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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
information is based on that document and is included here for emphasis and for the convenience of the user of the
Code. It is expected that the Code user is fully cognizant of Sections 1 and 3 of 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 level of accuracy consistent
with the Best engineering knowledge and practice currently available. They were developed by balanced co ttees

representjng all concerned interests and specify procedures, instrumentation, equipment-operating requitenents,
calculation methods, and uncertainty analysis.

When tpsts are run in accordance with a Code, the test results themselves, without adjustment for uncertainty, [yield
the best ayailable indication of the actual performance of the tested equipment. ASME PerformanceTest Codes do not
specify mfeans to compare those results to contractual guarantees. Therefore, it is recommended\thdt the partief to a
commercjal test agree before starting the test and preferably before signing the contract on thexinethod to be usg¢d for
comparing the test results to the contractual guarantees. It is beyond the scope of any Codétordetermine or intgrpret
how such comparisons shall be made.

vi

[ Copyright © 2013 by the American Society of Mechanical Engineers. ]
(@)

No reproduction may be made of this material without written consent of ASME.



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

FOREWORD

The Test Code for Stationary Steam Generating Units was one of the group of 10 forming the 1915 Edition of the ASME
Power Test codes. A revision of these codes was begun in 1918, and the Test Code for Stationary Steam Generating Units
was reissued in revised form in October 1926. Further revisions were issued in February 1930 and January 1936.

In October 1936 the standing Power Test Code Committee requested Committee No. 4 to consider a revision of the
Code to provide for heat balance tests on large steam generating units. In rewriting the Code, advantage was taken
of th¢ experience of the several companies in the utility field that had developed test methods for large modlern units
including the necessary auxiliary equipment directly involved in the operation of the units. At the same time|the needs
of th¢ small installations were not overlooked. At the November 3, 1945, meeting of the standing Power Tpst Codes
Compnittee, this revision was approved. On May 23, 1946, the Code was approved and adopted by the Coufcil.

In fiew of the continuously increasing size and complexity of steam generating units, it was gbvious that changes
were|required in the 1946 Edition of the Test Code. In May 1958 the technical committee wds reorganized tp prepare
this gevision. The completely revised Code, the Test Code for Steam Generating Units, wes approved by the Power
Test Codes Committee on March 20, 1964. It was further approved and adopted by the €ouncil as a standarfl practice
of th¢ Society by action of the Board on Codes and Standards on June 24, 1964.

The Board on Performance Test Codes (BPTC) in 1980 directed that the Code be.réviewed to determine yhether it
should be revised to reflect current engineering practices. A committee was soon formed, and it had its first rtheeting in
May [1981. The Committee soon recognized that the Code should be totally yewritten to reflect several changep in steam
genetator technology (primarily the increasing usage of fluidized bed comibustors and other technologies fo] emission
contrpl) and in performance testing technology (primarily the widespread use of electronic instrumentation and the
consideration of test uncertainty analysis as a tool for designing and\tneasuring the quality of a performanc¢ test).

The Committee decided that the new code should discourage the’use of an abbreviated test procedure (cpmmonly
known as “The Short Form” from PTC 4.1). The PTC 4 Code.Supersedes PTC 4.1, which is no longer an American
Natignal Standard or ASME Code. (Technical Inquiry #04-05' describes the differences between the PTC | and the
invalid PTC 4.1.) The Committee reasoned that the best test is that which requires the parties to the test to ¢leliberate
on the scope of the performance test required to meet\thie objective(s) of the test. Measurement uncertainty analysis
was pelected as the tool whereby the parties couldydesign a test to meet these objectives. (See para. 3-2.1.) As this
Codg will be applied to a wide configuration of steam generators, from small industrial and commercial unifs to large
units, the soundness of this philosophytshould be self-evident.

This expanded edition of the Code whas)retitled Fired Steam Generators to emphasize its limitation|to steam
genefators fired by combustible fuels. The Code was subjected to a thorough review by Industry, includingjmembers
of th¢ BPTC. Many of their comments-were incorporated and the Committee finally approved the Code oh June 23,
19981t was then approved and adopted by the Council as a Standard practice of the Society by action of fhe Board
on P¢rformance Test Codes on-August 3, 1998. It was also approved as an American National Standard by|the ANSI
Boardl of Standards Review-en-November 2, 1998.

Calculations associated with the application of this Code can be facilitated by the use of computer software| Software
progtams that support.calculations for this Code may become available at a future date on the ASME Weby site. Any
suchsoftware that may be furnished would not have been subject to the ASME consensus process and ASME would
mak¢ no warranties) express or implied, including, without limitation, the accuracy or applicability of the pfogram.

A fevision to'the Code was published in 2008. The main purpose of this revision was to include a generpl update
of the Code\to’bring it into compliance with the definitions and terminology used in the revised PTC [19.1, Test
Uncdrtaiity: The major issue in this regard was to change all references to “bias” and “precision” to “systematic”
and |random,” respectively. Also, “precision index” was changed to “standard deviation.” In conformgnce with
PTC 19.1, a value of 2 was stipulated for the “Student’s t” parameter, which simplifies the uncertainty calculations.
This revision also included the addition of subsection 4-16 and para. 5-18.14. Subsection 4-16 provides procedures
for the measurement of surface radiation and convection loss. Paragraph 5-18.14 contains procedures for calculating
the uncertainty of corrected results. Also, the procedures for determining the average value of spatially nonuniform
parameters were simplified. In addition to these changes, the 2008 revision included corrections of minor errors and
omissions, an update of references, and text revisions for better clarity.

The 2008 revision was approved by the PTC Standards Committee on October 16, 2007, and approved and adopted
as a Standard practice of the Society by action of the Board on Standardization and Testing on February 19, 2008. It
was also approved as an American National Standard by the ANSI Board of Standards Review on October 14, 2008.

Work on the current edition began in 2009. The main purpose of this edition is to include revisions occa-
sioned by Technical Inquiry 09-01, Code Case P-2, and the errata posted on February 8, 2012. As a result of

vii
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Technical Inquiry 09-01, changes to the text of para. 5-19.5, “Enthalpy of Steam/Water at 1 psia Btu/lbm,” an

d

Nonmandatory Appendix D, subsection D-4, “Efficiency on a Lower Heating Value, LHV, Basis,” were made for
improved clarity. Code Case P-2, concerning a mass balance/efficiency error on units utilizing sorbent, resulted
in revisions to text, equations, and acronyms in Section 5 and changes to calculation forms in Nonmandatory
Appendix A. The errata required changes in subsections A-3, A-4, and A-5 of Nonmandatory Appendix A and

subsections D-3, D-4, and D-5 of Nonmandatory Appendix D. In addition to these changes, all the Code Sec

tions

were reviewed to correct minor errors and omissions, to update references, and to revise text for better clarity.

The following is a summary of major changes to each Section:

In Section 1, references to codes and standards were updated. Flgures 1-4-2 through 1-4-5 were revised. These

spelling.

In Section 3, references to codes and standards were updated. Figure 3-1.1-1 (formerly designated as-Fig.
was edited to correct the equation for NO, formation loss.

In Sectjion 4, Table 4-2-1 was split into two tables, one for energy losses [Table 4-2-1(a)] and one forenergy ¢
[Table 4-2-1(b)]. Tables 4-3.6-1 and 4-3.6-4 (formerly designated as Tables 4-3-1 and 4-3-4, respectively) were edif
correct erpors, and references to codes and standards were updated.

In Sectjon 5, revisions occasioned by Technical Inquiry 09-01 and Code Case P-2 were made to text, equation
acronymg. Changes required by the errata posted on February 8, 2012, were made. Othéxr ehanges and corred
were made to formulas and acronyms. Also, text was revised to improve clarity, and féferences were corrected
updated.

In Nonjmandatory Appendix A, many of the forms were revised in accordance-with Code Case P-2 and the 4
posted on} February 8, 2012. Minor changes were made to the text and forms t¢ improve clarity.

In Nonjmandatory Appendix B, many of the forms were revised in accorflance with Code Case P-2 and the 4
posted orf February 8,2012. Paragraph B-5.1, including text and tables, wastadded to provide a sample steam g¢
tor efficiency calculation for a circulating fluidized bed (CFB) steam generator. Minor changes were made to th
and tablep to improve clarity.

In Nonmandatory Appendix D, the text and equations in subsection D-4 concerning LHV were revised for cl

The PT[C 4 Committee approved the Code on May 31, 2013. [t was also approved by the PTC Standards Comn
on May B1, 2013, and approved and adopted as a Standard practice of the Society by action of the Boaj

, and
tions
|l and

rrata

rrata
nera-
P text

hrity.
hittee
d on

Standardjzation and Testing on October 21, 2013. Finally, it was also approved as an American National Standafd by

the ANSI|Board of Standards Review on November 21/2013.
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CORRESPONDENCE WITH THE PTC COMMITTEE

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

Propos
desirable
published

The Cd
citing thg
including

Propos
to permit]
existing
PTC Con{

Reques
identify
format as

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990

ng Revisions. Revisions are made periodically to the Code to incorporate changes that appear necess:
as demonstrated by the experience gained from the application of the Code. Appréved revisions w
| periodically.

mmittee welcomes proposals for revisions to this Code. Such proposals should be as specific as pos
paragraph number(s), the proposed wording, and a detailed descriptionfof-the reasons for the pro
any pertinent documentation.

early implementation of an approved revision when the need is ufgent, or to provide rules not cover
rovisions. Code Cases are effective immediately upon ASME approval and shall be posted on the A
mittee Web page.

he Code, the paragraph, figure or table number(s), and/be’written as a Question and a Reply in the
existing Code Cases. Requests for Code Cases should also indicate the applicable Code edition(s) to y

the propq
Interpr
of the C

Standardp Committee at go.asme.org/Inquiry.

The re
submit hi

Subject:
Edition:
Question

Requeq
which m4
ASME
affect an

sed Code Case applies.
tations. Upon request, the PTC Standards Committee will render an interpretation of any require
e. Interpretations can only be rendered inésponse to a written request sent to the Secretary of the

uest for interpretation should be cledar'ahd unambiguous. It is further recommended that the ind
s request in the following format:

Cite the applicable pardgraph number(s) and a concise description.
Cite the applicable gdition of the Code for which the interpretation is being requested.

understanding and use, not as a request for an approval of a proprietary design or situation.
The inquirermay also include any plans or drawings that are necessary to explain the questio
however, they should not contain proprietary names or information.

ts that areniotf in this format will be rewritten in this format by the Committee prior to being answ

ry or
ill be

sible,
posal

ng a Code Case. Code Cases may be issued for the purpose of providing alternative rules when jusfified,

bd by
ISME

ts for Code Cases shall provide a Statement of Need and Background Information. The request should

same
vhich

ment
PTC

uirer

Phrase the question‘as a request for an interpretation of a specific requirement suitable for geferal

y inadyettently change the intent of the original request.
proeedures provide for reconsideration of any interpretation when or if additional information that

ASME C

device, or activity.

interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cog

izant
etary

Attending Committee Meetings. The PTC Standards Committee holds meetings or telephone conferences, which
are open to the public. Persons wishing to attend any meeting or telephone conference should contact the Secretary
of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the Committee
Page at go.asme.org/PTCcommittee.
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FIRED STEAM GENERATORS

Section 1

1-1 | OBJECT

The object of this Code is to establish procedures
for ¢pnducting performance tests of fuel-fired steam
genefators. This Code provides standard test procedures
that dan yield results giving the highest level of accuracy
consistent with current engineering knowledge and
practjce.

The accuracy of a particular test may be affected by
the fiiel fired during the test or other factors within the
discrgtion of the operator. A test is considered an ASME
Codq test only if the following conditions are met:

(a)] Test procedures comply with procedures and
allowed variations defined by this Code.

(b)| Uncertainties of test results, determined in accordy
ance [with Section 7 of this Code, do not exceed target
test Uncertainties defined by prior written agreemént in
accoridance with Section 3 of this Code.

1-1.1] Determination of Performance Characteristics

Thjs Code can be used to determine the following
perfdrmance characteristics:

(a)| efficiency

(b)| output

(c)| capacity

(d)] steam temperatutey.control range

(e)] exit flue gas and entering air temperature

() | excess air

(g)] water/steam pressure drop

(h)| air/fluedgas pressure drop

(i) | aiinfiltration

(j) | sulfdr capture/retention

Object and Scope

(b) comparing actual performangée to a refegence

(c) comparing different eonditions or mg¢thods of
operation

(d) determining the specific performance of individ-
ual parts or componehts

(e) comparing performance when firing an| alternate
fuel

(f) determining the effects of equipment modlifications

This Cede’ also provides methods for cpnverting
certainspérformance characteristics at test gonditions
to these that would exist under specified pperating
conditions.

1-2 SCOPE
1-2.1 General Scope

The rules and instructions presented in this Code
apply to fired steam generators. These inclyde coal-,
oil-, and gas-fired steam generators as well|as steam
generators fired by other hydrocarbon fuels. The scope
also includes steam generators with integral fpiel-sulfur
capture utilizing chemical sorbents.

Steam generators that are not fired by copl, oil, or
gas may be tested using the concepts of this {Code, but
it should be noted that the uncertainty causedl by vari-
ability of the fuel may be difficult to determine and is
likely to be greater than the uncertainties in [sampling
and analysis of coal, oil, or gas.

Gas turbine heat recovery and other heat recovfery steam
generators designed to operate with supplemeptal firing
should be tested in accordance with ASME Pegformance
Test Code (PTC) 4.4, Gas Turbine Heat Recov¢ry Steam

(k) LdlLiulll'lU'bulful LllUldl ldl.iU

(I) fuel, air, and flue gas flow rates

(m) unburned carbon and unburned carbon loss

It is not necessary that all of these parameters be
determined simultaneously for each and every test.

1-1.2 Purpose of Performance Characteristics

These performance characteristics are typically
required for the following purposes:

(1) comparing actual performance to guaranteed
performance

Generators.

This Code does not apply to nuclear steam supply
systems, which are specifically addressed in ASME
PTC 32.1, Nuclear Steam Supply Systems. This Code
does not apply to the performance testing of chemical
heat recovery steam generators, municipal-waste-fired
steam generators, pressurized steam generators with
gas side pressure greater than 5 atm, or incinerators.
Municipal-waste-fired steam generators can be tested in
accordance with ASME PTC 34, Waste Combustors With
Energy Recovery.

1
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Testing of auxiliary equipment is not addressed
in this Code, but shall be governed by the following
Performance Test Codes that apply specifically to the
equipment in question:

(a) ASME PTC 4.2, Coal Pulverizers

(b) ASME PTC 4.3, Air Heaters

(c) ASME PTC 11, Fans

Steam purity and quality shall be tested in accord-
ance with ASME PTC 19. 11 Steam and Water Sampling,
Conditioning Cycle.

Methodls used by this Code for determining emission-
related pprameters (e.g., sulfur retention and flue gas
constituehts) are not equivalent to methods required by
the U.S. Environmental Protection Agency (EPA), New
Stationary Source Performance Standards, 40CFR60
and are rfot intended to be used for evaluating compli-
ance with those standards or any other environmental
regulatiofs.

This Cpde does not prescribe procedures for testing
to deterntine chemical and physical properties of fuels.
Applicable procedures may be found in the ASME
PTC 3 setfies or other pertinent standards such as those
publisheqd by ASTM.

This C¢de specifically addresses equipment used for
the geneilation of steam; however, the basic principles
presented are also applicable to other working fluids.

Certair] types and sizes of equipment used for
the recovlery of heat released by combustion are not
addressedl in any specific Performance Test Code. This
Code car} be used as a general guide in developing
performance tests for such equipment; however, such
specially [developed performance tests shall not be‘den-
sidered ASME Code tests.

1-2.2 Depign Variations

This Cpde provides general procedtirés for conduct-
ing comlustible-fuel-fired steam_gererator perform-
ance testd; however, it cannot possibly provide detailed
procedurgs applicable to every\steam generator design
variation| Design variations.eonsidered in developing
this Cod¢ include natufals circulation, forced circula-
tion, subgritical and_&upercritical once-through steam
generato1ls and oil, gas, stoker, cyclone, pulverized, and
fluidized|bed firityg, including both balanced draft and
pressurizpd designs (up to 5 atm). For each performance

test, a competent engineer must study the actual steam (b) feedwater, small industrial: test orifice/empiirical
generatogmmmW

cycle, and develop test procedures that are consistent
with this Code.

1-2.3 Reports
A test report shall be prepared. See Section 6.

1-2.4 References

Many references provide useful supplemental infor-
mation in planning for a performance test in accordance

2

with this Code. Those used most frequently are listed in
subsection 3-3.

1-3 TYPICAL UNCERTAINTY FOR EFFICIENCY

Fossil-fuel-fired steam generators are custom designed
for the most severe characteristics of the fuels expected
to be burned. The specific arrangement for any given
system may Contaln dlfferent low level heat recovery

ations in steam generator design inﬂuence the er
balance method uncertainty result.
Table 1-3-1 shows typical values‘of uncertai

tor sizes are shown to allow.for defining a test
cost consistent with the valite of the project in ag
ance with ASME PTC.1,General Instructions. Thq util-
ity /large industrial €ategory refers in general to Jteam
generators that supply steam to turbine/generatog.

The lowersyalues shown for the energy ballance
method for\a*utility/large industrial unit are lased
upon Coderair temperature, gas temperature, andl gas
sampling grids with a typical electronic sampling] rate.
The<small industrial unit values are based on a pmall
grid and obtaining data manually.

The uncertainty of the Input-Output meth¢d is
directly proportional to the uncertainty of measuregment
of feedwater/steam flow, fuel flow, and fuel heating
value. To achieve the uncertainties shown in Table |-3-1,
the metering must be selected, manufactured, instglled,
and used in strict accordance with the applicable ¢odes
and standards. Most importantly, the required straight
lengths of differential pressure metering runs angl use
of flow conditioners must be rigorously adhered t¢. For
coal flow, gravimetric feeders must be calibrated Hy the
direct measurement of coal weight, before and |after
the test.

With the above guidelines, the input—output yncer-
tainties are based upon the following flow measuremnent-
system uncertainties and fuel sampling criteria:

(a) feedwater, utility/large industrial: ASME HTC 6
flow nozzle, 0.38% system

(c) natural gas: test orifice/empirical formulation,
0.80% system

(d) oil flow: calibrated positive displacement meter,
three viscosities (multiple tests for repeatability), 0.63%
system

(e) rigorous calibration of coal feeders

(f) fuel analysis: multiple samples analyzed individ-
ually, ASTM reproducibility systematic error plus 0.5%
sampling error for oil and gas and 2% sampling error
for coal

(
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Table 1-3-1 Typical Code Test Uncertainties for Efficiency

Type of Steam Generator

Energy Balance Method
(Percentage Points)

Input-Output Method
(Percentage Points)

Utility/large industrial

Coal fired [Note (1)] 0.4-0.8 3.0-6.0
Oil fired 0.2-0.4 1.0
Gas fired 0.2-0.4 1.0
Fluidized bed [Note (1)] 0.9-1.3 3.0-6.0
SmalfHredtstriatwith-heattraptitote2H
Oi 0.3-0.6 1.2
Gap 0.2-0.5 1.2
Small industrial without heat trap
Oi 0.5-0.9 1.2
Gap 0.4-0.8 1.2
GENERAL NOTE: The uncertainty of the corrected efficiency is typically 0.1% to 0.3% points less than the uncertaifity of the test efficiehcy.
NOTEY:
(1) It i not recommended that coal-fired units be tested using the Input-Output method because of thélarge uncertainties of
mdasuring coal flow.
(2) Economizer/air heater.
1-4 | STEAM GENERATOR BOUNDARIES 1-4.3 FlueGas
Bopindaries associated with different steam genera- 12: 1eav1r.1g steam generating bank (not shopvn)
tor ajrangements are shown in Figs. 1-4-1 through 1-4-7. 13: gntering economizer (not shown)
The dteam generator boundaries shown on these figures 14 1eav1r.1g economizer
encompass the equipment to be included in the steam 4. enter%ng se(?ondar}f. air heater
genefator envelope for each case. 14B: entering primary air heate.r
The following numbers are used to designate specific 14C: 1eav¥ng h_Ot_Slde AQC equipment
locatlons. 15: leaV%ng air heater(s)
15A: leaving secondary AH
1-4.1 Fuel/Sorbent 15B: leaViF‘g primary A .
16:  entering cold-side AQC equipment
1: coal leaving feeder or bunker 17:  leaving cold-side AQC equipment
1A: | sorbent leaving feeder or bunker, 18:  entering ID fan
2: coal to burners (leaving pulyerizer) 19:  leaving ID fan
3 oil to burners 20:  entering low-level heat exchanger (not ghown)
3A: | oil to oil heaters 21:  leaving low-level heat exchanger (not shhown)
4 gas to burners 22:  entering gas recirculation fan
23:  leaving gas recirculation fan (entering bpiler)
1-4.2 Air
5: pulverizer tempering air 1-4.4 Steam/Water
6: ED fan inlet 24:  feedwater entering
6A: | PA falihlet 25:  superheater spray water
7: FD-fan discharge 26:  first reheater spray water
7A: | BPAfan discharge 26A: second reheater spray water (not showrf)
7B. Ut}lcl ail CTT ltCLiLlB ull;t 27. fCC\lVVﬂLCL }.C(}l\/illé CLUL[UllliLCI
8: combustion (secondary) air entering boundary 28:  feedwater entering drum
8A: primary air entering boundary 29:  steam generator water entering circulating pump
8B:  combustion air leaving APH coils within 30:  steam generator water leaving circulating
boundary pump
8C:  primary air leaving APH coils within boundary 31:  saturated steam leaving drum
9: combustion (secondary) air leaving air heater 31A: entering first stage SH desuperheater
9A: primary air leaving air heater 31B: leaving first stage SH desuperheater
10:  secondary air entering steam generator 31C: entering second stage SH desuperheater (not
11:  pulverizer inlet air shown)
11A: pulverizer outlet air and fuel mixture 31D: leaving second stage SH desuperheater (not shown)

3
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32:
33:
33A:
33B:
33C:
33D:
34:
34A:
35:
36:

36A:

1-4.5

37:
38:

ASME PTC 4-2013

main steam 39:
reheat steam entering boundary 40:
entering first reheat desuperheater 41:
leaving first reheat desuperheater 42:
entering second reheat desuperheater (not shown) 43:
leaving second reheat desuperheater (not shown) 44:
leaving first reheater 2\2

leaving second reheater (not shown)

blowdown
bopindary) 19
cofidensate leaving primary APH coils (internal 5 0:
to poundary) 51
. 52:
Mikcellaneous 53
funnace residue 54:
aslj pit water in 55:

ash pit water out

cooling water in

cooling water out

atomizing steam

steam entering fuel oil heater
steam leaving fuel oil heater
pulverizer rejects

soot blower steam

46A: auxiliary steam

comd tearvi s PHcotts-fim + 47:  boiler circulating pump water injection
48

¢ boiler circulating pump water leakoff
hot air recirculation (not shown)

hot air bypass (not shown)

fuel/gas conditioners

economizer residue

hot AQC equipment residue

air heater residue

cold AQC equipment residue

4
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Section 2
Definitions and Description of Terms

This Section contains abbreviations, unique terms,

fluid bed applications. All of the combustion air leaving

and variaftions on typically used engineering definitions
required for the implementation of this Code.

