Temperature,°F From ltem [133] on AH Calc Form See UNCERT2F
21 |Standard Deviation of Result ((13a)2+ [13b]%+ ..)"2 0.0003
22 |Overall Degrees of Freedom 211/ ([14a] + [14b] + ...) 0.0000
23 |Student's t Value From Table 5-7.5-1 in Code
| 24 [Random Component of Uncertainty [21] x [23]
25 [Positive Systematic Uncertainty of Result ([15a]%+ [15b)%+ ..)"2 1.7332
| 26 [Negative Systematic Uncertainty of Result ((16a]2+ [16b]%+ ...)"? 1.7139
27 |Positive Total Uncertainty (1241%+ [251)"2
28 |Negative Total Uncertainty (1241%+ [26P)"2
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011
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Table A-7-5 Air Heater Performance Uncertainty Worksheets: E

Worksheet No. 1E

LI ﬂ 3| Total Positive i‘ Total Negativeﬂ il LI il i[
Average Standard Sys | Systematic Uncert| Systematic Uncert| Degrees
Measured Value Deviation | Uncert (tem [2] on (tem [3] on No. of Standard Deyv of Incremental
Parameter (ltem [2] on| (tem [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change,*
(from DATA) MEAS Form)| MEAS Form)| No. % Unit % Unit_|(MEAS Form)| _[2F°/[5]" 151 -1 Change _|[8] x[11/100
a |[AHC
b |TEMPERATURES
c_|Air Ent AH (Secondary) 0.00 0.000{ 1A 0.14 0.58 0.14 0.58 0.00 0.000 0.00 1.00 0.00]
d_JAir Lvg AH (Secondary) 0.00 0.000{ 1A 0.14 0.58 0.14 0.58 0.00 0.000 0.00 1.00 0.00]
e _[Air Ent AH (Primary) 0.00 0.000{ 1A 0.14 0.58 0.14 0.58 0.00 0.000 0.00 1.00 0.00]
f_[Air Lvg AH (Primary) 0.00 0.000{ 1A 0.14 0.58 0.14 0.58 0.00 0.000 0.00 1.00 0.00]
g |Gas Ent AH (Secondary) 0.00 0.000] 1B 0.14 T.16] 0.14} 1. 0.00 0.000] 0.00 1.00 0.00]
h |Gas Lvg AH (Secondary) 0.00 0.000{ 1B 0.14 1.16 0.14 1.16 0.00 0.000 0.00 1.00 0.00]
i_|Gas Ent AH (Primary) 0.00 0.000 0.14 0.00 0.14 0.00 0.00 0.000 0.00 1.00] 0.00]
j |Gas Lvg AH (Primary) 0.00 0.000 0.14 0.00 0.14 0.00 0.00 0.000 0.00 100 0.00]
k
| _|GAS AND AIR WEIGHTS
m_|Flue Gas Flow Ent AH (Meas) 0.00 0.000{ 4D 5.00 0.05 5.00] 0.05 0.00 0.000 0.00 1.00 0.00]
n_|Air Flow Lvg Sec AH (Meas) 0.00 0.000{ 4D 5.00 0.05 5.00] 0.05 0.00 0.000 0:00 1.00 0.00]
o_[Air Flow Ent Sec AH (Meas — Bi) 0.00 0.000{ 4D 5.00 0.05 5.00] 0.05 0.00 0.000 0.00 1.00 0.00]
p_|Air Flow Lvg Pri AH (Meas) 0.00 0.000{ 4D 5.00 0.05 5.00] 0.05 0.00 0.000 0.00 1.00 0.00]
q
r_|MISCELLANEOUS
s [0, Ent AH, % Vol 0.00 0.000f 5A 0.00 0.15 0.00 0.15 0.00 0.000| 0.00 1.00 0.00]
t |0, Lvg AH, % Vol 0.00 0.000( 5B 0.00 0.15 0.00 0.15 0.00 0.000 0.00 1.00 0.00]
u
v_|PRESSURE DROP
w_|DP Secondary Air, in. wg 0.00 0.000{ 2C 0.00 0.27 0.00 0.27 0.00 0.000 0.00 1.00 0.00]
x__|DP Primary Air, in. wg 0.00 0.000{ 2C 0.00 0.27 0.00 0.27 0.00. 0.000 0.00 1.00 0.00]
y |DP Flue Gas (Secondary), in. wg 0.00 0.000{ 2C 0.00 0.27 0.00 0.27 0.00 0.000 0.00 1.00 0.00]
z |DP Flue Gas (Primary), in. wg 0.00 0.000{ 2C 0.00 0.27 0.00 0.27 0.00 0.000 0.00 1.00 0.00]
aa [DP Sec Air Ent to Flue Gas Lvg, in. wg 0.00 0.400] 2C 0.00 0.27 0.00 0.27 0.00 0.000 0.00 1.00 0.00}
ab_|DP Pri Air Ent to Flue Gas Lvg, in. wg 0.00 0.400{ 2C 0.00 0.27 0.00 0.27. 0.00 0.000 0.00 1.00 0.00]
ac
This worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of averag€ value, degrees of freedom, and systematic uncertainty for integraged
average value parameters.
*The value used for incremental change can be any increment of the average value. The recommeéhded increment is 1.0% (0.01 times the average value). If the average value ¢f the