2-1 DEFINITIONS

additive:
stream to

 substance added to a gas, liquid, or solid
cause a chemical or mechanical reaction.

air, correfted theoretical: theoretical air adjusted for
unburned carbon and additional oxygen required to
complete|the sulfation reaction.

air, excesg the air supplied to burn a fuel in addition
to the cofrected theoretical air. Excess air is expressed
as a percentage of the corrected theoretical air in this
Code.

air heater] a heat exchanger that transfers heat from a
high-temperature medium such as hot gas to an incom-
ing air stjeam. Regenerative air heaters include bisector
and trisegtor types, with fixed or rotating heating ele-
ments. Recuperative air heaters include tubular, plate,
and heat pipe types.

air heater |eakage: the total amount of air leakage fromy the
air strean(s) to the flue gas stream within the air.hedter
expressed as a percentage of the entering flue gas'flow.

air, infiltrption: air that leaks into the steam -generator
setting.
air, other: § number of other combustién air arrangements
and splitd (e.g., overfire air, tertiary air) are encountered
in the corhbustion processes coteted by this Code.

air preheafer coils: a heat exXghanger that typically uses
steam, cohdensate, and /Or glycol to heat air entering the
steam gemerator and i§ often used to control corrosion in
regenerai;ve and recuperative air heaters.

air, primay: the transport and drying air for the coal
from the pul¥verizers to the burners in pulverized-coal-

fired applications. The primary air is often at a tempera-

the air heater is usually referred to as “secondary, air” in
oil- and gas-fired steam generators. Secondariaitf may
be split into overfire air or other streams as-it.entefs the
furnace; however, it remains secondarynair’up tq and
including the wind box.

air, theoretical: the amount of air required to supply the
exact amount of oxygen necessary for complete |com-
bustion of a given quantity ofitirel. “Theoretical air| and
“stoichiometric air” are syfignymous.

analysis, proximate: laboyatory analysis, in accordance
with the appropriate’ ASTM standard, of a fuel sajmple
providing the mass percentages of fixed carbon, [vola-
tile matter, meisture, and noncombustibles (ash).
with
pro-
OXy-

analysis, ultitmate: laboratory analysis, in accordance
the apprepriate ASTM standard, of a fuel sampld
viding(the mass percentages of carbon, hydrogen
genynitrogen, sulfur, moisture, and ash.

gs+fired fuel: fuel in the condition as it enters the dteam
generator boundary.

ash: the noncombustible mineral matter constitugnt of
fuel that remains after complete burning of a fuelfsam-
ple in accordance with appropriate ASTM standardls.

ash, bottom: all residue removed from the combtstion
chamber other than that entrained in the flue gas.

ash, fly: particles of residue entrained in the flue gasfleav-

ing the steam generator boundary.

ash fusion temperatures: four temperatures (initial g
mation, softening, hemispherical, and fluid) deter

at which the test cone has deformed to a shape
height and width are equal.

ash, other: residue extracted from the steam generafor at

ture different from that of the secondary air as it leaves
the regenerative air heaters in large steam generators,
and typically represents less than 25% of the total com-
bustion air. Oil- and gas-fired steam generators usually
do not 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: secondary air is the balance of the combus-
tion air not provided as primary air in pulverized and

12

hop-

aca
TOCH i

pers, and economizer hoppers.

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

attemperator: see desuperheater.

calcination: the endothermic chemical reaction that takes
place when carbon dioxide is released from calcium car-
bonate to form calcium oxide, or from magnesium car-
bonate to form magnesium oxide.

(
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calcium-to-sulfur molar ratio (Ca/S): the total moles of cal-
cium in the sorbent feed divided by the total moles of
sulfur in the fuel feed.

calcium utilization: the percent of calcium in the sorb-
ent that reacts with sulfur dioxide (SO,) to form cal-
cium sulfate (CaSO,). It is sometimes called “sorbent
utilization.”

capacity: the maximum main steam mass flow rate the
steam generator is capable of producing on a continu-

inlet ducts (made up primarily of the circulating par-
ticulate material).

efficiency, fuel: the ratio of the output to the input as
chemical energy of fuel.

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

enerqy balance method: sometimes called the “heat bal-
ance method.” A method of determining steam generator
efficiency by a detailed accounting of all energy entering

figurption (including specified blowdown and auxiliary
steann flow). This is frequently referred to as “maximum
contihuous rating.”

ous TSIS WIth Speciiied stedimn conditaons and cycle Con-

capacfty, peak: the maximum main steam mass flow rate
the sfeam generator is capable of producing with speci-
fied $team conditions and cycle configuration (includ-
ing specified blowdown and auxiliary steam flow) for
intermittent operation (i.e., for a specified period of time
withgut affecting future operation of the unit).

comb
comh

stion chamber: an enclosed space provided for the
ustion of fuel.

combyistion efficiency: a measure of the completeness of
oxiddtion of all fuel compounds. It is usually quantified
as the ratio of actual heat released by combustion to the

maximum heat of combustion available.

combyistion split: the portion of energy released in the
dens¢ bed region of a fluidized bed expressed as a per-
centdge of the total energy released.

contrgl range: the capacity range over which main steam
templerature and/or reheat steam temperature can be
mainfained at the rated conditions.

coverfige: the percentage of observations’ (measure-
ments) of a parameter that can be_éxpected to differ
from|the true value of the parametef by no more than
the upcertainty.

credifs: energy entering thé steam generator enve-
lope |other than the chemical energy in the as-fired
fuel. [These credits include’ sensible heat (a function of
specific heat and femperature) in the fuel, entering
air, and atomizing steam; energy from power conver-
sion |n the pulverizers, circulating pumps, primary air
fans,|and gas_recirculation fans; and chemical reac-
tions| such“as sulfation. Credits can be negative, such
as when.the air temperature is below the reference

and leaving the steam generator envelope~Sg¢ction 3-1
provides detailed discussion of this methods

error, random: sometimes called “predision erfor,” ran-
dom error is a statistical quantity ang is expeg¢ted to be
normally distributed. Random erfoy results from the fact
that repeated measurements of the same quantity by the
same measuring system operated by the same personnel
do not yield identical valties’

error, systematic: sométinies called “bias error{; the dif-
ference between the'average of the total population and
the true value. The true systematic or fixed prror that
characterizes‘every member of any set of meagurements
from the population.

error, total:'sum of systematic error and random error.

f the flue
tempera-
leakage.

fixed carbon: The carbonaceous residue lesqd the ash
remaining in the test container after the volatjle matter
has been driven off in making the proximate apalysis of
a solid fuel in accordance with the approprigte ASTM
standard. (See also volatile matter.)

exit gas’temperature: the average temperature g
gasleaving the steam generator boundary. This
ture may or may not be adjusted for air heater|

flue gas: the gaseous products of combustion
excess air.

fluidized bed: a bed of suitably sized combugtible and
noncombustible particles through which a [fluid (air
in fluidized bed steam generators) is causedl to flow
upward at a sufficient velocity to suspend thdg particles
and to impart to them a fluid-like motion.

fluidized bed, bubbling: a fluidized bed in whidh the flu-
idizing air velocity is less than the terminal vlelocity of
most of the individual particles. Part of the gas passes
through the bed as bubbles. This results in a diptinct bed
region because an insignificant amount of the ed is car-
ried away by the fluidizing air.

ncluding

tempm ature:

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

desuperheater: apparatus for reducing and controlling the
temperature of a superheated vapor (attemperator).

dilute phase: the portion of the bed in a circulating fluid-
ized bed combustion chamber above the secondary air

13

fluidized bed, circulating: a fluidized bed in which the flu-
idizing air velocity exceeds the terminal velocity of most
of the individual particles, so that they are carried from
the combustion chamber and later reinjected.

freeboard: the volume from the upper surface of the
expanded bed to the exit of the furnace. This definition
applies to a fluidized bed of dense solids (bubbling bed)
in which there is an identifiable bed surface. It does not
apply to a circulating fluidized bed.

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

heating value, higher: the total energy liberated per unit
mass of fuel upon complete combustion as determined by
appropriate ASTM standards. The higher heating value
includes the latent heat of the water vapor. When the heat-
ing value is measured at constant volume, it must be con-
verted to a constant pressure value for use in this Code.

heating value, lower: the total heat liberated per unit mass

setting infiltration: see air, infiltration.
sorbent: chemical compound(s) that reacts with and cap-

tures a pollutant or, more generally, a constituent that
reacts with and captures another constituent.

spent bed material: the bed drain residue removed from a
fluidized bed.

spent sorbent: solids remaining after evaporation of the
moisture in the sorbent, calcination/dehydration, and
weight gain due to sulfation.

of fuel mnTS the tatent heat of the Water vapor in the
products [of combustion as determined by appropriate
ASTM stgdndards (not used in this Code).

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

Input—Oufput method: a method of determining steam
generatol efficiency by direct measurement of output
and inpuf. Referred to as I/O method.

pition: commonly referred to as LOI The loss
f a dried dust sample, expressed in percent,
between two temperature levels. Typically
bproximate unburned carbon in residue.

loss on ig
in mass

occurring
used to a

losses: the)
other tha

maximum,

energy that exits the steam generator envelope
L the energy in the output stream(s).

continuous rating: see capacity.

moisture:
ASTM st
present i

noisture in fuel is determined by appropriate
indards. Water, in the liquid or vapor phase,
another substance.

outliers: a|data point judged to be spurious.

output: erergy absorbed by the working fluid that isnot
recovered within the steam generator envelope.

purge: to fntroduce air into the furnace or the boiler flue
passages [in such volume and manner as to completely
replace tHe air or gas-air mixture contajned*within.

recycle rate: the mass flow rate of material being rein-
jected intp a furnace or combustign ¢chamber.

recycle ra
flow rate

io: the recycle rate divided by the fuel mass

reference femperature: thé datum temperature to which
streams entering and leaving the steam generator enve-
lope are djompared for calculation of sensible heat cred-
its and lopses.

reinjectio
furnace.

: the“peturn or recycle of material back to the

standard deviation: several types of standard dewjation
are defined in statistical analysis (e.g., population sfand-
ard deviation, sample standard deviation,~'starjdard
deviation of the mean). In this Code, the:term “sfand-
ard deviation” refers to standard deviation of the mean
unless otherwise specified.

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

sulfur capture: see sulfiiy retention.

sulfur retention: the fraction of the sulfur that gnters
with the fuel that‘does not leave the steam gengdrator
as SO,

supplemeptalfuel: fuel burned to supply additional efhergy
to the steam generator or to support combustion.

runs
hcter-

test*a.single run or the combination of a series of]
forsthe purpose of determining performance char
itics. A test normally consists of two runs.

tolerance: the acceptable difference between the test fesult
and its nominal or guaranteed value. Tolerances ar¢ con-
tractual adjustments to test results or to guaranteep and
are not part of the Performance Test Codes.

unburned combustible: the combustible portion of the fuel
that is not completely oxidized.

uncertainty: the estimated error limit of a measurgment
or result for a given coverage. Uncertainty defipes a
band within which the true value is expected to lig with
a certain probability. Test uncertainty includes both ran-
dom uncertainty and systematic uncertainty.

uncertainty, random: numerical estimate of the rapdom
errors. It is usually quantified by the standard deviation
of the mean for a set of test data.

uncertainty, systematic: numerical estimate of the sy$tem-
atic error,

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

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

14

uncertainty, test: test uncertainty combines random and
systematic uncertainties.

volatile matter: the portion of mass, except water vapor,
which is driven off in a gaseous form when solid fuel
is heated in accordance with the applicable ASTM
standard. (See also fixed carbon.)

(
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2-2 ABBREVIATIONS LOI: loss on ignition

MAF: moisture and ash free
The following abbreviations are used throughout the /. megabyte

text of this Code. MgCO,: magnesium carbonate
A/D: analog to digital Mg(OH),: magnesium hydroxide
AFBC: atmospheric fluidized bed combustion MgO: magnesium oxide
AH: air heater N,: nitrogen
APC: air preheat coils N,O: nitrous oxide
APH: air preheater Na,O: sodium oxide
API: American Petroleum Institute NH.: ammonia
AQQ} air quality control NIST: National Institute of Standards and Technology
Ar: afgon NO: nitric oxide
C: cafbon NO,: nitrogen dioxide
Ca(QH),: calcium hydroxide NO,: nitrogen oxides
CaOcalcium oxide O,: oxygen
Ca/9: calcium-to-sulfur ratio O,: ozone
CaS(@,: calcium sulfate PA: primary air
CB: gasified carbon PT: potential transformett
CO: garbon monoxide PTC: Performance TestCode
CO,:[carbon dioxide RAM: random accessmemory
CO;:|carbonate RH: reheater or relative humidity
CT: current transformer RTD: resistanCe temperature device
DCS{distributed control system S: sulfur
EPA:[Environmental Protection Agency SDI: Spatial Distribution Index
ESP: plectrostatic precipitator SH: superheater, superheated
FC: f{xed carbon SI: International System of Units
FD: fprced draft SiO;: silicon dioxide, silica
FEGT: furnace exit gas temperature SO,: sulfur dioxide
FG: flue gas SO,: sulfur trioxide
FID: flame ionization detector SO,: sulfur oxides
FW: feedwater TC: thermocouple
H,: hiydrogen TGA: thermogravimetric analysis
H,S: hydrogen sulfide THC: total hydrocarbons
HHV;: higher heating value VM: volatile matter
HHWF: higher heating value of fuel
HHWVGEF: higher heating value of gaseous fuels 2-3  UNITS AND CONVERSIONS
HVT] high velocity thermocouple
ID: induced draft The following units and conversions fre used
1/0: jnput/output throughout this Code. To obtain SI units, multiply U.S.
K,O:[potassium oxide Customary units by the conversion factor giveh in Table
kWh kilowatt-hour 2-3-1.
15
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Table 2-3-1 Units and Conversions

Units Conversion
Item U.S. Customary Sl [See Notes (1) and (2)]
2 2 —
Area ft m 9.2903 E—02
Convection and/or radiation heat transfer Btu/ft?-hr-°F W/m?2-K 5.6779 E+00
coefficient
Density lbm/ft3 kg/m3 1.6018 E+01
Electrical grergy et ¥ 3-6066-E+06
Energy pef unit area Btu/ft2 J/m? 1.1341 E+04
Energy pelf unit mass Btu/lbm J/kg 2.3237 E+03
Energy, fly Btu/ft2-hr W/m? 3.1503 E+00
Energy, rafe Btu/hr W 2.9307 Ex#01
Mass per ¢nit energy lbm/Btu kg/) 4.3036E—04
Mass flow|rate lbm/hr kg/s 102599 E—04
Mean spedific heat Btu/lbm-°F J/kg-K 4¥1868 E+03
Moles per unit mass moles/lbm moles/kg 2.2046 E+00
Pressure in.wg Pa, gauge 2.491E+02
Pressure, gbsolute psia Pa 6.8948 E+03
Pressure, gauge psig Pa, gauge 6.8948 E+03
Specific gds constant ft-lbf/lbm-°R J/kgK 5.3812 E+00
Temperatyre °F °C (°F-32)/1.8
Temperatyre, absolute °R K (°F + 459.67) / 1.8
Universal fnolar gas constant ft-Ibf/mole-°R J/mole-K 5.3812 E+00
NOTES:
(1) Care sHould be taken when converting formulas or equations that contain constant terms or factors. The value of these terms must be|
undersfood and may also require conversion.
(2) Converpion factors between Sl and U.S. Customary units are given in SI-1, ASME Orientation and Guide for Use of SI (Metric) Units
(ANSI 4210.1) [1]. Also, refer to Table 2 of SI-9, ASME Gdide for Metrication of Codes and Standards SI (Metric) Units [2], for the numbeyr of
signifidant digits to be retained when rounding St

16
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Section 3
Guiding Principles

3-1 INTRODUCTION 3-1.2 Types of Efficiency
In [preparing to conduct a steam generator perform- Steam generator efficiency is defined by,
ance [test, the parties to the test must make a number of o output
decisfons and establish certain agreements. This Section efficiency = nput x100 (3-1-1)

of the Code describes these decisions and agreements
and provides guidance for performing a test in accord-
ance fwith this Code.

All parties to the test are entitled and encouraged to
witngss the test to ensure that it is conducted in accord-
ance [with this Code and any written agreements made

This single definition yields. many differeht values
for efficiency depending upon’ the choice of itpms to be
included as output, itemsito be included as ihput, and
higher or lower heatingvalue of the fuel. Entwfistle et al.
discuss this problem_at/length and demonstrgte that at

prior]to the test. least 14 different values of efficiency can be ¢omputed
from the same data [2, 3].
3-1.1 Steam Generator Performance This Codetécognizes the following two definitions of

The performance of a steam generator at a particular
operating condition is usually quantified by three char-
acter]stics, defined as follows:

capac
atsp

ty: the maximum mass flow rate of steam produced
pcified conditions.

efficigney: the ratio of output energy to input energy.

outpift: all energy absorbed by the working fluid ‘except
that fecovered within the steam generator envelope.

Arly method for determining steam generator per-
formpnce must address the following two-equally dif-
ficulq questions:

(a)] What are the proper definitipns of the param-
eters|to be measured and the penformance character-
isticq to be determined (usyally by calculation); e.g.,
exacly what should be fin¢luded in the input and
outppit?

(b)] What are the most practicable and accurate meth-
ods fpr measuring parameters and calculating perform-
ance [characteristics’and how accurate must they be to
achigve the réquired test quality [1]?
pacjtyis easily defined; the main problems asso-

with its determination arise from measure-
X, . . .

Pt S

to several possible definitions. This Code uses specific
definitions for these quantities. Fig. 3-1.1-1 illustrates
the definitions used for input and output. This figure
shows that output includes the energy in all working
fluid streams that exit the steam generator envelope,
thus accounting for all energy absorbed by the work-
ing fluid.

17

steam generator efficiency:

fuel efficiency: includes all energy absorbed by the work-
ing fluid as output but counts only chemical pnergy of
theé“fuel as input. Fuel efficiency on a highgr heating
value basis is the preferred definition of effigiency for
purposes of this Code and is the method supported by
the calculations in Section 5.

gross efficiency: also includes all energy absorbed by the
working fluid as output and counts all energy inputs
entering the steam generator envelope as ingut. Thus,
gross efficiency is usually less than or equal tq fuel effi-
ciency. Procedures for calculating gross effigiency are
contained in Nonmandatory Appendix D.

Those energies that are considered outputs apd inputs
(including credits in the case of gross efficiency) are
shown in Fig. 3-1.1-1.

This Code uses the higher heating value of the fuel to
determine fuel energy input. Some other stanflards use
the lower heating value (LHV), or net calorifid value, of
the fuel to compute boiler efficiency on an LHY basis. In
this case, the products of combustion, including liquid
water in the fuel, are assumed to remain in the gaseous
state and the energy in the water latent heat ¢f vapori-
ion—i i ichl energy
flow rate
(fuel input) and steam generator output, the computed
efficiency based on LHV is always higher than the com-
puted efficiency based on HHV. Conversely, the fuel
input computed on an LHV basis is always lower than
the fuel input computed on an HHV basis. Therefore,
efficiency based on LHV may be misleading and could

(
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Fig.3-1.1-1 Steam Generator Energy Balance

Energy input (QrF)
Fuel (chemical)

Energy Balance:

OUTPUT = INPUT - LOSSES + CREDITS
QrO= QrF - QrL + QrB

QpL =100 x (QrL / QrRA, %

OpB =100 x (QrB / QrF), %

Fuel efficiency (%) = EF (%) = 100 x Output — Input = 100 -QpL + QpB
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- QpBDA Entering dry air
QpBWA Moisture in entering air
B QRBF Sensible heat in fuel
"~ GoBsIF Sulfation Energy
— P . . Credits
- Hum.la'y wu'r’mcm — (QpB)
» QrBSb Sensible heat in sorbent
< QrBWAd Energy supplied by additional moisture
V.. . YEnvelope ...
Boundar)/______________i_ -------------- B> Main steam
i- -------------- SRREEEEEEEEEEEE B Auxiliary steam and blowdown
E """ f< """"""" Desuperheater and
:‘.‘:' ; circulating pump injection water Energy
* : Output
----- Erd-------------- Feedwater (Qro)
R LEEEEELEEE R EEEEED B> Hot reheat steam
b emmees o LEEEETTCTEELEE Desuperheater watet
“-nl '
------- 5-4-------------- Cold reheat steam
* QpLDFg Dry gas
QpLH2F Water from burning hydrogen
OpLWF Water in a solid or liquid fuel
QLWvF Water vapor in a gaseous fuel
QpLWA Moisture in air
QpLSmUb Summation of unburned combustibles
QpLPr Pulverizer rejécts
QpLUbHc Unburned hydrocarbons in flue gas >
QpLRs Sensibleheat of residue
QpLAg Hot airquality control equipment > Energy
QOpLALg Air-infiltration Losses
QpLNOx NOx formation (QplL)
QrLSrc Surface radiation and convection
QrLWAd Additional moisture
QrLCIh Calcination and dehydration of sorbent
QrLWSb Water in sorbent
QrLAp Wet ash pit
QrLRy Recycled streams
Orl Cw Cooling water
QrLAc Internally supplia air preheater coil
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confuse those making economic and environmental
impact evaluations. Accordingly, the basis of the heating
value must be consistent when making steam generator
economic (fuel input) and environmental evaluations.

While the higher heating value of the fuel can be accu-
rately determined by established testing procedures,
LHYV must be calculated from measured HHV. Thus the
systematic uncertainty of the LHV is greater than the
systematic uncertainty of the HHV.

Refer to Nonmandatory Appendix D for this Code’s
recothmended methodology for calculating fuel LHV
and {ts uncertainty, and for expressing the applicable
heat |osses and credits on an LHV basis. The equations
shown consider solid and liquid fuels that contain water
in liquid form.

3-1.3 Methods of Measurement and Computation to

Determine Efficiency

Twlo generally accepted methods for determining the
efficipncy of a steam generator are the Input-Output
methpod and the energy balance method.

The Input-Output method wuses the following
equafion:
efficiency = M X100 (3-1-2)
input

Ef(irrciency determination by the Input-Output method
requires direct and accurate measurement of all output
as wdll as all input. The primary measurements requiréd
are thje following:

(a)] feedwater flow rate entering the steam generator

(b)] desuperheating water flow rates

(c)] flow rates of all secondary output streams such as
boilet blowdown, auxiliary steam, etc:

(d)| pressure and temperature ofjall working fluid
streams such as entering feedwater,/superheater outlet,
rehedter inlet and outlets, auxiliary-steam, etc.

(e)| additional measurements in the turbine cycle as
required to determine reheater flows by energy balance
methjpods

(f) | fuel flow rate

(g)] higher heating value of the fuel

(h)| waste efiergy input

Thp enexgy-balance method combines the energy bal-

tion) of all losses and credits. Fig. 3-1.1-1 illustrates all
of the losses and credits identified by the ASME PTC 4
Committee at the time this Code was written. If addi-
tional types of losses or credits are identified for a spe-
cific unit (according to the requirements of para. 1-2.2),
then the parties to the test must agree on a method for
accounting for them.

Many other measurements are required to determine
values for all of the losses; however, several of them usu-
ally have a minor effect on the results. In many cases,
parties to the test may agree to estimate valugs for cer-
tain losses, rather than measuring them; however, the
uncertainties of estimated values aré)usually greater
than if the values were measured. Losses are spmetimes
determined on a “percent input{’ basis rathef than an
absolute basis.

Advantages and disadvantages of the Inpyt-Output
and energy balance methqds are listed in Tabje 3-1.3-1.
In many cases, the en€rgy balance method yiglds lower
overall test uncertaipity because the quantities used to
determine efficiency by the energy balance method (i.e.,
losses) are a<nuch smaller portion of the total energy
than is output, which is used to determine efffciency in
the InputéOutput method. Thus, a given uncertainty
in measured or estimated values has less eff¢ct on the
resultin the energy balance method. The energy balance
method also provides a means of examining the losses
to determine potential improvements to the ynit or its

such conditions are required. In other cases,
between the methods should be based upon
able instrumentation and expected test uncert

the avail-
inty.

3-1.4 Unit Design and Construction Considerations to
Facilitate Testing

Early planning and frequent follow-up durihg design
and construction of a steam generating unit wjll help to
minimize testing problems and ensure that tets can be
performed in accordance with this Code after|construc-
tion is complete. Ideally, provisions for condugting both
acceptance tests and routine performance tests should
be included in the design of a unit. Even if it i decided
not to run an acceptance test, the provisions will be val-

ance pquation
iﬂﬁi!t + creditc — Qilt?i!t + locses (3.1.3)
MR
with the efficiency definition to arrive at
input — I + credit
eﬁ(iciencyz |:li’l;71/l (.)SS(ZS creai S:| %100
input
(losses — credits)
=|1-—|%x100 (3-1-4)
input

Efficiency determination by the energy balance method
requires the identification and measurement (or estima-

19

uable for gathering information on the unit’s operation
and performance.

This Code should be used as a guide during prelimi-
nary engineering to determine the required test points
and sampling provisions. This determination will nor-
mally require interaction between the intended parties to
the test. The required test points and sampling provisions
should be included in the specifications. Periodic reviews
during design and construction should ensure that field
installation does not jeopardize the test provisions.

(
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Table 3-1.3-1 Comparison of Efficiency Determination

Advantages

Disadvantages

Input-Output Method

Primary parameters from the efficiency definition (output, input) are
directly measured.

Requires fewer measurements.

Does not require estimation of unmeasurable losses.

Fuel flow and fuel heating value, steam flow rates, and steam
properties need to be measured very accurately to minimize
uncertainty.

Does not aid in locating source of possible inefficiency.

Requires the use of energy balance calculation methodology for

Energy Balance Method

The primafy measurements (flue gas analyses and flue gas
temperdture) can be made very accurately.

Permits cofrections of test results to standard or guarantee
conditiops.

The as-tested efficiency often has lower uncertainty because the
measurgd quantities (losses) represent only a small fraction of
the tota| energy.

The effectd of fairly substantial errors in secondary measurements
and estiinated values are minimal.

Sources offlarge losses are identified.

correction of test results to standard or guarantee conditiops.
Corrections to standard or guarantee conditions can onlyjbe mpde
using the energy balance methodology.

Requires more measurements.

Does not automatically yield capacity add-output data.

Some losses are practically unmeasurable and value must be
estimated.

One of the problems most commonly encountered
in the performance of measurements during testing
is interfdrence with other structures. Thermowells;
pressure faps, and duct ports for air and gas measure-
ments sh¢uld be oriented so that test instruments.can be
installed §s required. Bracing and support beanrinterfer-
ence withl duct sampling must be consideted. On large
ducts, overhead clearance for insertion(©fjlong sampling
probes mpust also be considered.

Provisipns should be made fof_gbtaining the neces-
sary samples of fly ash, bottomh _dsh, pulverizer rejects,
sorbent, gnd fuel. The equipment and procedures to be
used in dgbtaining the samples should be considered in
the desigh of sampling provisions.

Provisipns should:be made for measurement of auxil-
iary pow¢r usedunl determining energy credits.

Consideration should be given to the needs of per-
sonnel ahdrifistrumentation involved in conducting

time and money. Many measurements are requirpd to
account for all losses, especially in the determination of
efficiency by the energy balance method. At the pame
time, each individual loss or an error in its deterfnina-
tion may have only a small effect on the results or|their
uncertainty.

It has long been recognized that no single set of pro-
cedures can yield the most cost-effective test for all
cases. Previous editions of this Code provided fof two
different levels of test for tests that used the energy
balance method. One level was a complete tgst in
which all losses were determined from measurenjents.
The other was an abbreviated test in which only thajor
losses were determined from measurements yvhile
several minor losses were ignored or aggregated into
an unmeasured loss term with an estimated numeri-
cal value.

This Code permits the parties to elect various leviels of

the test. Examptes include sate access to test point joca-
tions, availability of suitable utilities, and safe work
areas for personnel. Potential damage to instrumenta-
tion resulting from extreme ambient conditions such as
high temperature and vibration should be considered.

3-2 PERFORMANCE TEST PROCEDURES

3-2.1 Determination of Level of Test

Accurate determination of the performance of a
steam generator requires a significant expenditure of

testing. vWhite att mecessary procedures are specitied for
the most accurate determination of steam generator per-
formance, the parties to the test are permitted to design
a lower level test if appropriate. Typically, a lower level
test uses less accurate instruments or fewer instruments
or will use assumed or estimated values for certain
parameters rather than measuring them. This Code
requires calculation of the uncertainties of the results to
define the quality level of the test.

(a) By agreement prior to the test, the parties to the test
shall define acceptable values for the uncertainties of the

20
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Fig. 3-2.2.1-1 Repeatability of Runs

(a) Repeatable

(b) Not Repeatable

Legend ®

resulfs (for example, they may decide that efficiency will
be d¢termined with an uncertainty of +0.5 percentage
points and that maximum capacity will be determined
with pn uncertainty of +1.0% of the value). These values
are cglled the target uncertainties of the results.

(b)| A performance test must be designed toumeet the
targef uncertainties. The choices of which\patameters
to measure, which parameters may be estimated, what
estimated values to use, and the use of fewer or alter-
native instruments will strongly (influence the ability
to meet target uncertainties. Parties to the test should
reacl agreement on these choiceés prior to the test. A pre-
test yncertainty analysis,described in subsection 7-3, is
strongly recommended‘to+aid in this process.

(c)] The parties to’the test shall reach prior agree-
menf| on the uncertainties of values that will not be
measured and,on the systematic uncertainty of instru-
ments andumedsurement methods. This agreement shall
be dpcuntented in the written agreement required by
paral3=23

(c) 2 and 3 Repeatable;
1 Not Repeatable

Test result plus uncertainty.

Test result

Test result'minus uncertainty

3-2:2 Number of Runs

A run is a complete set of observations mafle over a
period of time with one or more of the indepenfient vari-
ables maintained virtually constant. A test is a ingle run
or the combination of a series of runs for th¢ purpose
of determining performance characteristics. A test nor-
mally consists of two or more runs.

Conducting more than one run will verify the repeat-
ability of the test results. Results may not be repeatable
due to variations in either the test methodojogy (test
variations) or the actual performance of the efjuipment
being tested (process variations). It is recofnmended
that, at the end of each run that meets the critqria for an
acceptable run, the data be consolidated and prpliminary
results calculated and examined to ensure the fesults are
reasonable. If the parties to the test agree, the tdst may be
concluded at the end of any run.

3-2.2.1 Repeatability. The criterion for re
ity between runs is that the normalized results of two

peatabil-

(d) After each run has been conducted, the uncertain-
ties of the results must be calculated in accordance with
Section 7 and ASME PTC 19.1, as appropriate. If the uncer-
tainties thus calculated are greater than the previously
agreed upon target uncertainty values, the run is invalid.

It is strongly emphasized that the test uncertainties
thus calculated are not tolerances on steam generator
performance. The uncertainties are to be used to judge
only the quality of the performance test and not the
acceptability of the steam generator.

21

or more runs all lile within the uncertainty mntervals of
each other. Refer to Fig. 3-2.2.1-1 for examples of runs
that meet or do not meet this criterion. The results
should be normalized to a base set of conditions. For
example, efficiency for different runs should be calcu-
lated using a single representative fuel analysis and
should be normalized for inlet air temperature, etc.
Refer to subsection 5-18. The uncertainty interval cal-
culated for each run is applied to the normalized result
for that run for the purpose of evaluating repeatability
between runs.

(
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3-2.2.2 Invalidation of Runs. If serious inconsisten-
cies affecting the results are detected during a run or
during the calculation of the results, the run must be
invalidated completely, or it may be invalidated only in
part if the affected part is at the beginning or at the end
of the run.

A run that has been invalidated must be repeated, if
necessary, to attain the test objectives. The decision to
reject a run is the responsibility of the designated repre-

(j) establishment of acceptable operating conditions,
allowable variance in operating conditions during the
run (based on Table 3-2.3-1), number of load points,
duration of runs, basis for rejection of runs, and proce-
dures to be followed during the test.

(k) means for maintaining constant test conditions.

(I) maximum permissible deviation of average val-
ues of controlled parameters from target values during
the test.

(m) unit cleanliness prior to the test and how cleanli-

sentatives of the parties to the test

3-2.2.3| Multiple Runs. The results of multiple runs
that mee{ the criteria for repeatability and other Code
requiremgents are averaged to determine the average test
result. The uncertainties shall be reported for each indi-
vidual rup but shall not be reported for the average test
result.

3-2.3 Pripr Agreements

Prior tq the test, the parties to the test shall prepare a
definite Written agreement. This agreement shall state the
specific t¢st objectives including the acceptable range of
uncertainfy for each result, as well as the method of oper-
ation durfng the test. For acceptance tests, the agreement
shall iderftify any contract requirements pertinent to the
test objectives (e.g., guarantee provisions), and it must
include egtimated values or other clarifications necessary
to resolve any omissions or ambiguities in the contract.
This written agreement shall specifically include the
following items and should also address other items
considerdd pertinent by the parties to the test. For\teu-
tine perfdrmance tests, some items may not be.applica-
ble and njay be omitted.
(a) tes{objectives (e.g., efficiency, steam temperature).
(b) dedignation of a chief-of-test who\will direct the
test and ¢xercise authority over all testpersonnel. It is
preferred| that this person be a registered professional
engineer [and have previous tésting and power plant
experiende, good organizatiénal skills, and a thorough
understapding of instrimentation and uncertainty
analysis.
(c) dedignation of tepresentatives from each party to
the test.
(d) organization, qualifications, and training of test

ness is to be maintained during the test (including any
sootblowing to be conducted during the test).
(n) readings and observations to be taken; number
and frequency.
(0) number,
instruments.
(p) systematic uncertainties of instruments and fneas-
urement methods, models for/estimating systematic
uncertainty, and any standard deviation that are [to be
set by agreement (refer to"Section 7).
(q) parameters to be'estimated rather than measjured,
estimated valuesdo be used, and uncertainties of esti-
mated values.
(r) efficiency determination:
(1), energy balance or Input-Output method
(2) “parameters to be measured
(3) estimated values to be used for unmea
parameters
(4) exiting streams to be included in output
(5) steam or water flow measurement
(6) duration
capacity determination:
(1) exiting streams to be included in capacity
(2) steam or water flow measurement
(3) duration
peak capacity determination:
(1) time limit for operation at peak capacity
(2) specific steam pressures (and temperaturps for
superheated steam generators) that define peak capacity
operation
(3) feedwater pressure and temperature
(4) blowdown rate
(u) version of the ASME Steam Tables to be used
or 1997, which is based on IAPWS-IF97.
(v) fuel to be fired, method and frequency of ol

location, and y calibration of

type,

ured

(s)

(t)

1967

tain-
anal-

personne|; arfangements for their direction; arrange-  ing fuel samples, laboratory that will make the fuel
ments forlcalculating the test results yses, and fuel test method to be used
(e) interpretation of any relevant contract (w) equivalence of fuel to standard or contract condi-

requirements.

(f) target test uncertainties (Table 1-3-1 provides typi-
cal values for efficiency tests for various types of steam
generators).

(g) whether to conduct a pretest uncertainty analysis
and how to apply results of the analysis to improve the
test (refer to para. 3-2.5.1).

(h) number of runs.

(i) pretest checkout procedures.

22

tions or procedures for correcting to those conditions.

(x) procedures to be used for sampling and analysis
of sorbent and the target sorbent-to-sulfur ratio (Ca/S
molar ratio).

(y) distribution of residue quantities between various
collection points and methods of residue sampling and
analysis.

(z) procedures to be used for flue gas sampling and
analysis.

(
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Table 3-2.3-1 Operating Parameter Deviations

Short-Term Fluctuation Deviation From Long-Term (Run)

Controlled Parameter (Peak to Valley) Average

Steam pressure
> 500 psig set point

4% (25 psi max)

3% (20 psi max)

< 500 psig set point 20 psi 15 psi
Feedwater flow (drum unit) 10% 3%
Steam flow (once-through unit) 4% 3%

0, leqving boiler/economizer (by volume)

Oilland gas units 0.4% (points of 0,) 0.2 (points af.0,)

Copl units 1.0 (points of 0,) 0.5 (points 6f 0,)
Stearp temperature (if controlled) 20°F 10°F
Supefheat/reheat spray flow 40% spray flow or N/A

2% main steam flow

Fuel flow (if measured) 10% N/A
Feedyvater temperature 20°F 10°F
Fuel bed depth (stoker) 2in. 1in.
Sorb¢nt/coal ratio (feeder speed ratio) [Note (1)] 4% 2%
Ash rpinjection flow 20% 10%
Bed tpmperature (spatial average/per compartment) [Note (1)] 50°F 25°F
Bed/pnit operating solids inventory [Note (1)]

Bef pressure 4in.wg 3in.wg

Dilluite phase pressure drop 4in. wg. 3in.wg
Depehdent parameters
Steath flow 45% 3%
S0, (nits with sulfur removal) 150 ppm 75 ppm
CO (if measured) 150 ppm 50 ppm
Freefoard temperature (if measured) 50°F 25°F

GENERAL NOTE: N/A = Not Applicable.
NOTE:
(1) Applicable to fluid bed units only.

(aa) whether to determine the need for and methods  3-2.5 Preparation for the Test
of flqw weighting for fluegas temperature and oxygen
contgnt.

(bh) method fordetermining outliers.

(cc) correctionssto be used for comparison to contract
condjtions, including any correction curves.

(dd) media, methods, and format to be used for
recorfing-data and providing copies for parties to the

3-2.5.1 Pretest Uncertainty Analysis. A pretest
uncertainty analysis should be performed t¢ confirm
that the test, as it has been designed and planned, is
capable of achieving the target test uncertairjties. This
uncertainty analysis will help avoid the possibility of
conducting a test that does not achieve the farget test
uncertainties and thus cannot be considered a {ode test.
In addition to indicating whether the target test uncer-
tainties can be achieved, the pretest uncertainty analysis
provides information that can be used to design a more

An acceptance test should be conducted as soon as  cost-effective test that can still achieve the test uncer-
practical after initial operation of the unit or in accord- ~ tainty targets, or it enables setting achievable uncer-
ance with the contract requirements. tainty targets.

Designated representatives of the parties to the test A sensitivity analysis should be performed as part
are encouraged to be present to verify that the test is ~ of the pretest uncertainty analysis to determine the
conducted in accordance with this Code and the agree- relative sensitivity coefficients (i.e., the relationships
ments made prior to the test. of overall test uncertainties to the uncertainty of each

test ( eferto paras 5 28)

3-2.4 Acceptance Test

23
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parameter for which a value will be either measured
or estimated; refer to Sections 5 and 7). Parameters
with a relative sensitivity coefficient greater than 5%
of the value of the maximum sensitivity coefficient
are considered critical parameters. All critical param-
eters should be measured using accurate instruments.
These instruments should be selected and calibrated
in accordance with the criteria in Section 4. However,
proper mstallatlon of the mstruments and proper

for econgmies in conducting the test by identifying
parametdrs that are less critical to attainment of tar-
get test uncertainties. These parameters might then be
candidatgs for measurement by lower quality instru-
ments arld/or the existing plant instrumentation, or
they might be considered for estimation of values
rather thin measurement.

Section| 7 provides guidance for conducting uncer-
tainty anflysis including determination of sensitivity
coefficients.

3-2.5.2| Pretest Checkout. Prior to initiating the test,
the following actions must be taken to ensure the steam
generatoy is ready for the test and to help avoid prob-
lems thatfmight invalidate the test:

(a) Parties shall agree that the fuel, sorbent, and addi-
tives to be used during the test are satisfactory for the
test (refer] to Nonmandatory Appendix E).

(b) Anly departures from standard or previously
specified| conditions in the physical state of\equip-
ment, clepnliness of heating surfaces, fuel characteris-
tics, or stpbility of load must be noted and, corrected if
possible.

(c) A domplete record shall be made; fully identify-
ing the equipment to be tested and,the selected testing
method.

(d) Alllinstruments must be checked for proper instal-
lation andl for operability.

(e) Patties to the test.$hall agree that the steam gen-
erator is [ready for_testing (i.e., that its configuration
and condjitions conform to those specified in the pretest
agreemerft).
tiori_to these mandatory actions, the entire

mal air infiltration. Air heater internal leakage should
also be checked (refer to ASME PTC 4.3). Mechanical
discrepancies that may contribute to excessive leakage
should be corrected prior to the test.

3-2.5.3 Preliminary Run. A preliminary run should
be made for the following purposes:

(a) determining whether the steam generator and the
overall plant are in a suitable condition for conducting
the test

24

(b) making minor adjustments that were not fore-
seen during preparation for the test, establishing proper
combustion conditions for the particular fuel and fir-
ing rate to be employed, and confirming that specified
operating conditions and stability (in accordance with
para. 3-2.6.1) are attainable

(c) checking instruments

(d) verifying attainability
uncertamty

of the target test

ity, test instruments, and procedures

After a preliminary run has been made,~it\m{
declared a test run if agreed to by the parties to the
provided all the requirements of a test run|have beery

3-2.6 Method of Operation DuringTest

3-2.6.1 Stability of Test Conditions. Prior to anjy test
run, the equipment must be opérated for a sufficienf time
to establish steady-state eonditions. Steady-state ome-
times implies that all iriput and output characterfstics,
as well as all internaglicharacteristics, do not vary|with
time. This definition of steady-state is overly restrjctive
for the purposes of this Code. Steady-state is defingd by
this Code as ari operating condition in which the system
is at thermakand chemical equilibrium.

The criterion for thermal equilibrium is that, djiring
the period of the test, there is no net change in efergy
stored inside the steam generator envelope. Energly can
be' stored in the water and steam, and in metal, r¢frac-
tories, and other solid materials within the steam| gen-
erator. If the steam generator is at thermal equilijrium
during the test, the average input and average optput
can be properly calculated and compared. For cir¢ulat-
ing fluidized bed units, thermal equilibrium incjudes
the requirement that size equilibrium of the re¢ircu-
lating solids be established. The ultimate criterign for
steady-state is that the average of the data during the
test represents equilibrium between the fuel inpuf and
steam generator output.

Fluidized bed units that utilize limestone or
sorbent for reducing sulfur (or other) emissions |have
a large inventory of reactive material that must peach
chemical equilibrium, including the recycled material
from hoppers and hold-up bins. To achieve equilijrium
between the calcium oxide (CaO) in the unit and qulfur
in the fuel (sulfation), the sorbent-to-fuel ratio dpring
the stabilization period shall be maintained withinf +5%
of the targeted ratio for the test.

The following are minimum pretest stabilization times
typically required for various types of units:

(a) pulverized-coal and gas/oil-fired units: 1 hr

(b) stoker units: 4 hr

(c) fluidized bed units: 24 hr to 48 hr

The purpose of the pretest stabilization period is to
establish thermal, chemical, and recirculated material
size equilibrium of the system at the test conditions.
Minor adjustments to operating conditions are permitted

pther

(
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Fig. 3-2.6.1-1

Illustration of Short-Term (Peak to Valley)

Fluctuation and Deviation From Long-Term (Run) Average
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as lophg as they do not interfere with safe operation.
Howgver, the entire steam generator should be essen-
tially| at test conditions throughout the entire stabiliza*
tion period. The actual stabilization time required will
depend upon the specific unit operating characteristics
and the quality of the control system. Table.3:2!3-1 pro-
videq criteria for stability of operating parameters that
are indicative of units which have reaghed equilibrium.
For fluidized bed units that use an.inert bed material
such s sand, the stoker unit critetria-should be used. For
fluidjzed bed units that havesalready been operating at
the specified sorbent/fuel ratio for at least 24 hr, a 4-hr
stabilization period is sdfficient as long as the stability
criterfia of Table 3-2.3-1:are met.

Stebility is attained-when the agreed upon pretest
stabilization period’has been completed and monitor-
ing ihdicates¢the controlled and dependent parameters
are naintained within agreed upon maximum operat-
ing garanteter deviations. The pretest agreement shall
inclufdea table of allowable maximum variations in oper-

Time ——

Duration of run ——&—no—»

mechanical equilibrium. Monitoring the diljite phase
pressure drop provides a good indicator. Sinde relative
changes are sought, plant instrumentation is gcceptable
for these trend measurements.

All parameters in Table 3-2.3-1, and any dther con-
ditions designated by the parties to the test|in which
variations might affect the results of the test, should be,
as nearly as possible, the same at the end of the run as
at the beginning. However, the primary criferion for
steady-state is that the average of the data reflects equi-
librium between input from fuel and steam generator
output. Thus, gradual changes in the critical pperating
parameters over a significantly long test perigd are not
necessarily grounds for rejecting a test.