measured parameter is zero, use any small incremental change. It is important to note that the,incremental change must be in the same units as the average value.

Worksheet'No. 2E

[10 ] KN [12] [13] [1a] [ 15 ] [16 ]
Recalc Absolute Relative Random Overall Positive Sys Negative qys
Corr Exit Sensitivity Sensitivity Unc of Result Deg of Freedom Unc of Result Unc of Reqult
Measured Gas Temp Coefficient, Coefficient, Calculation, Contribution, 1111 x {([1] x [3A]/ 100P| [11] x {([1] x [441 / 100
Parameter (See Item [20]) | (1101 -[20]) / [9) [111x[1]/[20] [11]x (6] ([111x161f /171 +[3B)"” + [4BPY
a [AHC
| b |TEMPERATURES
c_|Air Ent AH (Secondary) 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
d |Air Lvg AH (Secondary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
e [Air Ent AH (Primary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
f |Air Lvg AH (Primary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
g |Gas Ent AH (Secondary) 275.985 0.0000 0.0000 0.0000; 0.0000 0.00 0.00]
h_|Gas Lvg AH (Secondary) 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
i |Gas Ent AH (Primary) 275,985 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
j |Gas Lvg AH (Primary) 275985 0.0000 0.0000 0.0000 0.0000 0.00 0.00
k
| | _|GAS AND AIR WEIGHTS
m_|Flue Gas Flow Ent AH (Meas) 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
n_|Air Flow Lvg Sec AH (Meas) 275.985| 0.0000, 0.0000, 0.0000, 0.0000 0.00 0.00
o_|[Air Flow Ent Sec AH (Meas — Biy 275.985| 0.0000, 0.0000, 0.0000, 0.0000 0.00 0.00
p_|Air Flow Lvg Pri AH (Meas) 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00
q
r_|MISCELLANEOUS
s |0z Ent AH, % Vol 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
t |0, Lvg AH, % Vol 275.985| 0.0000| 0.0000 0.0000| 0.0000 0.00 0.00
u
v_|PRESSURE DRQP
w_|DP Secondary/Air, in. wg 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
x_|DP Primary Air, in. wg 0.000 0.0000; 0.0000 0.0000 0.0000 0.00 0.00]
y |DPFlue Gas (Secondary), in. wg 275.985| 0.0000 0.0000 0.0000 0.0000 0.00 0.00]
z _|DPFlue Gas (Primary), in. wg 0.000 0.0000, 0.0000, 0.0000, 0.0000 0.00 0.00}
aa \|DPsSec Air Ent to Flue Gas Lvg, in. wg 0.000 0.0000, 0.0000, 0.0000, 0.0000 0.00 0.00
ab [DP Pri AirEntto Flue Gaslvg in wg 00 00000 00000 00000 00000 000 0.00|
ac @1
20 |Corrected Average Exit Gas Temperature, °F From ltem [133] on AH Calc Form See UNCERT2F
21 |Standard Deviation of Result 132+ [13b]%+ ...)"2 0.0000)
22 |Overall Degrees of Freedom [211%/ ([14a] + [14b] + ...) 0.0000)
23 [Student's t Value From Table 5-7.5-1 in Code
24 |Random Component of Uncertainty [21] x [23]
25 |Positive Systematic Uncertainty of Result ([15a]+ [15b]%+ ...)"2 0.0000)
| 26 |Negative Systematic Uncertainty of Result ((16al?+ [16b]%+ ..) "2 0.0000
27 |Positive Total Uncertainty ([241%+ [25P)"
28 |Negative Total Uncertainty ([241%+ [26P)"*
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011
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Table A-7-6 Air Heater Performance Uncertainty Worksheets: F