During a complete test run, each observatjon of an
operating condition shall not vary from the| reported
average for that operating condition by njore than
the allowable value under the “Deviation Fr¢m Long-
Term” column of Table 3-2.3-1, and the maxinpum vari-
ation between any peak and an adjacent Varllley in the

ating parameters similar to Table 3-2.3-1. Values shown
in Table 3-2.3-1 are typical and may be used directly or
modified by agreement between parties to the test. For
units utilizing limestone or other sorbent for reducing
sulfur emissions, the SO, should be monitored continu-
ously and used as an indication of chemical equilibrium
between the bed and recycled material (i.e., the SO,
trend should be reasonably flat). For circulating fluid-
ized bed units, complying with the pretest stabilization
period is the primary means of assuring chemical and

data shall not exceed the limit shown in the “Short-Term
Fluctuation” column. An illustration of the application
of these limits is provided on Fig. 3-2.6.1-1. These limits
may be modified by the parties to the test but, in any
event, the established limits shall be tabulated in the
pretest agreement. If operating conditions vary during
any test run beyond the limits prescribed in that table,
the test run is invalid unless the parties to the test agree
to allow the deviation. Any such allowed deviations
shall be explained in the test report.
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Table 3-2.6.2-1
Type of Steam

Minimum Test-Run Duration

Energy Balance, Input-Output,

Generating Unit hr hr
Gas/oil 2 2
Stoker 4 10
Pulverized coal 2 8
Fluidized bed 4 8

maximum deviation of critical operating parameters.
Communications between the test operations coordina-
tor and the operator(s) should be such that, except under
emergency operating situations, the test operations coordi-
nator is consulted prior to changing operating parameters.

If sootblowing would normally be used during the
period of a test run, it should be used during the conduct
of each test run. The pretest agreement shall define the
sootblowing plan for each run. Any sootblowing con-
ducted during a test run shall be recorded and included

3-2.6.2| Duration of Test Runs. The duration of a test
run must|be of sufficient length that the data reflects the
average dfficiency and/or performance of the unit. This
includes [consideration for deviations in the measur-
able parameters due to controls, fuel, and typical unit
operating characteristics. The test duration shall not be
less than that tabulated in Table 3-2.6.2-1.

The chief-of-test and the parties to the test may deter-
mine thata longer test period is required. The minimum
times shown in Table 3-2.6.2-1 are generally based upon
continuoys data acquisition and utilization of compos-
ite gas sgmpling grids. Depending upon the personnel
available jand the method of data acquisition, it may be
necessary| to increase the length of a test to obtain a suf-
ficient number of samples of the measured parameters to
achieve tHe required test uncertainty. When point-by-point
traverses pf large ducts are utilized, the test run should be
long enoygh to complete at least two full traverses. Test
runs using blended or waste fuels may also require longer
durations]if variations in the fuel are significant.

The dufation of runs to determine the maximum shert
period oufput, when the efficiency is not to be determined,
shall be s¢t by agreement of the parties to the test:

The acfual duration of all runs from which the final
test data qire derived shall be recorded.

3-2.6.3| Considerations for Conductingthe Test. Each
test run ghould be conducted With the steam generator
operatinglas closely as possible to the specified conditions
to avoid the application ofieorrections to the test results
or to minjmize the magnitude of the corrections. Critical
considerations include'type of fuel, flow rates, pressures,
and templeratures_For stoker and fluidized bed units, it
is particufarly important to maintain constant coal qual-
ity and size distribution to ensure stability of operating
conditionk. Eor nini ili
ratio (Ca/S molar ratio) is also particularly important.

The pretest stabilization period, deviation of critical
parameters during the test period, and criteria for rejec-
tion of tests are defined by the criteria in para. 3-2.6.1.

A test operations coordinator should be assigned to
facilitate communication between the steam generator
operator(s) and the parties to the test. The steam genera-
tor operator(s) should be apprised of his responsibilities
with respect to the test. This includes the requirements
of the pretest stabilization period as well as the specified

26

in the analysis of the test results.

For stoker-fired units with a stationary .grate| it is
essential that major cleaning and conditioninig-of the fuel
bed be accomplished some time before the,run starts and
again the same length of time before thie nun is comp]eted.
Normal cleaning of the fuel bed is<permitted durirfg the
run. The ash pit must be emptied €ither just after the ini-
tial and final cleaning and coriditioning of the fuel Hed or
just before the start and end’ef-the run so that the quantity
of residue corresponds to the quantity of fuel burnefd.

In the case of runs tg-determine the maximum ofitput
at which the unit<¢an be operated for a short periogl, the
run should be §tarted as soon as the maximum opitput
is reached and continue until the specified duratipn of
the run js reached unless conditions necessitate tprmi-
nating the run earlier. Refer to para. 3-2.6.2, Duratijon of
Test:Ruins.

3-2.6.4 Frequency of Observations. The follgwing
measurement and sampling frequencies are rqcom-
mended for use during a test. The frequencies may be
increased or decreased based on a pretest uncerfainty
analysis. Refer to Sections 4, 5, and 7 for addifional
information.

(a) Readings should be taken at intervals of 13 min
or less for all measurements except quantity megsure-
ments. Continuous monitoring is permissible.

(b) If the amount of fuel or feedwater is deternphined
from integrating instruments, the readings should be
taken at 1-hr intervals.

(c) If the quantities to be determined are weighed,
the frequency of weighing is usually determined Hy the
capacity of the scales, but the intervals should be|such
that a total can be obtained for each hour of the te

(d) When differential pressure measurement dgdvices
are used with venturi tubes, flow nozzles, or drifice
nlates fn medsure-
ments, the flow-indicating element should be read at
intervals of 5 min or less.

(e) Fuel and residue samples should be taken in
accordance with guidance in Section 4.

3-2.6.5 Performance Curves. If runs are made at dif-
ferent outputs, curves may be drawn to relate the test
parameters to output. Such curves are useful in apprais-
ing the performance of the unit, because the desired out-
puts are seldom exactly obtained during the test. If there

(
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are enough test points to establish characteristic curves,
the performance corresponding to intermediate levels of
output may be read from the curves.

3-2.7 Corrections to Test Results

Operating conditions at the time of the test may dif-
fer from the standard or specified conditions that were
used to establish design or guarantee performance lev-
els. Section 5 provides methods for applying corrections

be used in conjunction with the following ASME
Performance Test Codes and Supplements on Instruments
and Apparatus and other pertinent publications for
detailed specifications on apparatus and procedures
involved in the testing of steam generating units. These
references are based upon the latest information avail-
able when this Code was published. In all cases, care
should be exercised to refer to the latest revision of the
document.

duril 5 l.l LS LdlLuIdliUll UI st ].Cbull.b O 4dCCOUIlt [Ul llldlly
of the¢se differences. Correction factors may be obtained
from|various sources such as tables, correction curves,
or mhnufacturer’s design data. Parties to the test shall
recorf their agreement on the sources of any correction
factofs to be used and the methods for their application.
Sectipn 5 also provides a method for calculating the
unceftainty of corrected results.

3-2.8 Records and Test Reports

Computer data logging is preferred to manual record-
ing, grovided all required points are recorded. Following
completion of the test, a permanent record of the data
shall[be submitted in a mutually agreed upon format to
each party of the test.

Arnly manually recorded data shall be entered on previ-
ously prepared forms that constitute original log sheets
and ghall be authenticated by the observers’ signatures.
Each|party to the test shall be given a complete set of
unalfered log sheets, recorded charts, or facsimiles. The
obsegvations shall include the date and time of day.
They|shall be the actual readings without applidation of
any nstrument calibration corrections. Thexleg sheets
and gny recorded charts constitute a complete record of
the tgst. It is recommended that sufficient space be left at
the bpttom of each log sheet to recerd average reading,
correktion for instrument calibration, and conversion to
desirpd units for calculations,

Refords made during tests-must show the extent of
fluctfations (i.e., minimdum and maximum values of
instriiment readings) ef the instruments so that data will
be avfailable for usein determining the influence of such
flucthations on the-uncertainty of calculated results.

Evpry event connected with the progress of a test,
howdver unitnportant it may appear at the time, should
be reforded on the test log sheets together with the time
of ocgurrénce and the name of the observer. Particular

3-3.1 ASME Performance Test Codes

ASME PTC 1, General Instructions

ASME PTC 2, Definitions and Values

ASME PTC 4.2, Coal Pulverizers

ASME PTC 4.3, Air Heaters

ASME PTC 4.4, Gas Turbine leat Recovery Stgam
Generators

ASME PTC 6, Steam Turbines

ASME PTC 6.2, SteantJurbines in Combined €ycles

ASME PTC 10, Cempressors and Exhausters

ASME PTC 11, Fans

ASME PTCA9, Test Uncertainty

ASME PTQ 19.2, Pressure Measurement

ASMEPTC 19.3, Temperature Measurement

ASME.PTC 19.5, Flow Measurement

ASME PTC 19.6, Electrical Measurements in Ppwer
Circuits

ASME PTC 19.10, Flue and Exhaust Gas Analyses

ASME PTC 19.11, Steam and Water Sampling,
Conditioning, and Analysis in the Power Cycle

ASME PTC 21, Particulate Matter Collection
Equipment

ASME PTC 22, Gas Turbine

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

Publisher: The American Society of Mechanical
Engineers (ASME), Two Park Avenue, New|York, NY
10016-5990; Order Department: 22 Law Dyrive, P.O.
Box 2900, Fairfield, NJ 07007-2900 (www.asnpe.org)

3-3.2 ASTM Standard Methods

ASTM C25, Standard Test Methods for Chemig¢al
Analysis of Limestone, Quicklime, and Hydrated
Lime

ASTM D95, Standard Test Method for Water i

care should be taken to record any adjustments made to
any equipment under test, whether made during a run
or between runs. The reason for each adjustment shall
be stated in the test record.

3-3 REFERENCES TO OTHER CODES AND
STANDARDS

The necessary instruments and procedures for making
measurements are prescribed in Section 4 and should

Petroleum Products and Bituminous Materials by
Distillation

ASTM D240, Standard Test Method for Heat of
Combustion of Liquid Hydrocarbon Fuels by Bomb
Calorimeter

ASTM D346 /D346M, Standard Practice for Collection
and Preparation of Coke Samples for Laboratory
Analysis

ASTM D482, Standard Test Method for Ash From
Petroleum Products
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ASTM D1298, Standard Test Method for Density,
Relative Density, or API Gravity of Crude Petroleum
and Liquid Petroleum Products by Hydrometer
Method

ASTM D1552, Standard Test Method for Sulfur in
Petroleum Products (High-Temperature Method)

ASTM D1826, Standard Test Method for Calorific
(Heating) Value of Gases in Natural Gas Range by
Continuous Recording Calorimeter

ASTM D1945, Standard Test Method for Analysis of

ASTM D5373, Standard Test Methods for Instrumental
Determination of Carbon, Hydrogen, and Nitrogen
in Laboratory Samples of Coal

ASTM D5865, Standard Test Method for Gross Calorific
Value of Coal and 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 Dealing With
Outlying Observations

Naturgl Gas by Gas Chromatography

ASTM D2013, Standard Practice for Preparing
Coal Sgmples for Analysis

ASTM D2234, Standard Practice for Collection of a
Gross $ample of Coal

ASTM D2492-90, Standard Test Method for Forms of
Sulfur in Coal

ASTM D3174, Standard Test Method for Ash in the
Analydis Sample of Coal and Coke from Coal

ASTM D3176, Standard Practice for Ultimate Analysis
of Coa] and Coke

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

ASTM D3180-89, Standard Practice for Calculating Coal
and Cqke Analyses From As-Determined to Different
Bases

ASTM D]
in Coa

ASTM D]
Value,

302, Standard Test Method for Total Moisture

588, Standard Practice for Calculating Heat

(Compressibility Factor, and Relative Density
of Gas¢ous Fuels

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

ASTM D4239, Standard Test Method for Sulfurin the
Analydis Sample of Coal and Coke Using High
Tempefature Tube Furnace Combustion

ASTM D4326, Standard Test Method(for-Major and
Minor [Elements in Coal and Cgke Ash By X-Ray
Fluoregcence

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

ASTM D%142, Standard-Test Methods for Proximate
Analydis of the{Analysis Sample of Coal and Coke by
Instruthental-Rrocedures

ASTM D§287;Standard Practice for Automatic
Samplinglof Gaseous Fuels

Publisher: American Society for Testing and Matprials
(ASTM International), 100 Barr Hambor Iprive,
P.O. Box C700, West Conshohocken, {PA"19428}-2959
(www.astm.org)

3-3.3 IEEE Standard

120-1989, IEEE Master JTestY Guide for Eledtrical
Measurements in Poweér-Qlircuits

and Electrjonics
y, NJ

Publisher: Institute~of Electrical
Engineers, Inc.{JEEE), 445 Hoes Lane, Piscatawz
08854 (wwwiieee.org)

3-3.4 IS0 Standard

ISO 5167-1, Measurement of fluid flow by meaps of
pressure differential devices inserted in cifcular
¢ross-section conduits running full — Part 1: Ggneral
principles and requirements

ardi-
Voie-
20,

Publisher: International Organization for Stang
zation (ISO) Central Secretariat, 1, ch. de la
Creuse, Case postale 56, CH-1211 Genevg
Switzerland /Suisse (www.iso.org)

3-4 TOLERANCES AND TEST UNCERTAINTIES

bs are
shall
with
es of

Tolerances or margins on performance guarante
not within the scope of this Code. The test results
be reported as computed from test observations,
proper corrections for calibrations. The uncertaint|
the test results shall be calculated in accordance|with
Sections 5 and 7. The calculated uncertainties shall be
reported with the results of the test, and the uncerfainty
analysis shall be part of the record of the test. Test yncer-
tainties are to be used only for evaluating the qua]Tty of
the test
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Section 4
Instruments and Methods of Measurement

4-1 GUIDING PRINCIPLES

(j) sulfur capture/retention

This Section provides guidance in test measurement.
When planning a test, the engineer has many choices
regaiding the parameters to be measured, the method
of mleasurement, calculations, assumptions, and val-
ues for any assumed variables. Because the technol-
ogy ¢f test measurement is constantly improving, this
Cod¢q permits flexibility in the design and selection of
test ihstrumentation, yet maintains a prescribed quality
level| A test can be designed within the guidelines pro-
vided here to suit the particular needs and objectives of
all pgrties to the test.

This Section addresses the following three items:

(a)| For each Code objective, the parameters needed
to compute the final result are identified.

(b)| The relative importance of each parameter is indi-
cated, and several methods for quantifying the param-
eter gre identified.

(c)| Appropriate systematic uncertainties are sug-
gested for each method used to measure the required
eters.

Codd, where there is a choice amongzseveral methods, a
prefefred method is identified. If a preferred procedure is
not s¢lected, the increased systematic uncertainty is quan-
tified| for the chosen method. Subsection 7-5 discusses
methpds for estimating such systematic uncertainties.
Systematic uncertainties\shall be agreed by all parties to
the tgst.

4-2 | DATA REQUIRED

This Code'addresses the methodology to determine sep-
arate|performance characteristics including the following:

(k) calcium-to-sulfur molar ratio
(I) fuel, air, and flue gas flows
Tables 4-2-1(a) through 4-2-12 listthe pprameters
required to determine each of these\pefformgnce char-
acteristics for typical units as defined by the Steam
Generator System Boundaries™om Figs. 1-4-1 through
1-4-7 in Section 1. Each table lists the parametergrequired,
their relative importance;{and the paragraph in this
Section covering the applicable measurement procedure
for the specific measurement/test objective. The user of
this Code is responsible for identifying any features of
the unit to bestested that are not included in the typical
examples anidyfor applying the principles of thi§ Code for
measuririg'the appropriate parameters to accorhplish the
objective-of the test.
Onthe line with the major parameter, th¢ “typical
influence” and “typical source” entries reldte to the
major parameter. Typical sources are measurgd, calcu-
lated, or estimated. “Measured” is intended tp indicate
the parameter as determined from direct obsefvation of
a physical property such as voltage in a thermdcouple or
flow from a measured differential pressure. “Cglculated”
indicates the parameter is inferred from other mea-
sured parameters and calculated based on engineering
principles. Some examples are flow calculqted from
an energy balance or a flow determined by difference.
“Estimated” indicates that the value of the parameter
is estimated or agreed to by the parties to the test. In
general, “estimated” means that a reasonablg order of
magnitude estimate can be made based on ekperience
from similar units, or, preferably, on previoup tests on
the unit. Examples are a contractually agreed ash split
or radiation loss.
In these tables, the “Typical Influence” colimn des-
ignates those parameters that typically have¢ a major
(primary) effect on the result and those itemp that are
required but have a lesser (secondary) effect on result.

(a) efficiency

(b) output

(c) capacity

(d) steam temperature/control range

(e) exit flue gas and air entering temperatures
(f) excess air

(g) water/steam pressure drops

(h) air/flue gas pressure drops

(i) air infiltration

29

In some cases, the general parameter may have a sec-
ondary impact on the results, but the items required
to determine the parameter have a primary impact on
the parameter itself. For example, see “Unburned H, in
Residue” in Table 4-2-1(a).

The “Typical Source” column identifies accept-
able options for determining the parameter. These
options are “measured,” “calculated,” and “estimated.”
“Typical” indicates what is usual or common industry

(
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Table 4-2-1(a) Parameters Required for Efficiency Determination by Energy Balance Method:

Energy Losses

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
QpLDFg Dry Gas 5-14.1 PRI M
Fuel analysis 4-12.3 PRI M -
% 0, in flue gas 4-13.4 PRI M See Table 4-2-6
FlUe gas temperature 403 PRI v See 1abte 4-2-5
QpLH2F Water Formed From the Combustion of
H, in the Fuel 5-14.2.1 PRI M
Fuel analysis 4-12.3 PRI M .. b
Flue gas temperature 4-4.3 PRI M See Table 4-2-5
QpLWF Water in a Solid or Liquid Fuel e e e
Fuel analysis 5-14.2.2 PRI M
Flue gas temperature 4-12.3 PRI M -
4-4.3 PRI M See Table 4-2-5
QpLWvF Water Vapor in a Gaseous Fuel 5-14.2.3 PRI M
Fuel analysis 4-12.3 PRI M e
Flue gas temperature 4-4.3 PRI M See Table 4-2-5
QpLWA Moisture in Air 5-14.3 SEC M/E
Fuel analysis 4-12.3 PRI M .
Flue gas O, 4-13.4 PR} M See Table 4-2-6
Dry-bulb temperature 4-15 RRY M
Wet-bulb temperature 4-15 PRI M
or relative humidity 4-15 PRI M
Barometric pressure 4-5.5 SEC M ..
Flue gas temperature 4-4.3 PRI M See Table 4-2-5
QpLUbC Unburned Carbon in Residue 5:14.4.1 PRI M/E
Fuel analysis 4-12.3 PRI M
% carbon in residue 4-12.3.5 PRI M
Residue split 4-7.8 PRI M/E
Sorbent analysis 4-12.3 PRI M ..
Sorbent rate 4-8 PRI M See Table 4-2-12
Fuel rate 4-7.5 PRI C/M -
% CO, in residue 4-12.3 PRI M See Table 4-2-10
S0,/0, influe gas 4-13.4 PRI M
QpLH2Rs Unburned H, in Regidue 5-14.4.2 SEC E Normally zero
Items for QpLUbLE . PRI M See QpLUbC,
% H, in residue 4-12.3 PRI M Table 4-2-1(a)
QpLco CO in Flue Gas 5-14.4.3 SEC M/E v
Items for excess air . PRI M See Table 4-2-6
CO'in flue gas 4-13.3 PRI M
QpLPr Pulverizer Rejects 5-14.4.4 SEC E
Pulverizer rejects rate 4-7.5 PRI M/E
Pulverizer rejects analysis 4-12.3 PRI M/E
Pulverizer outlet temperature 4-4.3 PRI M e
Fuel rate 4-7.7 PRI C/M See Table 4-2-12
Fuel analysis 4-12.3 PRI M
QpLUbHc Unburned Hydrocarbons in Flue Gas 5-14.4.5 SEC E
Hydrocarbons in flue gas 4-13.4 PRI M
HHV of reference gas PRI M
QpLRs Sensible Heat of Residue 5-14.5 PRI M/E
Residue split 4-7.8 PRI M/C/E
Temperature of residue 4-4.5.1 PRI M
30
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Table 4-2-1(a) Parameters Required for Efficiency Determination by Energy Balance Method:

Energy Losses (Cont’d)
Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
QplAq Hot Air Quality Control Equipment 5-14.6 PRI M
Flue gas temperature entering 4-4.3 PRI M .
Flue gas temperature leaving 4-4.3 PRI M See Table 4-2-6
5O, M TiUe gas entermg 4134 PRI v See Tabte 442-6
% 0, in flue gas leaving 4-13.4 PRI M See Table'42-12
Wet gas weight entering 5-12.9 PRI C SeeTable 4{2-12
Wet gas weight leaving 5-12.9 PRI C
QplALg Air Infiltration 5-14.7 SEC M Normally N/A
Infiltrating airflow 5-14.7 PRI M See Table 4{2-12
Infiltrating air temperature 4-4.3 PRI 1] -
Exit gas temperature 4-4.3 PRI M See Table 42-6
QpLNOx Formation of NO, 5-14.8 SEC MYE
NO, in flue gas 4-13.4 PRI W/E -
Wet gas weight 5-12.9 PRI C See Table 4{2-12
QrLSkc Surface Radiation and Convection e e e cee
Steam generator surface area 5-14.9 PRI M/E Normally estipnated
Local ambient air temperature e PRI C based on sufface
Local surface temperature 4-4.3 PRI M/E area withjn
Local surface air velocity 4-4.3 PRI M/E envelopg.
4-7 PRI E See para. 5{14.9
QrLWAd Additional Moisture 5-14.10: SEC M/E
Mass flow of moisture 4-7%4 PRI M/E -
Flue gas temperature 44.3 PRI M See Table 42-5
Feedwater pressure 4-5.4 SEC M
Feedwater temperature 4-4.4 PRI M -
Fuel flow 4-7.5/4-7.7 PRI C/M See Table 4{2-12
QrLClh Calcination/Dehydration of Sorbent 5-14.11 PRI ]
Sorbent analysis 4-12.3 PRI M e
Fuel rate 4-7.5/4-7.7 PRI C/M See Table 4{2-12
% carbon in residue 4-12.3 PRI M
% CO, in residue 4-12.3 PRI M
Residue split 4-7.8 PRI M/E .
S0,/0, in flue'gas 4-13.4 PRI M See Table 4{2-10
QrLWSb Water in Sgrbent 5-14.12 SEC M
Sorbent analysis 4-12.3 PRI M e
Flde‘gas temperature 4-4.3 PRI M See Table 42-5
QrLAp Estimated Radiation to the Wet Ash Pit 5-14.13.2 SEC E Normally estimated.
See para. 5-14J13.1 for
parameters requfred when
measurefl.
QrLR Recycled Streams 5-14.14 SEC M
Recycle flow 4-7 PRI M/E .
Recycle temperature entering 4-4.3 PRI M See Table 4-2-5
Recycle temperature leaving 4-4.3 PRI M
QrLCw Cooling Water 5-14.15 SEC M/E
Cooling water flow rate 4-7.4 PRI M/E
Temperature of water entering 4-4.4 PRI M
Temperature of water leaving 4-4.4 PRI M -
Fuel rate 4-7.5/4-7.7 PRI C/M See Table 4-2-12
31
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Table 4-2-1(a) Parameters Required for Efficiency Determination by Energy Balance Method:

Energy Losses (Cont’d)
Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
QrLAc Internally Supllied Air Preheat Coil 5-14.16 SEC M
APC condensate flow rate S e S
APC condensate temperature 4-7.4 PRI M/C
AP\_ LUIIL:CIIDGLE PICDDUIE '-}"-’0-.’-’#- PR: I.VAI
Feedwater temperature 4-5.4 PRI M
Feedwater pressure 4-4.4 PRI M
4-5.4 SEC M
NOTES:

(1) Typicallinfluence: PRI = primary, SEC = secondary.
(2) Typicallsource: M = measured, C = calculated, E = estimated.

practice fpr this measurement. In many cases, the typical
source chpoice may not be relevant for a particular unit;
the test ¢ngineer’s responsibility is then to choose a
method that is consistent with the principles of this
Code.

The defermination of some parameters such as flue
gas constjtuents can be extensive. Either a table or por-
tion of a fable is devoted to these types of parameters.
When th¢se items are required to determine other char-
acteristicy, the general parameter is noted, and the appli-
cable tablp referenced. When sorbent is used, parameteérs
related td sorbent are grouped separately starting-with
“Sorbent | Analysis” and separated within theé\major
parametefr with a line.

4-3 GENERAL MEASUREMENT REQUIREMENTS

The m¢thods for obtaining the required data deter-
mine the|quality of the test. There are usually several
ways to fneasure any giveri\parameter. Each of these
ways haq inherent measyiement errors attributable to
both the process involved and the measurement system
used. Thq test engineer-must take all of this into account
when dedigning the test program.

The m¢thodtef obtaining the data typically involves
the use ¢f @ Measurement system. This measurement
system cdnsists of the following four parts:

and stored electronically, or is sent to a chart recorder or
analog meter.

4-3.1 Type-of‘ Equipment/Installation

In genéral, measuring equipment should be selpcted
to minimize test uncertainty. In particular, cyitical
parameters should be measured with instrument$ that
have sufficient accuracy to ensure that target unceftain-
ties will be achieved. Typical station recording irpstru-
ments are designed for reliability and ease of us¢ and
maintenance, rather than for accuracy. Therefore, mea-
surements made by station recording instrumenty may
increase test uncertainty beyond agreed limitg All
instruments must be checked to verify that they afe the
specified type, properly installed, working as designed,
and functioning over the range of input expected.

4-3.2 Calibration

The parties to the test shall agree on which instrurhents
will be calibrated for the test. This Code requires| that,
at a minimum, relevant components of all instrumenta-
tion loops have been initially aligned (the zero offspts or
spans have been adjusted to their respective spedifica-
tions). Calibrations prior to and following the tests{shall

be against standards whose calibrations are trageable
to the National Institute of Standards and Techn logy

(a) primary element

(b) sensing device

(c) data collection/measurement device

(d) data storage device

The primary element provides access or causes an
effect that the sensing device measures, typically by con-
verting it to a proportional electrical signal. This elec-
trical signal is then either converted to a digital value
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(NIST) or other recognized international standard. All
measurements should be corrected for any calibrations
before use in the performance calculations; otherwise,
the systematic uncertainty estimate must be increased
to the reference accuracy plus other systematic uncer-
tainty influences described below. Reference accuracy is
the systematic uncertainty a user may expect to achieve
in the absence of a calibration after the instrument is
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Table 4-2-1(b) Parameters Required for Efficiency Determination by Energy Balance Method:

Energy Credits
Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
QpBDA Entering Dry Air 5-15.1 PRI M cee
Entering air temperature 4-4.3 PRI M See Table 4-2-5
Excess air 5-11.4 PRI M See Table 4-2-6
raetdrndtysis 4-172.5 FPKI Vi -]
Unburned carbon 5-10.4 SEC M/E See’QpLUbLC
Sulfur capture 5-9.5 PRI M See.Tablg 4-2-1(b)
See Table 4-2-10
QpBIWA Moisture in Entering Air 5-15.2 SEC M/E
Items for QpBDA .. PRI M
Moisture in air 4-15 PRI M7E
Dry-bulb temperature 4-15 PRI W
Wet-bulb temperature 4-15 PRI M
or relative humidity 4-15 PRI M
Barometric pressure 4-5.5 SEC M
QpB Sensible Heat in Fuel 5-15.3 SEC M
Fuel analysis 4-12.3 PRI M
Fuel temperature entering 4-4 PRI M/E
QpB3lf Sulfation 5-14.4 PRI M .
S0,/0, influe gas 4-13 PRI M See Table 4-2-10
Fuel analysis 4-12.3 PRI M
Sorbent analysis 41273 PRI M
Sorbent rate 4-7.7 PRI M .
Fuel rate 4-7.5 PRI C/M See Table 4-2-12
% carbon in residue 4-12.3 PRI M
% CO, in residue 4-12.3 PRI M
QrBX Aucxiliary Equipment Power 5-15.5 SEC M/C/E
Steam driven equipment .. . ..
Mass flow of steam 4-7.4 PRI M
Entering steam pressure 4-5.4 PRI M
Entering steamdenmperature 4-4.4 PRI M
Exhaust pressure 4-5.4 PRI M
Drive efficiency NA PRI E/M
Electrical’driven equipment
For(largé motors: . . ce.
Watt hour reading NA PRI M
Drive efficiency NA PRI E/M
For small motors: ... ... ...
Volts NA SEC M
Amps NA SEC M
QrBSp Sensible Heat in Sorbent 5-15.6 SEC M
Sorbent rate 4-7.5 PRI M
Sorbent temperature 4-4.5 PRI M
QrBWAd Additional Moisture 5-15.7 SEC M/E
Mass flow rate - . -
Entering temperature 4-7.4 PRI M
Entering pressure 4-4.4 PRI M
4-5.4 PRI M
NOTES:

(1) Typical influence: PRI = primary, SEC = secondary.

(2) Typical source: M = measured, C = calculated, E = estimated.

(
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Table 4-2-2 Parameters Required for Efficiency Determination by Input—Output Method

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
QrF Heat Input From Fuel 5-5 PRI M
Fuel rate 4-7.5/4-7.7 PRI M
Heating value of fuel 4-12 PRI M
Fuel analysis 4-12.13 PRI M
ﬁnflr_ull- [~/ PRI C Sea Tahlg 4.2 3
NOTES:

(1) Typicallinfluence: PRI = primary, SEC = secondary.
(2) Typicallsource: M = measured, C = calculated, E = estimated.

initially aldjusted in accordance with the manufacturer’s
specificatjon. This systematic uncertainty is reduced
when adjlistments are made to an instrument to align it
to a refer¢gnce standard. The systematic uncertainty then
becomes |the accuracy of the reference standard used
plus other systematic uncertainty influences. These
influencep may include environmental influences on the
instrument as well as systematic uncertainty introduced
due to nonuniformity of measured medium.

Certair] instrumentation should be calibrated imme-
diately pfior to and immediately following the testing
period tof determine the amount of drift. If the pretest
and postttest calibrations differ, the amount of drift
shall be determined and one-half added to the systern:
atic uncertainty estimate for the instrument. Drift is
assumed [to be linear with time. Therefore, the"average
of the pretest and post-test calibrations shall be tsed for
the calibrption value.

Ingenefral, thebestmethodology for calibrating the test
instrumeptation is to calibrate the entife system. This is
accompliphed by introducing a knlowh input to a sensing
device and comparing the result oh the recording device
to the knpwn value. An example of this is the introduc-
tion of a [known pressure to a transmitter mounted at
its measfirement locgtipn and connected to the data
acquisitign, measurement, and recording system.
Using thjs approdeh, effects of the installation such
as a highttemperature environment or wiring connec-
tions are|thus-included in the calibration experiment.

reference accuracy. The temiperature-sensing device
should be calibrated against a standard that has g cali-
bration traceable to the{NIST or other internatignally
recognized standard)The sensing element should be
compared to atleast four different temperaturesf The
temperatures/selected for calibration should spap the
range of theé.anticipated values expected during th¢ test.
Thermodouples must be heat soaked prior to calibra-
tion togensure that shifts in output do not occur|after
calibration.

4-3.2.2 Pressure or Differential Pressure. | The
sensing device should be calibrated with an NIST
traceable pressure standard at five different |pres-
sures. The pressures should be recorded at amos-
pheric (zero), 25% full scale, 50% full scale, 75% full
scale, and full scale. The pressure should be recqrded
at each point while pressure is increased and ggain
while pressure is decreased and the average sHould
be used. The difference should be considered ih the
systematic uncertainty estimate.

4-3.2.3 Flue Gas Analysis. Analyzers usefl to
measure oxygen, carbon monoxide, oxides of pitro-
gen, and total hydrocarbons shall be calibrated ignme-
diately prior to a test, and calibration shall be chgcked
for drift immediately following a test. These calibra-
tions are performed using certified calibration gases
for zero, full span, and midpoint. Calibration gases

AI‘ly calibratiorrstroutdbe Pclfuuutd Fta oot
three different points bracketing the highest and low-
est value in the range expected to be measured during
the test.

4-3.2.1 Temperature. Temperature-sensing devices
can be calibrated when it is desired to reduce the uncer-
tainty of the parameter. The level of the standard (inter-
laboratory, transfer, etc.) used in the calibration sets the

must be EPAProtocol T quality gases or gases that have
been compared to EPA Protocol I gases on a calibrated
analyzer. Additionally, no calibration gas shall be used
when the pressure in the cylinder is lower than 100 psi
to ensure that atmospheric air does not contaminate it.
The calibration gas used for full span standard must
exceed the largest expected value by 10%. The span gas
used for the post-test calibration check must exceed
the largest measured value by 10%. If the analyzer is
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Table 4-2-3 Parameters Required for Capacity Determination

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
Qro Output 5-4 PRI C
Saturated steam generator 5-4.1.1 e -
Saturated steam flow 4-7.4 PRI M
Feedwater flow 4-7.4 PRI M
Blowdown flow 5-4.5 PRI M/E
Extraction flow 4-7.4 PRI M
Saturated steam pressure 4-4.4 PRI M
Feedwater temperature 4-4.4 PRI M
Feedwater pressure 4-5.4 SEC M
Superheated steam generator 5-4.1.2
Main steam flow 4-7.4 PRI M
Feedwater flow 4-7.4 PRI M
Blowdown flow 4-7.4 SEC M/E
Extraction flow 4-7.4 PRI M
Desuperheating spray flow 4-7.4 PRI C/M
Main steam temperature 4-4.4 PRI M
Main steam pressure 4-5.4 PRI M
Feedwater temperature 4-4.4 PRI M
Feedwater pressure 4-5.4 SEC M
Desuperheating spray water temperature 4-4.4 PRI M
Desuperheating spray water pressure 4:54 SEC M
Reheat steam generator 5:4.2
Reheat steam flow 5-4.2.1 PRI C/M See ASME PTC 6
Reheat desuperheating spray water flow 4-7.4 PRI M
Feedwater heater extraction flow 5-4.2.1 PRI C/M
Feedwater heater extraction temperature 4-4.4 PRI M
Feedwater heater extraction pressure 4-5.4 PRI M
Feedwater heater entering watertemperature 4-4.4 PRI M
Feedwater heater leaving water temperature 4-4.4 PRI M
Feedwater heater water pressure 4-5.4 SEC M
Feedwater water drainfemperature 4-4.4 PRI M
Turbine leakage NA PRI M
Steam extractiop-flow (other) 4-7.4 PRI M
Reheat out steam'témperature 4-4.4 PRI M
Reheat out,steam pressure 4-5.4 SEC M
Reheat irff'steam temperature 4-4.4 e e
Reheat'in steam pressure 4-5.4 PRI M/E
Reheat desuperheating spray water temperature ... PRI M
Reheat desuperheating spray water pressure 4-4.4 PRI M
Auxiliary steam 4-5.4 PRI M
Auxiliary steam flow 5-4.3 SEC M
A i“ar\’l staam {'nmrr)arahlra LaZ L
Auxiliary steam pressure 4-4.4
Feedwater temperature 4-5.4
Feedwater pressure 4-4.4
4-5.4
NOTES:
(1) Typical influence: PRI = primary, SEC = secondary.
(2) Typical source: M = measured, C = calculated, E = estimated.
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Table 4-2-4 Parameters Required for Steam Temperature/Control Range Determination

Calculation Reference Typical Influence Typical Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
Superheated Steam Generators 5-4.1.2 ... e The primary
Main steam flow 4-7.4 PRI M measurements
Blowdown flow 4-7.4 PRI M/E are listed
Extraction flow 4-7.4 PRI M here. All items
Main steam temperature 444 PRI M needed for
Main steam pressure 4-5.4 PRI M output are
Drum pressure (if applicable) 4-5.4 PRI M required.
Drum level
Feedwater temperature 4-4.4 PRI M
Feedwater pressure 4-5.4 SEC M
Desuperheated spray water flow 4-7.4 PRI M
Desuperheated spray water temperature 4-4.4 PRI M
Desuperheated spray water pressure 4-5.4 SEC M
Other items required to determine output 5-4 SEC M/C/E
Reheat Steam Generators 5-4.2 oo M ...
Reheat steam flow 5-4.2.1 PRI c/m See Table 4-2-3
Reheat out steam temperature 4-4.4 PRI M
Reheat out steam pressure 4-5.4 PRI M
Reheat in steam temperature 4-4.4 PRI M
Reheat out steam pressure 4-5.4 PRI M
Reheat desuperheating spray water flow 4-7.4 PRI M
Reheat desuperheating spray water
Temperature 4-4.4 PRI M
Reheat desuperheating spray water .
Pressure 4-5.4 SEC M
Related Parameters D ..
Excess air 5:11.4 M
Gas proportioning damper M
Flue gas recirculation flow M
Blowdown 5-4.4
NOTES:
(1) Typicallinfluence: PRI = primary, SEC = secondary.
(2) Typicallsource: M = measured, C = calculatédyE = estimated.
calibratedl on one range’and the measurement during  be resolved by replacing the offending materials|with
the test is performed Ont another, a post-test calibra-  more inert material.
tion chedk shall be-performed on the second range.
Potential| systematic uncertainties introduced by the 4-3.3 Frequency of Measurements
sampling systent should be verified by the introduc- Because of fuel variability, control system tuning, and

tion of cglibration gases into the sampling system at
e et oSt —
calibrated. Any deviation from what the instruments
read when the gas is introduced directly versus when
fed through the sampling system indicates a sampling
system systematic uncertainty. If significant system-
atic uncertainty is observed, the sampling system
design should be reviewed to reduce or eliminate this
systematic uncertainty. Certain materials may absorb
gases until saturated and then release them when con-
centrations are lower. This hideout phenomenon can

DIOpeErly

other factors, variations in operational parameteys are
fmevi —To TIITTTTTiZE the UTceT taiTty, TToTe measure-
ments are taken during the test to reduce random errors
in the data collected. The frequency of data collection
has a direct correlation to the test uncertainty. Quantity
measurements (e.g., fuel measured by volumetric or
weigh tanks) are made at a frequency dictated by the
collection device. Other data collection should be at a
maximum interval of 15 min and a preferred interval of
2 min or less. If fluctuations are noted on any important
parameters during the time data is being collected at
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Table 4-2-5 Parameters Required for Exit Flue Gas and Air Entering Temperature Determinations

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
No Air Heater
Flue gas temperature leaving steam generator 4-4.3 PRI M
Air temperature entering steam generator 4-4.3 PRI M
Single Bisector Type Air Heater ... ... o
Q nnfnving airhaatar 4.0 PRI M
0, leaving air heater 4-10 PRI M
Flue gas temperature entering air heater 4-4.3 PRI M
Flue gas temperature leaving air 4-4.3 PRI M Dol
Air temperature entering air heater 4-4.3 PRI M Flue gas'temperature|entering
is onlyrequired for cofrection to
reference.
Primary/Secondary Air Heaters .
Items above for bisector air heater PRI
Plus: - . s
Air temperature leaving each air heater 4-4.3 PRI M
Primary airflow leaving air heater 4-7.3 PRI /M
Tempering airflow 4-7.3 SEC C
Tempering air temperature 4-4.3 PRI M
Mixed airflow 4-7.3 PRI C/M
Mixed air temperature 4-4.3 RRI M o
Items required for efficiency PRI See Tables 4-2-1(a) and 4-2-1(b)
Items required for output PRI See Table 4-2{3
Trisector Type Air Heaters .
Items above for single air heater = PRI .
Secondary air temperature entering air heater 4-4.3 PRI M
Secondary air temperature leaving air heater 4-4.3 PRI M
Primary air temperature entering air heater 4-4.3 PRI M
Primary air temperature leaving air heater . . -
Primary airflow leaving air heater 4-4.3 PRI M
Tempering airflow 4-7.3 PRI C/M
Tempering air temperature 4-7.3 PRI M
Mixed airflow 4-4.3 PRI M
Mixed air temperatufe 4-7.3 PRI M el
Items required for efficiency 4-4.3 PRI M See Tables 4-2-1(a) and 4-2-1(b)
Items required for output PRI See Table 4-2{3
PRI
NOTHS:
(1) Typical influence: PRI=-primary, SEC = secondary.
(2) Typical source: M\=/measured, C = calculated, E = estimated.
grealvl threrr 2= TrTteT va‘m, 'Lhc tireTrTter vt bc'wvccu S_yb'u:ulb (DCS) thrert st c;\ucyliuu-babcd TCPOT illg. ThlS

data collections should be decreased to no longer than
2 min. The resulting increase in the quantity of data pro-
vides a greater statistical base from which to determine
performance, and reduces the random component of
uncertainty.

The use of automated data collection devices is pre-
ferred. In most modern data acquisition devices, A/D
accuracy is no longer an issue; most have at least 14-bit
accuracy. The major issue involves Distributed Control

method utilizes a deadband approach with which no
change in the value is reported unless it exceeds a given
percentage. This type of system is unacceptable unless
the deadband can be set to approximately zero for test
measurements.

4-3.4 Measurements Made by Traverse

Values for many parameters required to evaluate
steam generator efficiency are determined by measuring

(
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Table 4-2-6 Parameters Required for Excess Air Determination

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
XpA Excess Air 5-11.4 e M
Fuel analysis 4-12.3 PRI M
% 0, in flue gas 4-13.4 PRI M/E
MpUbC Unburned Carbon 5-10.4 PRI M/E
FETLETIL LATDUITTIT TESTUUT 84-172.5.0 FINT LA
Residue split 4-7.8 PRI M/E
MFriWA Moisture in Air e e e
Dry-bulb temperature 5-11.2 PRI C/E
Wet-bulb temperature 4-15 PRI M
or relative humidity 4-15 PRI M
Barometric pressure 4-15 PRI M
Additional moisture 4-5.5 SEC M
4-7.4 PRI M
MofFrCaS Sorbent Analysis 4-12.3 PRI M
Ca/S molar ratio 5-9.6 PRI C/E
Sorbent rate 4-7.7 PRI M ..
Fuelrate 4-7.5/4-7.7 PRI /M See Table 4-2{12
MFrClhk Calcination 5-10.8 PRI C/E
% CO, in residue 4-13.4 PRI M
MFrSc Sulfur Capture 5-9.5 PRI C/E ...
S0,/0, influe gas 4-13.4 PRI M See Table 4-2}10
NOTES:
(1) Typicallinfluence: PRI = primary, SEC = secondary.
(2) Typicallsource: M = measured, C = calculated, E = estimated.
values at [points in a traverse plane and then calculating  include the placing of points based on an assumed](log-
averages| Examples include flue gas temperature and  linear, Legendre polynomial, or Chebyschev polynomial)
compositjon. Under some conditions, it is also required ~ distribution, the use of graphical or numerical technjques
to measufe air or gas velocity by tfaverse so that average  to integrate the property or velocity distribution over the
propertiep can be flow / velocity\weighted or so that flow  duct cross section, the use of equal elemental areaq with
rate can e determined. In all.Cases, the property aver-  simple arithmetic summing of the contribution off each
ages are flefined as integrated averages. The flow rate  area to the average or total, and the use of bourdary
is itself defined in tegms of the integral of the velocity =~ layer corrections to account for the thin layer of flow-
distributipn. moving fluid near a wall. As a general rule, accurady can
In the fraverse.method, the duct is subdivided into a  be increased by either increasing the number of poihts in
number ¢f elemental areas and, using a suitable probe,  the traverse plane or by using more sophisticated nath-
the prope rty of velocity is measured at a pomt in each  ematical techruques (e g Y 1nterpolat10n polyno ials,
elemental=

obtained by summmg the contributions of each elemen-
tal area (perhaps, depending on the measurement and
calculation technique, using different weighting factors
for different areas). Within the framework of the traverse
method, many different techniques have been proposed
for selecting the number of traverse points, for establish-
ing the size and geometry of the elemental areas, and for
summing (theoretically integrating) the contributions of
each elemental area. Options that have been proposed

38

by traverse, ASME PTC 19. 5 Flow Measurement rec-
ommends either a Gaussian or Chebyschev integration
scheme. Investigations performed by the ASME PTC 11
Fans Committee using different velocity distributions
similar to those that actually occur in the field have
shown that no particular technique is always more
accurate.

For velocity and property distributions encoun-
tered in large flues and ducts, it is more in line with

(
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Table 4-2-7 Parameters Required for Water/Steam Pressure Drop Determinations

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
Superheater Pressure Drop 5-17 cee m/C
Superheater outlet pressure 4-5.4 PRI M
Superheater inlet (drum) pressure 4-5.4 PRI M
Main steam flow 4-7.4 PRI M
Feedwater flow 4-7.4 PRI M
Blowdown flow 4-7.4 SEC M/E
Extraction flow 4-7.4 PRI M
Superheater spray flow 4-7.4 PRI C/M
Superheater outlet steam temperature 4-4.4 SEC M .
Superheater inlet steam temperature 4-4.4 SEC M Supercrifical units
Reheater Pressure Drop 5-17 ... M/€
Reheater inlet steam pressure 4-5.4 PRI W
Reheater outlet steam pressure 4-5.4 PRI M .
Reheater steam flow 5-4.2.1 PRI C/M See Taljle 4-2-3
Feedwater heater extraction flow 5-4.2.1 PRI C/M
Turbine leakage NA SEC E
Steam extraction flow 4-7.4 PRI M
Reheater spray water flow 4-7.4 PRI M
Reheater inlet steam temperature 4-4.4 SEC M
Reheater outlet steam temperature 4-4.4 SEC M
Economizer Pressure Drop 5-17, e Mm/C
Economizer water inlet pressure 4-5.4 PRI M
Economizer water outlet (drum) pressure 454 PRI M
Feedwater flow 47 .4 PRI M
Superheated spray water flow 4-7.4 PRI M/C
Economizer water inlet temperature 4-4.4 SEC M
Economizer water outlet temperature 4-4.4 SEC M
NOTHS:
(1) Typical influence: PRI = primary, SEC = secondary
(2) Typical source: M = measured, C = calculated, E = estimated.
the rpquirements of field-testing as well as more real-  For specific details on the use Gaussian or CHebyschev
istic In light of the varied/distributions that may actu-  measurement methodology, refer to ASME PT{ 19.5.
ally gccur in the field) t0 obtain the desired accuracy by

ying measufeinents at a relatively large number of

darylayer effects. Additionally, it is usually desir-
d c ; C U D U PU CIC C d dltTd
to improve the accuracy of the flow measurement. A
final advantage of equal-area traversing is that it can
aid in visualizing and analyzing the actual property or
velocity distribution in the duct. For these reasons, this
Code adopts the equal-area method of traversing, with
measurement at a relatively large number of points.
Investigations of flow rate measurement under condi-
tions similar to those expected in application of this
Code have demonstrated the validity of this approach.