Worksheet No. 1F

LI LI 3 | Total Positive il Total Negative il il LI il il
Average Standard Sys | Systematic Uncert| Systematic Uncert| Degrees
Measured Value Deviation | Uncert (ltem [2] on (Item [3] on No. of Standard Dev| of Incremental|
Parameter (ltem [2] on| (Item [3] on| Sheet SYS Form) SYS Form) Readings of Mean, Freedom, Percent Change, *
(from DATA) MEAS Form)| MEAS Form)| No. % Unit % Unit_|(MEAS Form)| _[2F/[5]"* [5]-1 Change _|(8] x[11/100)
a |[AHD
b |TEMPERATURES
c_|Air Ent AH (Secondary) 0.00| 0.000[ 1A 0.14 0.58 0.14] 0.58| 0.00! 0.000 0.00 1.00 0.00
d_[Air Lvg AH (Secondary) 0.00| 0.000{ 1A 0.14] 0.58 0.14] 0.58] 0.00| 0.000 0.00 1.00 0.00
e |Air Ent AH (Primary) 0.00| 0.000[ 1A 0.14 0.58 0.14] 0.58 0.00| 0.000 0.00 1.00 0.00
f [Air lug AH (Primary) 000! 0000 1A 014 053] 014! 053] 000! 0000 000 100 000
g Gad Ent AH (Secondary) 0.00| 0.000] 1B 0.14 0.58 0.14] 1.16 0.00! 0.000 0.00 1.00 0.0
h_|Gaq Lvg AH (Secondary) 0.0 0.000| 1B 0.14 0.58 0.14] 1.16 0.00 0.000 0.00 1.00 0.0
i [Gad Ent AH (Primary) 0.00| 0.000 0.00 0.00 0.00 0.00 0.00| 0.000 0.00 1.00 0.0
j |Gaq Lvg AH (Primary) 0.00| 0.000 0.00 0.00 0.00 0.00 0.00| 0.000 0.00 1.00 0.p0|
k
| _|GAP AND AIR WEIGHTS
m_|Flu¢ Gas Flow Ent AH (Meas) 0.00| 0.000] 4D 5.00 0.05 5.00 0.05 0.00| 0.000 0.00 J.00 0.0
n_|AirFlow Lvg Sec AH (Meas) 0.0 0.000{ 4D 5.00) 0.05 5.00) 0.05 0.00| 0.000 0.00 1.00 0o
o |AirFlow Ent Sec AH (Meas— Bi) 0.00| 0.000] 4D 5.00 0.05 5.00 0.05 0.00| 0.000 0,00 1.00 0.0
p_|AirFlow Lvg Pri AH (Meas) 0.00 0.000) 4D 5.00] 0.05 5.00] 0.05 0.00 0.000 0.00 1.00 0.p0]
9
r_|MICELLANEOUS
s |0, Ent AH, % Vol 0.00] 0.000| 5A 0.00 0.15 0.00 0.15 0.00] 0.000 0.00 1.00] 0.0
t |0, fvg AH, % Vol 0.00 0.000{ 5B 0.00| 0.15 0.00) 0.15 0.00 0.000 0.00| 1.00 0.p0|
u
v_|PRESSURE DROP
w_[DP Becondary Air, in. wg 0.00] 0.000] 2C 0.00 0.27 0.00 0.27 0.00] 0.000 0.00 1.00] 0.p0
x_|DP Primary Air, in. wg 0.00| 0.000f 2C 0.00| 0.27 0.00 0.27 0.00| 0.000 0.00| 1.00 0.0
y [DP Flue Gas (Secondary), in. wg 0.00] 0.000] 2C 0.00 0.27 0.00 0.27 0.00] 0.000 0.00] 1.00] 0.p0}
z_|DP Flue Gas (Primary), in. wg 0.00 0.000f 2C 0.00| 0.27 0.00 0.27 0.90] 0.000 0.00| 1.00 0.0
aa_|DP Bec Air Ent to Flue Gas Lvg, in. wg 0.00 0.400| 2C 0.00 0.27 0.00 0.27 0.00 0.000 0.00] 1.00] 0.0
ab_|DP Pri Air Ent to Flue Gas Lvg, in. wg 0.00 0.400f 2C 0.00| 0.27 0.00 0.27 0.00| 0.000 0.00| 1.00 0.0
ac
Thi$ worksheet is set up for constant-value parameters. See Section 5 of the Code for calculation of average value{degrees of freedom, and systematic uncertainty for integrated
average value parameters.
*THe value used for incremental change can be any increment of the average value. The recommended in¢vement is 1.0% (0.01 times the average value). If the average value of
thg measured parameter is zero, use any small incremental change. It is important to note that the incremental change must be in the same units as the average value.