4-3.5 Weighted Parameters

The flue gas temperature is needed to determine
the sensible heat in a flue gas stream. Begause the
temperature varies across the duct cross seftion, the
i fTtegratedaverage (see
para. 7-2.3). Because the sensible heat is the objective,
the variation in mass flow or stratification should be
taken into account. Ideally, this is done by simultane-
ously measuring the flue gas velocity, oxygen, pressure,
and temperature at all points in the grid. Weighting fac-
tors based on the relative mass flow in the local area can
be applied to the measured temperatures. Weighting
factors based on velocity are also applied to flue gas
oxygen concentration measurements.
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Table 4-2-8 Parameters Required for Air/Flue Gas Pressure Drop Determinations

Typical Typical
Calculation Reference Influence Source
Acronym Parameter [Note (1)] Section [Note (2)] [Note (3)] Remarks
Air Side Resistance 5-17.3 ... Mm/C
Forced draft fan discharge pressure 4-5.3 PRI M
Air heater air inlet pressure 4-5.3 PRI M
Air heater air outlet pressure 4-5.3 PRI M
Windbox pressure 4-5.3 PRI M
Furnace pressure 4-5.3 PRI M e
Airflow 5-11.6 PRI [Note (4)] C See Table 4-2}12
Main steam flow 4-7.4 SEC M
Air temperature 4-4.3 SEC M
Gas Side Resistance 5-17.3 e m/c
Furnace pressure 4-5.3 PRI M
Superheater inlet pressure 4-5.3 PRI M
Superheater outlet pressure 4-5.3 PRI W
Reheater inlet pressure 4-5.3 PRI M
Reheater outlet pressure 4-5.3 PRI M
Generating bank inlet pressure 4-5.3 PRI M
Generating bank outlet pressure 4-5.3 PRI M
Economizer inlet pressure 4-5.3 PRI M
Economizer outlet pressure 4-5.3 PRI M
Air quality control equipment inlet 4-5.3 PRI M
pressure
Air quality control equipment outlet 4-5.3 PRI M
pressure

Air heater gas inlet pressure 4-513 PRI M
Air heater gas outlet pressure 4:5,3 PRI M e
Flue gas flow rate 5:12.9 PRI[Note (4)] C See Table 4-2}12
Main steam flow 4-7.4 SEC M
Flue gas temperature 4-4.3 SEC M

NOTES:

(1) Typicallintermediate pressures are shown for evaluatjon,of system resistance.

(2) Typicallinfluence: PRI = primary, SEC = secondary.

(3) Typicallsource: M = measured, C = calculated, E\< estimated.

(4) Air/gad side flow rates are required for correCtions to reference conditions.

Although the theoretically) correct weighting is 4-3.5.1 Applicability of Flow Weighting. The pxist-
by mass|flow (weighting:factors are the product of  ence of stratification of the flue gas and its effert on
density and velocity) £0f temperature and by volume  uncertainty can be determined by a temperature of by a
flow (weighting factoris velocity) for oxygen, this Code  preliminary traverse.
recommehds that_only velocity weighting be used in The temperature traverse is useful when an ex{sting
either cage so<hat the procedure is as simple and as  temperature grid is available to eliminate concerns of
practical ps possible. stratification. Using the temperature data from the{grid,

In somg cases, flow weighting can decrease the error an estimate for the flow-weighted temperature is made

in the results of a performance test; in other cases, flow
weighting can increase the error. This latter case can
occur when velocity is not determined simultaneously
with temperature and oxygen data, when velocity data
are inaccurate, or when the time required to obtain a
point-by-point data results in fewer complete sets of
data being obtained. Therefore, this Code only recom-
mends flow weighting when the systematic uncertainty
due to flow weighting is significantly large.

using the ratio of absolute temperatures to approximate
the velocity weighting factors:

L _ 1;1 +459.7 (4-3-1)
V. T+459.7
If the difference between the weighted and

unweighted temperatures (AT) calculated using this
approximation exceeds 2°F (i.e., if the systematic
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Table 4-2-9 Parameters Required for Air Infiltration Determination

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note(1)] [Note (2)] Remarks
Infiltration Based on Measured O, 5-17.6 cee cee See Table 4-2-6
Excess air entering component 5-11.4 PRI C
Flue gas O, entering component 4-13.4 PRI 1] -
Excess air leaving component 5-11.4 PRI C See Table 4-2-6
Flue gas O, leaving component 4-13.4 PRI M
Infiltration by Heat Balance 5-17.6 e C af -
Flue gas rate entering air heater 5-12.9 PRI C See Table 4-2-12
Flue gas O, entering air heater 4-13.4 PRI M
Fuel analysis 4-12.3 SEC M
Flue gas temperature entering air heater 4-4.3 PRI M
Flue gas temperature leaving air heater 4-4.3 PRI M
Air temperature entering air heater 4-4.3 PRI M
Air temperature leaving air heater 4-4.3 PRI M
Moisture in air 4-15 SEC M/E
NOTHS:

(1) Typical influence: PRI = primary, SEC = secondary.
(2) Typical source: M = measured, C = calculated, E = estimated.

unceftainty estimate exceeds 4°F, refer to para. 7-5.3.3),
the parties to the test may wish to consider a prelimi-
nary|velocity traverse to aid in deciding whether to
employ flow weighting.

A preliminary velocity traverse can also be performed
to defermine if stratification will result in high systeinatic
unceftainty and if flow weighting should be considered.
First,| the differences between flow-weighted :-averages
and rjon-weighted averages are calculated:

AT = ABS(T py — Tuw) (4-3-2)

AO,= ABS(6Z,FW - 6z,uw) (4'3'3)

wherg ABS is the abselute value function. (These differ-
enceq estimate the systematic uncertainty due to not flow
weighting.) Then,

(a)| if AT isdess than 3°F and/or AQ, is less than 0.2%,
then flow weighting should not be used.

(b)| if &T)'is greater than 3°F or AQO, is greater than
0.2%] thén three or more complete traverses are

Prior to any weighting, the “velocity” faw data
(typically velocity pressure and pitch and yap angles)
should be reduced to determine velocity normal to the
traverse plane. The (space and time) averag¢ velocity
should be calculated so that the weighting factors
are V, / V.

Two approaches may be considered for floy weight-
ing using velocity factors. The first is to usg¢ the pre-
liminary velocity weighting factors with|the test
measurements for temperature and (less frpquently)
oxygen, as discussed in the previous pgqragraph.
The second is to traverse each grid point djring the
test to measure temperature, velocity, and oxygen.
(Sometimes, only temperature and velocity gre meas-
ured, with oxygen measured as a compositle sample
and therefore not flow weighted.) Each methqd has the
potential for introducing error in the averages calcu-
lated from the data. In addition to the error|in veloc-
ity determination, the first method introdyces error
by assuming that the test-time velocities are|identical
to those measured in the preliminary traverge(s). The
error associated with the second method is mdre subtle.

required to validate the velocity distribution, or else
flow weighting may not be used. If the velocity fac-
tors have been verified, then the parties to the test shall
decide if flow weighting is to be used.

4-3.5.2 Flow Weighting Method. 1If it is determined
that flow weighting is applicable and the parties elect
to flow weight, flow weighting shall be applied as
follows.

The time required to traverse each point is usually suf-
ficiently large that only a few repeated measurements
at each point (that is, only a few repeated traverses)
are made, thus increasing the random error. An addi-
tional error may be introduced by the variation of the
test conditions over time so that values measured at a
point near the end of a traverse do not correspond to
those measured at another point near the beginning of
the traverse.

41

(

Copyright © 2013 by the American Society of Mechanical Engineers.

No reproduction may be made of this material without written consent of ASME.

B



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

Table 4-2-10 Parameters Required for Sulfur Capture/Retention Determination

Calculation Reference Typical Influence Typical Source
Acronym Parameter Section [Note (1)] [Note (2)]
MFrSc Sulfur Capture/Retention 5-9.5 s ..
SO, in flue gas 4-13.4 PRI M
0, in flue gas (same location as SO,) 4-13.4 PRI M
Additional moisture 4-7.4 PRI M/E
Fuel analysis 4-12.3 PRI M/E
MFrWA Moisture in Air 5-11.2 PRI C/E
Dry-bulb temperature 4-15 PRI M
Wet-bulb temperature 4-15 PRI M
or relative humidity 4-15 PRI M
MpUbC Unburned Carbon 5-10.4 PRI M/E
% carbon in residue 4-12.3.5 PRI M
Residue split 4-7.8 PRI M/E
Sorbent analysis 4-12.3 PRI M
MoFrCaS Ca/S Molar Ratio 5-9.6 PRI C/E
Sorbent rate 4-7.7 PRI M
Fuel rate 4-7.5 PRI C
MFrClhk Calcination 5-10.8 PRI C/E
% CO, in residue 4-12.3 PRI M
NOTES:

(1) Typicallinfluence: PRI = primary, SEC = secondary.

(2) Typicallsource: M = measured, C = calculated, E = estimated.

Table 4-2-11 Parameters Required for Calcium-to-Sulfur Molar Ratio Determination

Typical Typical
Calcylation Reference Influence Source
Acrgnym Parameter Section [Note (1)] [Note (2)] Remarks
MoFrCaS Ca/S Molar Ratio 5-9.6 e C
% CO, in residue 4-12.3 PRI M
% carbon in residue 4-12.3 PRI M
Residue split 4-7.8 PRI E/M
Fuel analysis 4-7.5/4-7.7 PRI M
Sorbent analysis 4-12.3 PRI M
Sorbent'ate 4-7.7 PRI M
Fuel fate 4-7.5 PRI C
SulfurCapture 5-9.5 SEC C/E See Table 4-2}10
S0,/0, in flue gas 4-13.4 PRI M
NOTES:
(1) Typicallinfléenge: PRI = primary, SEC = secondary.
(2) Typicallsoutce: M = measured, C = calculated, E = estimated.
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Table 4-2-12 Parameters Required for Fuel, Air, and Flue Gas Flow Rate Determinations

Typical Typical
Calculation Reference Influence Source
Acronym Parameter Section [Note (1)] [Note (2)] Remarks
Qrl Input From Fuel 5-5 e .
Fuel rate (measured) 4-7.7 PRI M
Fuel rate (calculated) 5-7.7 PRI C -
Qro Output 5-4 PRI M See Table 4-2-3
EF Fuel Efficiency 5-7.1 PRI C See Tables 4-2-1(a) and 4-2-1(b)
Fuel analysis 4-12.3 PRI M
MgA Wet Airflow Rate 5-11.6 e C ~-
MrA Excess Air 5-11.4 PRI C See(Table 4-2|6
Moisture in air 5-11.2 PRI C See Table 4-2f6
MgFg Wet Gas Flow Rate 5-12.9 e C
MrFg Fuel Analysis 4-12.3 PRI M
Unburned carbon 5-10.3 PRI M/E
% carbon in residue 4-12.3.5 PRI M
Residue split 4-7.8 PRI M/E ...
Excess air 5-11.4 PRI M/E See Table 4-2}6
Moisture in air 5-11.2 PRI M/E
Additional moisture 4-7.4 PRI M/E
Sorbent Analysis 4-12.3 PRI M
Ca/S molar ratio 5-9.6 PRI M/E
Calcination 5-10.8 PRI M/E
Sulfur capture 5-9.5 PRI M/E
NOTHS:

(1) Typical influence: PRI = primary, SEC = secondary.
(2) Typical source: M = measured, C = calculated, E = estimated.
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The following rules should be used when perform-
ing simultaneous velocity, temperature, and oxygen tra-
verses during a test run:

(a) There should be no fewer than three complete
traverses per test run.

(b) Flow weighting of O, should be considered only
if AO, is greater than 0.2% and three or more complete
traverses have been performed during the test run.

(c) The values of AT and AO, must be repeatable
between the test runs. If the value for either AT or AO
for any f{raverse differs by more than 33% from the
average Value for all traverses, the most likely cause is
bad velogity data and data from that traverse must be
rejected.

During
be locatd
approxin

each test run, a velocity probe should
d at a fixed point where the velocity is
ately equal to the average value, the tem-
perature fis approximately equal to the average value,
and the ¢xygen content is approximately equal to the
average Yalue. The velocity, temperature, and oxygen
at this ppint should be recorded with the same fre-
quency ap the traverse points (that is, the data should
be recorded each time the data at any traverse point is
recorded). The resulting large number of data for the
single pofint can be used to estimate the random error
of the wdighted average, as described in paras. 5-2.4.2
and 7-4.1{3.

4-3.6 Determination of Systematic Uncertainty Due to
Mgasurements

Estimafing the systematic uncertainty is a key step-in
designing the test and selecting instrumentation:“The
total syst¢matic uncertainty associated with a patticular
measurerhent is the result of several systématic uncer-
tainties ih the measurement system/~Subsection 7-5
describes|the process of combining the syStematic uncer-
tainties. Hor each parameter in thetest program, all pos-
sible soufces of measurement (system error associated
with thaff parameter should‘be determined. All of the
componehts of the systenishould be examined to esti-
mate theif systematic unéertainty.

Outside factors_that influence the measurement
should b
a flue gas
as a one-
only dil
found and repaired prior to the begmmng of the test,
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 these systematic uncertainties
must then be combined into a single value for the
parameter.

b considered. Factors such as an air leak into
analyzer should be considered and included
bided systematic uncertamty, since a leak can

44

Since data collection and storage are often the same
for many parameters, the systematic uncertainties asso-
ciated with these portions of the measurement system
warrant discussion next. Following the discussion of
the data collection system, each of the different types
of process measurements are discussed along with the
systematic uncertainties associated with their primary
elements and sensing devices. Other sources that may
be referenced for typical values of systematic uncer-
tainty include other ASME publications, such as ASME
MEFC-3M, Measurement of Fluid Flow in Pipes.Using
Orifice, Nozzle, and Venturi; ASME PTC 19.2, Prassure
Measurement; and ASME PTC 19.3, (Tempetature
Measurement; ISO 5167; appropriate ASEM standards;
and instrument manufacturer specificatipns.

Estimating the systematic un¢extainty in a
surement involves the evaluation of all compo
of a measurement system,\such as those list¢d in
Tables 4-3.6-1 through(4-3.6-5. These systepnatic
uncertainties, however,\may not be representatiye of
any specific measurement situation and tend fo be
conservative. It would be misleading for this Cofle to
mandate specific yalues for systematic uncertainty and
values must bé agreed by parties to the test.

Many  instrument specifications provide a reference
accuracy. This accuracy is only a part of the potentidl sys-
temati€ tincertainty of that instrument. Other factorg such
as drift, nonuniformity of flowing fluid, vibration, and dif-
ferences between assumed and actual water leg d¢nsity
can influence the measurement. Often the reference faccu-
racy of an instrument can beimproved through calibrption.
After a calibration, the accuracy of the reference stappdard
and the repeatability of the instrument can be combirjed to
determine the new accuracy of the instrument.

The assignment of the appropriate systematic yncer-
tainty requires the full knowledge of the test megsure-
ment system, the process being tested, and all pther
factors that may influence the systematic uncerfainty
of the measurement. The test engineer is in the best
position to evaluate these factors, and can use this|table
as a tool to assist in assigning values for measurgment
systematic uncertainties.

When parameters are estimated rather than [mea-
sured, the values for estimates and for systematic yncer-
tainty shall be agreed upon by the parties to the tesf. The
test engineer can usually arrive at reasonable values by
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 a sample train held
under vacuum).

mea-
hents

(
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Table 4-3.6-1 Potential Instrumentation
Systematic Uncertainty (Cont’d)

Table 4-3.6-1 Potential Instrumentation
Systematic Uncertainty

Systematic Uncertainty Systematic Uncertainty

Instrument [Note (1)] Instrument [Note (1)]
Data Acquisition Note (2) Hot wire anemometer *+10%
Digital data logger Negligible Turbometer 2%
Plant control computer *0.1% Flow (Air and Flue Gas)
Handheld temperature indicator *0.25% Multipoint pitot tube (within range)
Handheld potentiometer (including +0.25% P o o
- - Catibrated-andnspected 5%
reference junction) (directional velocity probe)
Templerature Note (3) Calibrated with S-type or standard ~ *+10%
Thdrmocouple Uncalibrated and inspected +8%
IST traceable calibration Note (4) Uncalibrated and uninspected +20%
Rremium Grade Type E ... Airfoil 9 -
32°F—600°F +2°F Calibrated *+5%
600°F-1,600°F +0.4% Uncalibrated +20%
ffremium Grade Type K e Flows (Steam and Water) Note (8)
32°F-530°F *+2°F Flow nozzle
530°F-2,300°F *0.4% ASME PTC 6 (with flow,straighteners) ...
1 tam(i)ard Gr:lde Type B . Calibrated and<nspected +0.25%
32 '::600 F N +3 Fo Uncalibrated\and inspected *0.75%
600°F-1,600°F *0.5% Uncalibrated and uninspected *2%
$tandard Grade Type K - Pipe taps o
32°F-530°F *4°F Calibrated and inspected +0.50% steam =0.40%
530°F-2,300°F *+0.8% water
Resisfance temperature device (RTD) e Uncalibrated and inspected +2.2% steam [*+2.1%
NIST traceable calibration Note (4) water
standard Uncalibrated and uninspected New plant: se¢ above
o o,
32°F +0.03% Existing plant:|variable
200°F +0.08% Venturi
400°F *0.13% Throat taps e
570°F +0.18% Calibrated and inspected +0.50% steam =0.40%
750°F +0.23% water
930°F *0.28% Uncalibrated and inspected +1.2% steam [=1.1%
1,100°F *0.33% water
1,300°F +0.38%. Uncalibrated and uninspected New plant: seq above
Terthperature gauge +2%,0f span Existing plant:|variable
Mefcury-in-glass thermometer +0.5 gradation Orifice Note (9)
Pressure Note (5) Calibrated and inspected +0.50% stearph =0.40%
Gafige el water
est +0.25% of span Uncalibrated and inspected +0.75% steam +0.70%
tandard +1% of span water
Mahometer +0.5 gradation Uncalibrated and uninspected Ngw .plant: seq abeve
Trahsducer and trafismitter . . Existing plant:|variable
igh accuracy +0.1% of span Weir 5%
tandard +0.25% of span Blowdown valve +15%
Aneroid basometer +0.05in. Hg Coriolis flowmeter (for liquid) *0.1%
Weptherstation Note (6) Liquid Fuel Flow (Calibrated)
Velodity Flowmeter
Standard pitot tube o Posit.ive displacement meter iO.SZ/o
Calibrated +5% [Note (7)] Tu.rt.)lne meter . :0'50/°
Uncalibrated +8% [Note (7)] Or|f|Cﬁ.gortla£)ger PIPES, +1.0%
S-type pitot tube . uncafibrate
Calibrated +5% [Note (7)] C.o;:ohslilowmeter fo;l%
Uncalibrated +8% [Note (7)] Weigh tan :1°/°
3-hole probe Volume tank 4%
Calibrated +2% [Note (7)] Gaseous Fuel Flow Note (9)

Uncalibrated

+4%[Note (7)]

Orifice
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Table 4-3.6-1 Potential Instrumentation
Systematic Uncertainty (Cont’d)

Table 4-3.6-1 Potential Instrumentation

Systematic Uncertainty (Cont’d)

Systematic Uncertainty

Systematic Uncertainty

Instrument [Note (1)] Instrument [Note (1)]
Calibrated and inspected *0.5% Flue Gas Analysis
Calibrated and uninspected *+2% Oxygen analyzer e
Uncalibrated and inspected *0.75% Continuous electronic analyzer +1.0% of span

Turbometers - Orsat analyzer +0.2 points
Non self-correcting +1.0% Portable analyzer +5% of reading
Self-cprrecting *0.75% +2% of span

Coriolis flowmeter *0.35% Calibrated on air

Calibrated on cal gas
Solid Fuel aind Sorbent Flow Carbon monoxide L

Gravimeric feeders e Continuous electronic analyzer +20.ppm
Calibrhted with weigh tank +2% Orsat analyzer #0:2.points
Calibrhted with standard weights +5% Sulfur dioxide y D\
Uncaljrated *10% Continuous electronic analyzer +10 ppm

Volumetfic feeders CEM electronic analyzer +50 ppm
Belt e Oxides of nitrogen e

Caliprated with weigh tank +3% Chemiluminescent +20 ppm
Undalibrated *15% CEM electronic analyzer +50 ppm

Screw, rtary valve, etc. . Hydrocarbons .

Caliprated with weigh tank 5% Flame ionizatjen.detector 5%
Undalibrated *15%

Weigh bins L Electric Power Note (11)
WeigH scale +59, Voltage oreurrent e
Strain|gauges +8% Current'transformer (CT), Class A/B  £0.3%

Level +10% Voltage transformer (VT), Class A/B  *=0.3%

Impact nheters +10% Clamp-on measurements +2%

Watts -
Residue Flpw cee Wattmeter, Class C *0.5%

Isokinetic dust sampling +10% -

Weigh bins Humidity
WeigH scale +59 H\{grometer +2% RH .
Strain|gauges +8% Sling psychrometer +0.5 gradation
Level +20% Weather station Note (6)

Screw feders, rotary valves, etc. .

Calibrpted with weigh tank *5% NOTES:
Uncalibrated +15% (1) All systematic uncertainties are percent of reading unless npted

Assumed split (bottom ash/fly ash)

Solid Fuel pnd Sorbent Sampling

Stopped|belt
Full cut
“Thief” grobe
Time-lagged

Liquid and|Gaseous\Fu€l Sampling

Flue Gas Sbhmpling

10%.0f total ash

See Tables 4-3.6-2 and
4-3.6-3

+0%

=1%

=2%

=5%

See Tables 4-3.6-4 and
4-3.6-5

otherwise.

(2) For thermocouples, error may be introduced depending on
method of correcting for a reference junction. Also, the algg
for conversion of thermocouple millivolts to temperature m

introduce errors.

(3) See ASME PTC 19.3, Temperature Measurement, for applica
(4) NIST traceable instruments have a systematic uncertainty &
to the accuracy of the calibration device. These systematic

uncertainties do not include drift.