Worksheet No. 2F

[0 ] | 12 | 3 | L4 ] 15 | 16 |
Recalc Absolute Relative Random Overall Positive Sys Negative Sys
Corr Exit Sensitivity Sensitivity. Unc of Result Deg of Freedom Unc of Result Unc of Result
Measured Gas Temp Coefficient, Coefficient, Calculation, Contribution, 111 x {([1] x [3A]1/1001%| [11] x {([1] x [4A] / 10¢)
Parameter (See Item [20]) | (1101-[201)/[9] | [/ [20] 1111x[6] (111 x 1617/ (7] + 381} + 14812
a |AH
b |TEMPERATURES
c_|Air §nt AH (Secondary) 275.985 0,0000 0.0000 0.0000 0.0000 0.00 0j00
d_|Air Jvg AH (Secondary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
e |Air fnt AH (Primary) 0.000 0.0000 0.0000 0.0000 0.0000 0.00 0j00
f _[Air lvg AH (Primary) 0.000 0.0000 0.0000 0.0000 0.0000 0.00 0]00
g |Gas[Ent AH (Secondary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
h_|Gas|Lvg AH (Secondary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
i_|Gas|ent AH (Primary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
j |Gas|Lvg AH (Primary) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0j00
k
| |GAY AND AIR WEIGHTS
m_[Flue]Gas Flow Ent AH (Meas) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
n_|Air Hlow Lvg Sec AH (Meas) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0j00
o_|Air flow Ent Sec AH (Meas — Bi) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
p_|Air fflow Lvg Pri AH (Meas) 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
q
r _|MISCELLANEOUS
s |0, Hnt AH, % Vol 275.985 0.0000 0.0000 0.0000] 0.0000 0.00 0]00
t |0, Lhg AH, % Vol 275.985 0.0000 0.0000 0.0000] 0.0000 0.00 0]00
u
v PRE?SURE DROP
w_|DP $econdary Aix, . Wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
x_|DP ﬂrimaw Ailrnin, wg 0.000 0.0000 0.0000 0.0000 0.0000 0.00 0]00
y |DP Hlue Gas (Seeondary), in. wg 275.985 0.0000 0.0000 0.0000 0.0000 0.00 0]00
z |DP Hlue.Gas.(Primary), in. wg 0.000 0.0000 0.0000 0.0000 0.0000 0.00 0j00
aa |DP dec Air Ent to Flue Gas Lvg, in. wg 0 0.0000 0.0000 0.0000] 0.0000 0.00 0J00
ab [DP Fei-Ariet + oy 00
ac
20 |Corrected Average Exit Gas Temperature,°F From Item [133] on AH Calc Form 275.985)
21 |Standard Deviation of Result ((13a]%+ [13b)%+ ..)"2 0.09
22 |Overall Degrees of Freedom [211%/ ([14a] + [14b] + ...) 5.9
23 [Student's t Value From Table 5-7.5-1 in Code 2.46
| 24 [Random Component of Uncertainty [21] x [23] 0.22
25 |Positive Systematic Uncertainty of Result ([15a)%+ [15b)%+ ..)"2 2.22
26 |Negative Systematic Uncertainty of Result ([16a]%+ [16b]°+ ...) "2 2.25
27 |Positive Total Uncertainty ([241%+ [25P)"2 2.23]
28 |Negative Total Uncertainty ([241%+ [26P)"? 2.26}
Name of Plant ASME PTC 4.3 MASTER FORM Unit No. 1 Test No. 1
Remarks PTC 4.3 EXAMPLE CASE Load MCR Load 9/1/2010
TRI-SECTOR AH Time 1 9:00 Time 2 11:00
Calc By tch Calc By 12/1/2011
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NONMANDATORY APPENDIX B
DERIVATION OF EQUATION FOR COEFFICIENT OF CORRELATION