(5) See ASME PTC 19.2, Pressure Measurement, for applicabili
(6) Must be corrected for elevation and distance from weather

he
rithm
Ay

bility.
qual

=<

Point-by-point traverse
Composite grid

Unburned Carbon (UBC) in Residue
Isokinetic dust sampling
“Thief” probe
Bottom ash
Bed drain

Fuel Handling and Storage
Limestone handling and storage
Residue

See Section 7
See Section 7

Note (10)
*+5%
+200%
+50%
+20%

—10% of moisture value
+5% of moisture value
0

station.

(7) These systematic uncertainties include user-induced errors such

as probe location.

(8) Calibrations at test Reynolds number or use ASME PTC 6 nozzle
for extrapolation. For uncalibrated devices, flow coefficients and
uncertainties can be calculated in accordance with ASME PTC 19.5.

(9) Uncalibrated orifice uncertainty is generally not greater than

beta ratio (d/D).

(10) The carbon content of all ash streams should be minimized.
(11) See ASME PTC 19.6, Electrical Measurements in Power

Circuits, for applicability.
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Table 4-3.6-2 Potential Systematic Uncertainty for Coal Properties

Coal Property Analysis Procedure Systematic Uncertainty Comments
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
025 subbitummous wittrcarborate
+0.5% > 12% ash with carbonate and pyrite ot
Proximate ASTM D5142 Moisture = 0.12 + 0.017 x Automated method
Ash = 0.07 + 0.0115 x
VM = 0.31 + 0.0235 x
Totallmoisture ASTM D3173 +0.15% for fuels <5% moisture
+0.25% for fuels >5% moisture e
Carbpn ASTM D5373 +1.25% (1 — %H,0/100) >100 mg safpple
[Note (1)]
Hydrpgen ASTM D5373 +0.15% (1 — %H,0/100) >100 mg saple
[Note (1)]
Nitrogen ASTM D5373 +0.09% (1 — %H,0/100) >100 mg sample Method B
ASTM D3179 +0.205 X —0.13
Sulfyr ASTM D4239 +0.05% bituminous
+0.07% subbituminous
ASTM D3177 +0.5% for fuels <2%sulfur
+0.1% for fuels >2% sulfur
HHV ASTM D5865 +69 Btu/lbdrybasis: anthracite/bituminous
+59 Btu/lb dry basis: subbituminous/lignite
Convprting analysis to ASTM D3180 Nong
diff¢rent basis
GENHBRAL NOTE: All systematic uncertainties are absolute unless otherwise indicated.
NOTH:
(1) Egtimated based on repeatability.

Table 4-3.6-3

Potential Systematic Uncertainty for Limestone Properties

Limestone Property Analysis Procedure Systematic Uncertainty Comments
Lime$tone constituents ASTM C25 Calcium oxide +=0.16% Test Method 31
Magnesium oxide £0.11% Test Method 1
Free moisture =10% value
Inert by difference £5.0% of
value
Samgling See para. 4-8.2 +2.0% thief sample
+5.0% other
GENHRAL NOTES:
(a) Al syStematic uncertainties are absolute unless otherwise indicated.

(b) Free moisture, inerts, and sampling systematic uncertainty are suggested values.
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Table 4-3.6-4 Potential Systematic Uncertainty for Fuel Oil Properties

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 content 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%—-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 [Note (1)]
ASTM D5373
Hydrogen ASTM D5291 + (x%9) 0.1157
[Note (1)]
Nitrogen ASTM D5291 +0.23 Reported to 0.0
ASTM D3228 +0.095 N°->
Heating value ASTM D240 86 Btu/lbm
ASTM D4809 +49 Btu/lbm, all fuels
+51 Btu/lbm, nanyolatiles
+44 Btu/lbm, volatiles
GENERAL NIOTE: All systematic uncertainties are absolute unless otherwise indicated.
NOTE:
(1) Estimafed based on repeatability.
Table 4-3,6-5 Potential Systematic Uncertainty for Natural Gas Properties
Natural Gas Analysis Procedure Systematic Uncertainty Comments
Sampling ASTM D5287 +0.5% for multiple sample
+1.0% for single sample
+2.0% for supplier analysis
On-line analysis: use supplier specification for
guidance
Gas constituents ASTM DT945 Mole percent of constituent:
0.0-0.1 *0.01%
0.1-1.0 +0.04%
1.0-5.0 +0.05%
5.0-10.0 +0.06%
>10 +0.08%
Higher heating value, ASTM D3588 None Perturbed with fuel
calculated constituents
Higher heating value ASTM D1826 0.3%-0.55%

GENERAL NOTE: All systematic uncertainties are absolute unless otherwise indicated.
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4-4 TEMPERATURE MEASUREMENT
4-4.1 General

Temperature is typically measured with thermocouples
(TCs), resistance temperature devices (RTDs), temperature
gauges, or mercury-in-glass thermometers. These devices
produce either a direct reading or a signal that can be read
with a handheld meter or data logger.

Data measurement devices must be allowed to reach
ther

especially true near a flow disturbance, such as a bend
or transition. Generally, temperature uncertainty can
be reduced either by sampling more points or by using
more sophisticated calculation methods. To compensate
for stratification and to obtain a representative average,
multiple points must be sampled in a plane perpen-
dicular to the flow. The measurement plane should be
located away from bends, constrictions, or expansions
of the duct. If the stratification is severe, mass flow

al pqnﬂﬂ’winm in the environment where the mea-
surerhents will be taken. Thermocouple lead wires shall
be placed in a nonparallel position relative to electrical
sourdes to avoid possible electrical interference.

RTPs have a narrower operating range and a slower
respgnse time than thermocouples, but are potentially
more{accurate.

Mgrcury-in-glass thermometers are limited to mea-
surethent of temperatures lower than the boiling point
of m¢rcury and to visual reading only.

Ea¢h of these devices has advantages and constraints
to ity use. Users of this Code are referred to ASME
PTC [19.3 for further information on temperature mea-
surerpent techniques.

4-4.20 Systematic Uncertainty for Temperature
Measurement

Wlhen estimating the systematic uncertainty of a tem-
peratjure measurement, test personnel should consider the
following potential sources. Not all sources are listed, and
some| of those listed may not be applicable to all measure-
mentp. These factors should be considered in conjunction

weighting as described in para. 4-3.4 should be applied
to reduce potential errors in the average temjperature.
Thermocouples shall be read individually~and not be
grouped together to produce a single ¢utput.

If flue gas temperature is measuréd at a pojnt where
the temperature of the gas is significantly diffgrent from
the temperature of the surrounding surface, gn error is
introduced. This situation ecctirs when the gas{tempera-
ture is high, and the sutfaceé is cooled well elow the
gas temperature. Thefthermocouple is cooled [by radia-
tion to the surrounding surface, and this reduction in
measured temperature should be taken into account. A
high velocityd¢hermocouple (HVT) probe can lye used to
reduce this‘error.

4-4.3.1 Method of Measurement. The avdrage val-
ues from multiple point samples are determingd as dis-
cussed in para. 5-2.3.

This requires specific placement of samplifjg points.
The minimum number of points is given; but uncer-
tainty can be reduced by increasing the npimber of
points. The following rules should apply to l¢cation of
sampling points:
shall be

For ducts
sampling

there are
reas may

spanning

is recom-

r models

with fhe factors listed in Table 4-3.6-1. (a) Rectangulgr Ducts. Rectangular ducts
(a)] TC type divided to form a grid with equal areas. Samples shall
(b)| RTID type be taken at the centroid of each equal area.
(c)| calibration larger than 9 ft?, there should be from 4 to 36
(d)] lead wires points, based on the cross-sectional area of the quct. Each
(e)| thermowell location/geemetry /condition equal area should be no larger than 9 ft? unles{
(f) | pad weld (insulated /untinsulated) more than 35 points. In such cases, the equal
(g)| stratification of flofving fluid be larger than 9 ft2. The Code does not require gore than
(h)| grid size 36 points.
(i) | grid location There should be a minimum of two points
(j) | ambient conreitions at junctions each dimension (height and width) of the duct cross
(k)| ambiertconditions at meter section. In ducts with severe stratification, it
(1) | intefmediate junctions mended that. points be added in the directipn of the
(m) electrical noise steepest g.radlent. i .
() hbat-conduectionand-radiation According to the systematic uncertaint
(0) potentiometer /voltmeter suggested in para. 7-5.3.2, the systematic uncertainty

(p)
(q)
(r)
(s)

reference junction accuracy
drift

thermometer nonlinearity
parallax

4-4.3 Air and Gas Temperatures

Air and flue gas flowing through a duct have non-
uniform velocity, temperature, and composition. This is

49

due to numerical integration decreases as the square
of the number of points; therefore, using more points
has a significant effect on that component of the
uncertainty.
The shape of the equal areas should be one of the
following;:
(1) a rectangle with the ratio of height to width
the same as that of the cross section of the duct, so that
it is of the same geometrical shape as the cross section,

(
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as shown in Fig. 4-4.3.1-1, illustration (a). This is the pre-
ferred method.

(2) any rectangle, as shown in Fig. 4-4.3.1-1, illus-
tration (b), that is more nearly square than the geometric
shape on Fig. 4-4.3.1-1, illustration (a).

(3) asquare, as shown in Fig. 4-4.3.1-1, illustration (c).

If the shape of the equal area is not square, the long
dimension should align with the long dimension of the
cross section. If a greater number of measurement points
are being used than is recommended, the additional
points mpy be added without concern for the aspect
ratio.

(b) Cirfular Ducts. Circular ducts should be divided
into equdl areas of 9 ft or less. There should be from
4 to 36 sampling points based on the cross-sectional area

. The location of these sampling points may
ined by the method shown in the example in
Fig. 4-4.31-2, which shows the use of 20 points and
4 sectors.[There must be at least 1 point per sector.

4-4.3.2| Estimating Systematic Uncertainty. An esti-
mate of the systematic uncertainty from a temperature
measurerhent grid is a combination of systematic uncer-
tainties fjom temperature primary element and sensor
type, datp acquisition, grid size, temperature distribu-
tion, avefaging method, and flow weighting. Potential
sources of these systematic uncertainties are described
in subsedtion 4-3 and para. 4-4.2. Models for the esti-
mation of systematic uncertainties due to flow weight-
ing, grid [size, and averaging method are suggested in
subsectiop 7-5.

When the average entering air temperattre or exiting
gas tempprature is a mass weighted ayerage of two or
more strepms at different temperatures, the impact of the
systematik uncertainty associated with the determination
of the maps flow rate shall be incltided in the overall sys-
tematic uhcertainty for the ayerage air/gas temperature.

4-4.4 Steam and Water Temperatures

Steam pnd watercflowing in pipes typically have an
approximfately uniform temperature distribution. A
potential ¢xceptionisin the piping from a desuperheaterin
which spfay-impingement could cause nonuniformity.

4-4.4.2 Estimating Systematic Uncertainty. An esti-
mate of the systematic uncertainty from a temperature
measurement is a combination of systematic uncertain-
ties from the temperature primary element, sensor type,
and data acquisition. Potential sources of these system-
atic uncertainties are discussed in subsection 4-3 and
para. 4-4.2.

4-4.5 Solid Streams

leav-
ing the unit are often difficult to measure. The ‘parties
to the test should decide whether the temperatyre of
these streams will be assigned a value or measurpd. If
temperatures are to be measured, the temperature probe
should be inserted into a flowing stream. The avgrage
temperature of multiple solid stfeams should be [mass
flow weighted.

4-4.5.1 Method of Measurement. The follgwing
locations and method$ of measurement shall be uspd:

fuel: a rigidly supported temperature-measuring instru-
ment should bé inserted into the solid fuel stregm as
close as practical upstream of the point where th¢ pri-
mary/transport air is mixed with the fuel.

sorbent;, a> rigidly supported temperature-measpring
instrdnient should be inserted into the solid sofbent
streain as close as practical upstream of the point Where
the transport air is mixed with the sorbent or the [fuel/
sorbent mixture.

residue: residue that carries over in the flue gas sfream
(fly ash) can be considered to be the same temperature
as the gas at the extraction point. An exception is ash
leaving an air heater. The temperature of the gas legving
the air heater excluding leakage shall be used. Fof bed
drains in fluidized bed combustors, the bed tempernature
may typically be used unless bed drain coolers rpturn
heat to the boundary. In that case, the temperatyre of
the bed drain leaving the cooler should be measjured.
Refer to subsection 5-14 for estimating botton} ash
temperature. If the residue temperature is meagured
(such as residue leaving a grate), a rigidly suppprted
temperature-measuring instrument should be inserted
into each flowing residue stream as close as practifal to
the point where the residue leaves the boundary.

4-4.4.1 Method of Measurement. Selection of the
method of measurement and the temperature measur-
ing instruments depends upon the conditions of the
individual case. Steam and water temperatures are usu-
ally measured by insertion of the sensing device into a
thermowell located in the piping. Alternatively, “pad”
or “button” thermocouples can be located around the
pipe and insulated, but use of this method substantially
increases the uncertainty of the measurement.

415:2 Ebt;lllmwm esti-
mate of the systematic uncertainty from a temperature
measurement is a combination of systematic uncertain-
ties from temperature primary element, sensor type, and
data acquisition. Subsection 4-3 and para. 4-4.2 discuss
potential sources of these systematic uncertainties.
When systematic uncertainties are assigned to param-
eters that are assumed, typically a larger value for sys-
tematic uncertainty is chosen than if the parameter is
directly measured. If the mass flows of multiple streams

50
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Fig. 4-4.3.1-1 Sampling Grids: Rectangular Ducts
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Formula fd

n = totd
p = san

All
R = rad

\
Il

GENERAL
(a) Indicatg
(b) rpWiII ¢
Example:

ASME PTC 4-2013

Fig. 4-4.3.1-2 Sampling Grids: Circular Ducts
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r determining location points in circular duct:

/2Rz(2p—l)
rp: —_,—
n

| number of points

pling point number.To be numbered from center of duct outward.
our points on the same circumference*have the same number.

us of duct

distlance from center of duct to point'p

NOTES:
s points of location ©f'sampling tube.

e in the same units‘as R.
Duct radius = (7,20 points total; distance to point 3 = r;.

2R’(2:3-1 2R’ (5
73=\/ ( )=\/ ) JO.5R? = 0.707R

n 20
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are not approximately equal and the average tempera-
ture is not flow weighted, a higher systematic uncer-
tainty should be assigned. If stratification is suspected
in the solid stream, this should be incorporated into the
systematic uncertainty estimate.

4-4.6 Liquid and Gaseous Fuels

Liquid or gaseous fuels flowing in pipes usually have
approximately uniform temperature distribution.

(h)
(i)
()

number and location of measurement
water leg

specific gravity of manometer fluid
(k) ambient conditions at sensor

(1) ambient conditions at meter

(m) hysteresis

(n) electrical noise

(0) potentiometer/voltmeter

(p) drift

(g)_transducer nonlinearity

4-4.6.1 Method of Measurement. A temperature
meaduring instrument should be inserted into the fuel
stream at the entrance to the unit, preferably near the
flow [measurement device. If the fuel is heated by a
sourde external to the unit being tested, the inlet tem-
perature shall be measured after this heater. If the fuel is
heatdd directly from the unit being tested, the tempera-
tures|shall be measured before the heater.

4-4.6.2 Estimating Systematic Uncertainty. An
estinfate of the systematic uncertainty from a tem-
pera‘lllure measurement is a combination of system-
atic fincertainties from temperature primary element,
sens@r type, and data acquisition. Subsection 4-3 and
para]4-4.2 discuss potential sources of these systematic
unceftainties.

4-5 | PRESSURE MEASUREMENT

4-5.1

Tofal pressure is the sum of static pressure and velocity
presgure. Change in static head is calculated based on the
averdge fluid conditions and local ambientjconditions.
Velodity pressure is usually calculated from average
fluid|velocity and density. If velocitysis to be measured,
refer [to para. 4-6 for guidance in making these measure-
ments. This section addresses the-measurement of static
presgure.

General

4-5.2 Systematic Uncertainty for Pressure

Measurement

en estimating the systematic uncertainty of a
presgure medsturement, test personnel should consider
the fpllowing"list of potential sources. Not all sources

are listed,_and some of those sources listed may not be
app]i able to all measurements These factors should

(r) parallax

4-5.3 Air and Gas: Static and Differential Pre

The static pressure in air and_gas ductd may be
required to determine pressute~drop. Presgure drop
determinations should be performed using|differen-
tial measuring apparatus/rather than two| separate
instruments.

bsure

4-5.3.1 Method‘of Measurement. Pressurg is meas-
ured with gauges; manometers, or transducerg The out-
put of thesé€ devices is either visual or a signall that can
be read with a handheld meter or data loggpr. ASME
PTC 192 provides further information on| pressure
measurement techniques.

Static pressure connections must be installeql to mini-
mize errors resulting from gas velocity impingement.
This may be accomplished by proper locatign of taps
around the perimeter of the duct or by use off specially
designed probes. Measurements should be[made at
more than one location in or around the plarje. Piping
or tubing should be specifically installed foy the test,
and should be verified leak-proof. Provisions $hould be
made for cleaning and draining. Connections| from the
instrument to the pressure tap should slope dpwnward
to allow condensate to flow back into the dyct. When
this is not possible, provisions must be made tp account
for condensate water legs. Purging may be usqd to keep
pressure sensing lines clear. If purging is us¢d, a con-
stant low flow should be maintained.

4-5.3.2 Estimating Systematic Uncerta
estimate of the systematic uncertainty from 4
measurement is a combination of systematic yncertain-
ties from primary element, installation effectsland data
acquisition. Potential sources of these systemaltic uncer-

nty. An
pressure

be considered in conjunction with the factors listed in
Table 4-3.6-1.

(a) gauge type

(b) manometer type

(c) transducer type

(d) calibration

(e) tap location/geometry/flow impact

(f) probe design

(g) stratification of flowing fluid

53

tainties are addressed in subsection 4-3 and para. 4-5.2.

4-5.4 Steam and Water: Static and Differential
Pressure

The static pressure in steam and water piping may be
required to determine fluid properties or pressure drop.
To minimize uncertainty, pressure drop determinations
should be performed using differential measuring appa-
ratus rather than two separate instruments.

(
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4-5.4.1 Method of Measurement. Pressure measure-
ment devices should be located to minimize the effects
of temperature and vibration. Adhere to the following in
the installation of pressure measuring devices:

(a) Pressure measurement connections should be
short and direct.

(b) All pressure measurement connections should be
leakproof, with provisions for cleaning and drainage.

(c) Pressure connections should be located and
installed with care to exclude velodity effects

differentials indicating yaw and pitch. Users of this Code
are referred to ASME PTC 19.5 and ASME PTC 11 for fur-
ther information on velocity measurement techniques.

4-6.2 Systematic Uncertainty for Velocity Traverse

When estimating the systematic uncertainty of a
velocity traverse, test personnel should consider the
following potential sources. Not all sources are listed,
and some of those listed may not be applicable to all

(d) Connections from the instrument to the pressure
tap should be purged and condensate allowed to fill the
lines. Cohdensate water legs shall be included in the
calculatigns.

4-5.4.2| Estimating Systematic Uncertainty. An
estimate pf the systematic uncertainty from a pressure
measurerhent is a combination of systematic uncertain-
ties from|primary element, tap type, and data acquisi-
tion. Potgntial sources of these systematic uncertainties
are discugsed in subsection 4-3 and para. 4-5.2.

4-5.5 Bafometric Pressure

Baromg¢tric pressure is required to determine ambient
conditions.

4-5.5.1) Method of Measurement. The preferred
method fpr determining barometric pressure is from a
barometef at the test site. An alternate method is the use
of the barometric pressure, not corrected to sea level,
reported fat the nearest weather station. The elevation
of the wepther station’s reading and the test site should
be noted|and corrections made for any differences in
elevation

4-5.5.2| Estimating Systematic Uncertainty. The use
of a baromneter or other such measurément device at the
site will'Ee considered to have a‘negligible systematic
uncertainty. Data from a weathe station is considered
the least dccurate, and if usedy.an appropriate systematic
uncertainfty should be assigned.

4-6 VELOCITY TRAVERSE

eral

flow. These measurements should include at least veloc-
ity pressure, static pressure, and temperature, and may
also include velocity vector angles. The user should
refer to subsections 4-4 and 4-5 related to temperature
and pressure measurements for guidelines and specific
instructions.

A probe is inserted into the duct, and measurements
are made at a number of locations corresponding to the
centers of equal areas. The probe is usually one of sev-
eral types that sense the velocity pressure and pressure

measurements—Hhese—factors—should—be—eonsiderpd in
conjunction with the factors listed in Table 4-3(65] and
paras. 4-4.2 and 4-5.2.

(a) probe type

(b) calibration

(c) stratification of flowing fluid

(d) turbulent/laminar flow conditions

(e) yaw

(f) pitch

(g) grid size

(h) grid location

(i) ambient conditiohs at measurement location

(j) parallax

(k) pressutejerrors

(I) fluctuation of pressure in time

(m) temperature errors

4-6.3_"'Method of Measurement

Measurements are taken at the centers of equal greas.
The traverse points must correspond to the temjpera-
ture or oxygen measurement points. ASME PT( 19.5
and ASME PTC 11 may be consulted for information
on velocity measurement. Numerous types of pfobes
are used for velocity measurement, such as standard jpitot,
S-type, 3-hole and 5-hole, turbometer mass flow grobe,
and others. Determination that accounts for the dirgction
of flow at the plane of measurement is preferred.

4-6.4 Estimating Systematic Uncertainty

An estimate of the systematic uncertainty from a yeloc-
ity traverse is a combination of systematic uncertafnties
from probe type, measurement methods, and data gcqui-
sition. Subsection 4-3 and para. 4-6.2 include potential
sources of these systematic uncertainties. If the probe
used for the velocity traverse does not account fqr the
approach angle to the plane of measurement, the yeloc-
ity may be overestimated, and an appropriate systeatic
uncertainty should be included.

4-7 FLOW MEASUREMENT
4-7.1 General

Numerous methods are employed in industry to
determine the flow rate of solid, liquid, or gaseous
streams. ASME PTC 19.5 is the primary reference for
flow measurements. ASME PTC 6, Steam Turbines,
and ISO 5167 provide further information on flow
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measurement techniques. These sources include design,
construction, location, and installation of flowmeters,
the connecting piping, and computations of flow rates.
If an individual stream flow rate is to be determined by
velocity traverse, refer to subsection 4-6.

For multiple streams where the total flow can be calcu-
lated more accurately than measured (e.g., air, flue gas,
residue, etc.), all but one stream may be measured and
the unmeasured stream flow rate calculated by differ-
ence. If all streams are measured, the mass flow fraction

(4) pulsation at vibratory frequency
(5) pressure and temperature effects on zero
stability

4-7.3 Air and Flue Gas

The total mass flow of air and flue gas crossing the
steam generator boundary is calculated stoichiometrically.
It may be necessary to measure the air or flue gas flow
in addition to the temperature of the stream to account

of eafch stream shall be calculated from the measured
mass| flow rate. The mass flow rate of the individual
streapns is then determined from the product of the mass
flow [fraction of the individual streams and the total cal-
culatpd mass flow rate.