AVIEDAC
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con|

AVERAGE VALUES OF TEMPERATURES AND
GAS CONCENTRATIONS IN DUCTS, AND THE
NEED FOR FLOW WEIGHTING

W boiler ducts where the transverse distribution of
s flow, temperature, and gas concentration is com-
, the respective average values are used to define the
am conditions. Ideally, the average should represent
ditions that would exist if the duct stream became

completely mixed. The average values are obtained by

carl
cony
are

def

wh

age|
par|

wh
q

T

ying out coincident velocity, temperature, and gas

centration traverses (usually at the centers of equal
hs) and producing a “weighted average” that is
ned for an instantaneous traverse as

n

> X w;

7 =L (B-1.1)

Su
bre
1 = number of area
b; = coincident area mass flow

i = traverse area quantity (temperature or gas con-
centration)

¥ = weighted average value of x for the traverse

his is often replaced by a “velecity-weighted aver-
" and this step is recommended by ASME PTC 4 in
h. 4-3.4.

n
Exivi
l}‘l

2o

1

%= (B-1.2)

bre
; = area*velocity

he arithmetic spatial average, X, of quantity x is

T det‘!r 0 uﬂcuidte the differenge between 4
we need to develop an equation that is based\q
products of the variations of i-th values ofythe
and quantity x about their respective ari
averages.

Substituting
X = (X[ - f) +X

0= (v;-0)+ 7T
into eq. (B-1.2) and(rearranging gives
4= %[E (v; = D) (x; — X) + nox
ol
+ X201 -0) + T 2 (x —E)]

By definition,

n n
2 @-9)=2@x%-3=0
1 1
n
Taking this into account, substituting E v =

eq. (B-1.4) into eq. (B-1.7), and rearrangilng, we
2 (0 -7) (xi =%
nox

The velocity-weighted spatial average Z is t
equivalent to the arithmetic average plus a ter]
a function of the variation of both quantity x and
across the duct.

Using the spatial root average variation of v
estimators of the population spatial deviation, w

Y and x,
n cross-
velocity
hmetic

(B-1.5)

(B-1.6)

(B-1.7)

no from

get

(B-1.8)

herefore
n that is
velocity

hind x as
e define

/é (x; — %)

defined as

X = - (B-1.3)

7= (B-1.4)
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where

V., V, = ratios between standard deviation and aver-
age of the respective coefficients of spatial
variation

Substituting into eq. (B-1.8) from egs. (B-1.9) through
(B-1.12) and rearranging, we get

k7]

If there is no correlation between velocity and x, then
R is zero and eq. (B-1.13) shows that the velocity-
weighted and the arithmetic average will be the same
irrespective of the spatial distributions of velocity and
quantity x, i.e., temperature or oxygen concentration.

If there is a high degree of correlation between velocity
and x, then R approaches unity and the difference
between the velocity-weighted and the arithmetic aver-
age will be at a maximum. The actual difference will

[ —1 \
Z =X kl +— RVXVW) (B-1.13)

where

R = |coefficient of correlation between velocity and
quantity x in space across the duct

n

> (0 ~7) (v~ %)

- i

e

(B-1.14)

R car) take values between +1, e.g., +1 when 100%
correlatjon exists across the duct and high values of both
velocity] and x coincide, and -1 when high values and
low values are coincident. R will be zero when there
is no d¢pendence between v and x across the traverse
plane.

If R i$ zero, then eq. (B-1.13) shows that the velocity-
weightdd average will equal the arithmetic average:

The fpllowing table is an example of the calculations
based on actual traverse results:

Oxygen, % Temperature, °F (Velocity Head)”
[Note (1)] [Note (2)] [Note (3)]

626 455 392 636 683 712_) 087 071 081

591 4168 3.75 640 683 717 0.92 0.74 0.74
5.31 4430 3.71 649 679 721 0.95 0.77 0.77
4.59 3195 4.00 655 671 721 1.05 0.87 0.63
3.79 3140 3.94 655 659 715 1.10 0.97 0.55
3.45 3162 4.35 648 645 710 0.87 0.77 0.50
NOTES:

(1) Average value,is/4,304, coefficient variation is 0.188, and R

correlation is-0,139.
(2) Average value is 677.7, coefficient variation is 0.046, and R
correlatign is —0.709.

then depend on the separate spatial distributién$ of
velocity and temperature or oxygen at the measufing
plane.

In the limiting case, if one of the quantities does|not
vary in space (i.e., its spatial standard deviation is zgro),
the velocity-weighted mean and afithmetic mean will
be the same.

In most station ductwork,particularly downstr¢am
of bends or changes in section, there is unlikely t¢ be
significant correlation between gas concentration or
temperature and velocity, because the velocity will be
a function of the jmmediate upstream aerodynarhics
while temperature and gas composition will be a fyinc-
tion of some.of )the mixing processes that have taken
place furthet{upstream.

Analysisof some 56 coincident traverse results gave
the following:

Measure Result
Average velocity coefficient of variation 0203
Average oxygen coefficient of variation 0f250
Average temperature coefficient of variation 0f051
Average velocity /oxygen absolute correlation coefficients 0]290
Average velocity /temperature absolute correlation 0407

coefficients

Based on these average values, eq. (B-1.13) for a
30-point traverse (n = 30) predicts the following;:

(a) For oxygen traverses, the difference between
velocity-weighted and arithmetic-average oxygen will
be (29/30 x 0.29 x 0.203 x 0.25 x 100)% = +1.42% of
the oxygen level (i.e., at 3% oxygen concentration,|the
difference will be +0.04% oxygen). If there was 100%
correlation (i.e.,, R = 1) between oxygen and velocity
for the average spatial variations, the difference betwjeen
arithmetic and weighted average would be +4.8% off the
oxygen value, or £0.1% oxygen if the oxygen were [3%.

(b) For temperature traverses, the difference between
velocity-weighted and arithmetic-average temperajure

-

(3) Average value is 0.81 and coefficient variation is 0.196.

Velocity-weighted oxygen from eq. (B-1.2) = 4.325%.

Velocity-weighted oxygen from eq. (B-1.13) = 4.325%.

Velocity-weighted temperature from eq. (B-1.2) =
673.67°F.

Velocity-weighted temperature from eq. (B-1.13) =
673.67°F.

These results show that eq. (B-1.13) will give precisely
the same result as eq. (B-1.2).

will be (29/30 x 0.407 x 0.203 x 0.051 x 100)% =
+0.41% of the temperature level (i.e., at 680°F, the differ-
ence will be +2.8°F). If there was 100% correlation (i.e.,
R = 1) between temperature and velocity for the average
spatial variations, the difference between arithmetic and
weighted average would be +1% of the temperature
value, or +6.8°F if the temperature were 680°F.
Preliminary traverses of coincident velocity and/or
temperature are mandatory in this Code. The decision
whether or not velocity weighting is necessary should
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