4-7.2

Fldw is often measured indirectly (i.e., using meas-
ured |differential pressure, pressure, and temperature);
therefore, the measured inputs to the flow calculation
must] be examined for sources of systematic uncer-
tainty and combined into the systematic uncertainty of
the flow measurement. When estimating the system-
atic yncertainty of a flow measurement, test personnel
should consider the following potential sources. Not all
sourdes are listed, and some of those listed may not be
applikable to all measurements. These factors should be
considered in conjunction with the factors listed in Table
4-3.611.

(a)| Potential Sources of Systematic Uncertainty of a Flow
Measlirement
(1) calibration of primary element (e.g.,~orifice,
nozzle, venturi, airfoil, and differential sens-
ing probes)
stratification of flowing fluid
temperature systematic ingertainties
pressure systematic uncertainties
installation
condition of nozzle/or orifice
pressure corréction (compensation)
temperature correction (compensation)
Reynoldsyumber correction
measurement location
fan/pump curve
valve position

Systematic Uncertainty for Flow Measurement

(2)
(3)
4
(5)
(6)
(7)
(8)
9)
10)
11)
12)

ToT an individual aif Of gas Streai that crosses the steam
generator boundary. The energy crossing the béundary in
that air or gas stream then may be calculated.

4-7.3.1 Methods of Measurement.” There afe numer-
ous methods for the measurement of air and| gas flow
(e.g., venturi, airfoil, velocity traverse, heat balgnce, etc.).
If plant instrumentation i$«ised, it should be dalibrated.
The flow may be calculated from velocity, as neasured
according to subsegtion 4-6, the density of fhe fluid,
and the duct cro$s-sectional area. The use off sophisti-
cated traversing strategies such as Gauss or Tchebycheff
distributionef points as described in ASME PTC 19.5,
generally{leads to more accurate determinatior} of flows.

4-7.3.2 Estimating Systematic Uncertaipty. The
most accurate way to determine the flow of hir or gas
in most applications is by calculation. The steafn genera-
tor efficiency, total output, flue gas weight per|pound of
fuel, and heating value of the fuel can all be d¢termined
accurately. The measurement of air and flue gps flow is
subject to significant error. Using a standard pitot tube or
a Stauschibe (S-type or forward-reverse) tube fan result
in overestimating the flow if the flow is not perpendic-
ular to the plane of measurement. The area of the duct
may also be difficult to determine accurately because
of obstructions within the duct or inaccurafe dimen-
sions. An estimate of the systematic uncertajnty from
an air or gas flow measurement is a combinatipn of sys-
tematic uncertainties from measurement methods and
data acquisition. Subsection 4-3 and para. 4-7|2 discuss
potential sources of these systematic uncertainfies. If the
probe used for velocity traverse does not accotnt for the
approach angle to the plane of measurement, the veloc-
ity may be overestimated, and an appropriate gystematic
uncertainty should be included.

13)>Jével accuracy/difference
\(%;‘j i;cec;';balaus.c iuyuLb/’cLiualiuub 4-7.4 Steam and Water
(16) tap location Certain steam and water flow measurements may be

(b) Factors Influencing the Uncertainty of the Coriolis-
Type Flowmeters. Direct measurement of fluid mass
flow rate and density is possible with Coriolis type
flowmeters. Factors that influence the uncertainty of the
Coriolis type flowmeters include

(1) fluid properties
(2) void fraction
(3) bubbly flow

55

required, depending on the objective of the test. When
the determination of output is required, the preferred
method is to use a calibrated and inspected flow ele-
ment such as the ASME throat tap nozzle, as described
in ASME PTC 6, Steam Turbines. On large units, the
PTC 6 nozzle is preferred because of the potentially
high Reynolds numbers of the measured flow. The
requirement for the PTC 6 nozzle is eliminated if

(
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the flow element can be calibrated at the Reynolds
numbers that will be encountered during the test. The
PTC 6 flow nozzle should be used if flow coefficients
need to be extrapolated to higher Reynolds numbers.
While an energy balance calculation is acceptable for
determining the superheat desuperheating spray flow,
reheat desuperheating spray flow should be directly
measured rather than calculated by energy balance. If
the reheat desuperheating spray flow is low enough
that the differential produced by the orifice or nozzle
is at the Ipwer range of the system, a measuring device
and trangmitter that is accurate at the spray flow rate
or an energy balance calculation should be used.

4-7.4.1) Method of Measurement. The following
methods [of measurement are typically used to deter-
mine steam and water flows:

(a) Flojv Measurement Through a Nozzle, Venturi, or
Orifice. One method of measuring flow is to measure
pressure drop across a flow nozzle, venturi, or orifice
plate. This method is usually the most accurate and
should b¢ used for all critical flow measurements.

(b) Endrgy and Mass Balance Calculation. Certain flows
may be [quantified by energy balance calculations.
These flopvs typically include reheat extraction flow to
feedwatef heaters, and possibly, superheater desuper-
heating spray flow. The method of calculation is out-
lined in qubsection 5-4. Enthalpies shall be determined
from the[ASME Steam Tables, version per para. 3-2.3,
using pr¢ssures and temperatures measured with test
instrumentation.

(c) Estjmated Flows. In some cases, it may not bé fea-
sible to qpantify a flow using any of the methods\listed
above. Ir| these cases, flow curves relating to-€ither a
known flpw or a valve position may be usetl. Steam flow
based on [first-stage pressure, estimatedtiirbine leakage
based on[main steam flow, or blowdowm flow based on
valve turps are examples of thistype of flow. Design
performahce data also may be seéd. All parties involved
in the perfformance test must‘agree to the method of cal-
culation grior to the test, afidian appropriate uncertainty
must be gssigned.

4-7.4.2| Estimating Systematic Uncertainty. An esti-
mate of the systentatic uncertainty from a flow measure-
ment is al combination of systematic uncertainties from
primary ¢ SG 2 ataacquisitic
installation effect. Subsection 4-3 and para. 4-7.2 discuss
potential sources of these systematic uncertainties.

4-7.5 Liquid Fuel

The Input-Output method for efficiency determination
requires the mass flow rate of liquid fuel burned.

4-7.5.1 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

discussion of the use of flow nozzles and thin plate ori-
fices. Coriolis flowmeters are capable of direct measure-
ment of mass flow rate and density, high accuracy, and
have negligible sensitivity to variations in fluid prop-
erties (density, viscosity, API gravity, etc.) and veloc-
ity. Density and viscosity are required to determine the
mass flow rate from a volume measurement device or
method. The Coriolis flowmeter is the preferred method
of measurement for liquid fuels when the Input-Output
efficiency method is used due to the elimination of the
need to measure density and viscosity and theyyncer-
tainty associated with determining them, and.the ihher-
ently low systematic error of the instrument

If a level change in a volume tank is utilized to dleter-
mine the flow measurement, accurate density detprmi-
nation is required. ASTM D1298 provides procedufes to
determine API Gravity and density.

Recirculation of fuel between the point of megsure-
ment and point of firing shallbe measured and accoyinted
for in the flow calculation.” Branch connections oh the
fuel piping shall be either blanked off or provided|with
double valves.

4-7.5.2 Estimating Systematic Uncertainty. Arf esti-
mate of thesystematic uncertainty from a flow megsure-
ment is a‘combination of systematic uncertainties|from
primary element type, sensor type, and data acquisition.
Subsection 4-3 and para. 4-7.2 discuss potential sources
of ‘these systematic uncertainties.

4-7.6 Gaseous Fuel

For the Input-Output method, the quantity of
ous fuel burned must be determined.

case-

4-7.6.1 Method of Measurement. Measurement of
the relatively large volumes of gaseous fuel norally
encountered while testing steam generators requir¢s the
use of an orifice, flow nozzle, mechanical meter, filtra-
sonic, or Coriolis meter. Ultrasonic and Coriolis njeters
provide high accuracy. Coriolis flowmeters are capable
of direct measurement of mass flow rate and dgnsity
and have negligible sensitivity to variations in gag den-
sity, viscosity, and velocity.

The pressure drop shall be measured using a diff
tial pressure gauge or differential pressure trans

measured, the temperature and pressure used in the cal-
culation of density are extremely important. Small varia-
tions can cause significant changes in the calculated gas
density. In addition, the supercompressibility factor has
a significant effect on the determination of gas density.

4-7.6.2 Estimating Systematic Uncertainty. An esti-
mate of the systematic uncertainty from a flow measure-
ment is a combination of systematic uncertainties from
primary element type, sensor type, and data acquisition.
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Subsection 4-3 and para. 4-7.2 discuss potential sources
of these systematic uncertainties. The impact of pres-
sure and temperature measurements on the gas density
should be evaluated at the test operating conditions,
because a 10 psi deviation or a 2°F variation can impact
flow as much as 1%.

4-7.7 Solid Fuel and Sorbent Flow Measurement

The accurate measurement of solid flow is difficult

the percent of the total residue that leaves each location
must be determined. The following methods can be used
to determine the split between the various locations:

(1) The mass flow rate should be measured at each
location.

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

ise of solid material variability.

partigulate sample, weigh bins/timed weights, impact
mete}s, etc. To reduce uncertainty of any of these meth-
ods below 5% to 10% requires extensive calibration
agairfst a reference. The calibration can involve the col-
lectign of the solid material into a container that can
be wieighted rather than placing weights on the belt.
For gxample, the output of a gravimetric feeder can be
direcfed to a container suspended by load cells, and the
rate ¢f feed indicated by the feeder can then be com-
pared to the timed catch in the container.

It if even more difficult to assess the accuracy of volu-
metrjc feeders. This assessment requires assumptions
abouf the volume of material passed per revolution and
the dpnsity of the material. The rotor may not be full, the
dens]ty may vary as a result of size distribution or other
factofs, and all these parameters may vary over tinte.

Calibrations of solids flow measurement devices shiould
be copducted just prior to the testing and at frequent inter-
vals fp ensure the minimum systematic undertdinty.

loss in the residue streams and the weighted average
of unburned carbon (and CO, on units that utilize sorb-
ent) in the residue. Typical locations where the residue is
removed periodically or continuously are furnace bottom
ash (bed drains), economizer or boiler hoppers, mechani-
cal dust collector rejects, and fly ash leaving the unit.

4-7.8.1 Method of Measurement. The -calculated
total residue mass flow rate is used since it is normally
more accurate than a direct measurement. Therefore,
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should be estimated.

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

The parties to the test shall redch agreemen
streams are to be measured and values for any
splits prior to the test.

The fly ash concentratidril€aving the unit, de
in accordance with sdbsection 4-11, is used to
residue mass flow rate-leaving the unit. See Se¢tion 5 for
calculating the mass flow rate from the grain lpading.

The mass flow rate of residue discharged from hop-
pers or grates in a dry state may be determined from
weigh bins/timed weights (e.g., the numbef of rota-
tions of rotary feeders, screw speed, impact mé¢ters). See
para.~4-7.7.1 for considerations regarding cplibration
and sources of uncertainty.

Determining the mass flow rate of residue dfscharged
from sluice systems is even more difficult tHan deter-
mining the dry state. Generally, the total dischiarge flow
must be captured in bins or trucks, freestanding water
drained off, and the bin or truck weighed and ¢gompared
against the tare weight. Since residue is congidered to
leave the unit in a dry state, moisture content of the sam-
ple must be determined, and the measured et mass
flow rate must be corrected for moisture.

on what
estimated

termined
calculate

4-7.8.2 Estimating Systematic Uncertainty. When
splits are estimated, a mean value should b¢ selected
such that the same positive and negative egtimate of
systematic uncertainty can be used. A systemaftic uncer-
tainty that would produce a split of less than zejo or more
than 100% must not be used. Refer to subseg¢tion 4-11
regarding systematic uncertainty for dust loading (resi-
due sampling). Where mass flow is determihed from
volumetric devices, considerations include repjeatability
density
refer to

para. 4-7.7.2.

4-8 SOLID FUEL AND SORBENT SAMPLING

4-8.1 General

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.

(

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

B



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

Fig. 4-8.2.1-1 Full Stream Cut Solid Sampling Process

Solids storage bin

Solids conveyor

@)

@)

/ Solenoid valve

\
/(\

Sampling blade /

Main chute/

'

Methodls used to determine variances, standard
deviations, and random uncertainties for the samples
obtained [during the test are disctissed below. The esti-
mation of systematic uncertainties is also addressed.

4-8.2 Mdthod of Solid Fuel and Sorbent Sampling

4-8.2.1| SampléCollection. ASTM D2234 provides
guidance| on, sample collection. The stopped belt cut
techniqug is the preferred or reference method. Zero
sampling atie—uneertad i i
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 of taking full-diverted
cut of a moving stream. Fig. 4-8.2.1-1 shows a typical
full-cut sampling method.

A third method called “part-stream cut” is the most
practical but may produce the greatest systematic uncer-
tainty. A thief probe, as shown on Fig. 4-8.2.1-2, may be
used for taking a part-stream cut from a flowing steam.

To proeess
To sample collection
container
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Air cylinder
actuator

/

Cimit switch in
closed position

Sample chute

= Pipe with pipe cap

v

A pretest run is recommended to identify and glllevi-
ate potential problems in the sampling techniques.

4-8.2.2 Sample Location. Fuel, sorbent (if applica-
ble), and residue solids shall be sampled from a flow-
ing stream as near to the steam generator as practifal to
ensure that samples are representative. If it is nof pos-
sible or practical to sample near the steam generaftor, a
time lag may be incurred between when the sample is
from

RS ot re-Hrtstbe-d hined
based on estimated flow rates between the sample loca-
tion and the steam generator. It is important that the
time-lagged sample be representative of the actual mate-
rial injected or removed from the steam generator.

Fuel or sorbent samples collected from upstream of
silos, tanks, or hoppers typically have larger system-
atic uncertainty compared to samples collected down-
stream from the silos, tanks, and hoppers. Samplings
from upstream of silos, tanks, and hoppers are classi-
fied as alternate procedures because of the possibility

(
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Fig. 4-8.2.1-2 Typical “Thief” Probe for Solids Sampling in a Solids Stream

Conveyor

~<—————— Typical thief probe sampling location.

Care must be taken to get a

|

representative sampie.

Eijsjuga)

—-1

L H A H 5

of samples not being representative of fuel fired dur-
ing the test. Alternate procedures should nqt'be used
for a¢ceptance tests. For other test purposes,if alternate
procg¢dures are used, the parties to the testshall assign
appr¢priate systematic uncertainties,

4-8
samp
vals.
sequi
contd
be us
elaps
dura

.2.3 Sample Interval. With) one exception, the
les shall be collected at Wniform, not random, inter-
The exception is when(it is known that the collection
nce corresponds with/highs” or “lows” in the fine’s
nt. In that instance, random time intervals should
ed. Each sample.should be of the same weight. The
pd time te-collect all coal samples must equal the
ion of the'test run.

.2:4-Sample Number. Asa minimum, itis recom-

the 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.

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

Section A ~A
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4-8.2.5 Sample Amount. For manual san
coal or sorbent, individual samples typically
from 2 1Ib to 8 Ib are collected. For automatic
devices, much larger samples can be collected.
ASTM D2234 provides information about sam|

hpling of
weighing
sampling
Table 2 of
ple size.

4-8.2.6 Parallel Streams. Parallel streams such as
coal feed with belt feeders have the potential [for varia-
tion from stream to stream because of different flow rates,
particle sizes, and chemical composition. Therefore,
unless the chemical constituents of the samples can be
shown to be uniform, the samples must be tgken from
each of the parallel streams. If the flows for tHe parallel
streams are unequal, the amount of samples of|each par-
allel stream must be flow weighted. The flow for each
of the parallel streams must be continuous throughout

4-8.2.7 Sample Handling. Sampling must be carried
out only under the supervision of qualified personnel.
The procedure used must be developed and carefully
implemented to ensure that representative samples are
obtained and to prevent contamination in sampling
devices and storage containers. Samples collected out-
doors must be protected from external environmental
influences during collection. Airtight, noncorrosive stor-
age containers prevent degradation of the sample until it

(
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is analyzed. Each sample should be sealed immediately
after being taken. Samples should not be mixed in open
air prior to analysis for moisture because of the potential
for moisture loss.

Samples must be properly labeled and described in
terms of their significance to the test. The label should
include, as a minimum, the date, time, location, and
type of sample taken.

ASTM Standards D2013 and D3302 should be fol-
lowed in the preparation of coal samples. Sorbent analy-

as “increments” in the terminology of ASTM D2234,
Standard Practice for Collection of a Gross Sample of
Coal. Each analysis sample is individually analyzed
for the applicable constituents, heating value, carbon
content, moisture, etc. The average value and standard
deviation of the mean for each constituent are calcu-
lated using eqgs. (5-2-1) and (5-2-10). This procedure
must be used when there are no historical data availa-
ble to estimate the random uncertainty of the samples.

sis procedures are addressed by ASTM D25.

4-8.3 Systematic Uncertainty

When fthe systematic uncertainty of a sampling pro-
cedure is| estimated, the test engineer should consider
the folloying potential sources. There may be other
sources, gnd not all sources listed are applicable to all
measurerhents.

(a) pling location/geometry

(b) e design

(c) tification of flowing stream

(d) ber and location of sample points

(e) ampient conditions at sample location

() /sorbent variability

(g) /sorbent size
ple handling/storage
ation of test
ntity of sample obtained
ate of the systematic uncertainty from a sam-
ple is a ¢ombination of systematic uncertainties from
sample a¢quisition, location, and stream consistency.

Samplihg methods other than those recommended
must be gssigned higher systematic uncertainties.

Before [conducting a performance test, it, iS-manda-
tory that|parties to the test make a pretest inspection
of the safnpling locations, identify the’'sampling meth-
odology, [and make the sampling( probes available.
Careful attention should be paid t¢-areas where sam-
ples miglt not be representative.)Sampling of coal and
other sol{d materials from a@'\moving stream can result
in more df one size range,0f particles during collection.
If systemptic errors agepresent in the sampling system,
the errord must be coriected, or the parties must assign
conservative (higheér) systematic uncertainties.

4-8.4 Mdthods'to Determine Average and Standard
De1‘ tion of the Mean

4-8.4.2 Partial Composite Method. Indiyfidual
samples are collected as described in para. 4=8.4.1{ The
samples are collected in “sets” from which one pet is
individually analyzed for the variable constituents{such
as ash and moisture (and sulfur if SOyréduction is|to be
considered). The average value afid standard deviation
of the mean for each variable donstituent are calcylated
using egs. (5-2-1) and (5-2-10):

The second set is thoroughly mixed (if they are|from
parallel streams) andcanalyzed for the composite con-
stituents. The averagé€ value of each variable constituent
is the measured value of the gross analysis samplq. The
standard deviation of the mean for the compositg con-
stituents are.taken from valid historical data.

This istanyalternative to analyzing individual sanmples,
and ispredicated on the availability of valid histprical
data;\The objective is to reduce laboratory costsf The
constituents are grouped into “composite” (e.g., cafbon,
bydrogen, and nitrogen) and “variable” (e.g., watet, ash,
and possibly sulfur) constituents.

The underlying premise for this alternative ig that
composite constituents for both the historical angl test
data are from the same statistical population. Afs the
constituents are from the same population, a sfand-
ard deviation of the mean derived from hist¢rical
data may be used for the test uncertainty anallysis.
Paragraph 7-4.1.4 provides additional background for
this alternative.

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

As coal is typically stored outdoors, the moisture
content of as-fired coal may have greater variapility
than as-received coal. This increased variability| may
invalidate the premise that the historical as-recgived
data and the test data are from the same statistical|pop-

Three methods to determine the average and stand-
ard deviation of the mean for the fuel characteristics
(i.e., moisture, ash, carbon, etc.) are available. The three
methods are

(a) individual

(b) partial composite

(c) full composite

4-8.4.1 Individual Method. An analysis sample
is prepared from each individual sample, referred to

60

u}aﬁuu, 1[UVVCVCJ., LllallBCD J'.ll 1llUlDtuLC \.Ulltcllt d nOt
affect constituents on a dry-and-ash-free basis. Where
sulfur retention is an important consideration in the
test, sulfur content should be included in the variable
constituents. The variability of sulfur content is often
relatively large.

This alternative is not suitable for residue samples.
The composition of residue is affected by operating con-
ditions within the steam generator. There is no simple
way to ensure that historical and test data for residue
would be from the same statistical population.

(
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Historical data should satisfy the following criteria to
be valid for estimating random uncertainty:

(a) the historical and test coal (sorbent) are from the
same mine/quarry and seam

(b) historical data are the analyses of individual (not
mixed) sample increments for the coal (sorbent)

(c) the historical and test samples are collected and
prepared in accordance with ASTM standards D2234,
Standard Practice for Collection of a Gross Sample of
Coal, and D2013, Standard Practice for Preparing Coal

Table 4-8.4.2-1 F Distribution
n—1 F

Sample for Analysis

(d)| the types of increments of the historical data
and the test data are ASTM D2234 Type 1, Condition A

(e)| (Stopped-Belt Cut) or Condition B (Full-Stream
Cut) |with systematic spacing

(f) | the size of the historical samples is the same as the
size ¢f the samples collected during the test

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

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

100
100 — MpH, OF, — MpAGF,
pH,OF pPAsF (4-8-1)
where
MpAsF, = ash content, in percent, of histori-

cal sample increment,

moisture content, in .petcent, of
historical sample increment, I

Fot carbon content, the conversion equation is

MpH,OF,

00
100 — MpH, OF, — MpASF,
(4-8-2)

MpCFdaf ,= MpCF, [

where

MpAsFg~<~ ash content of the fuel in percent,
as-fired basis (average of test
analysis)

Mp€Fdaf, = carbon content of the fuel in per-
cent, dry-and-ash-free basis

cent, as-fired basis
= moisture content of the fuel in

MpH,OF,
percent, as-fired basis (average of
test analysis)

The conversion equations for heating value, hydrogen,
nitrogen, sulfur, and oxygen are similar. ASTM D3180
addresses the conversion of analysis from one basis to
another and should be used.

Using the dry-and-ash-free values of the individual
historical samples, estimate the maximum probable

n—1

1 R
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

standard deviation, s, v of each composite constifuent. Use
Appendik A2, Method of Estimating the Overall Variance
for Inctements, of ASTM D2234 to determine s |

The*tse of this appendix requires for eachf compos-
itewonstituent 20 or more analyses of individual incre-
mients. If fewer than 20 are available, calqulate the
standard deviation, STDDEV,, of each comp¢site con-
stituent using eq. (5-2-11).

The standard deviation of the mean |for each
composite constituent is as follows for 20| or more
analyses:

Soj

STDDEVMN ;= N

(4-8-3)
For fewer than 20 analyses, use the followin;:

Fui.*STDDEV? )"
N

STNDEVMN,; = [
(4-8-4)

where

F = the upper 5% point of the H distribu-
tion for n—1 and « degreds of free-
ides selected

n = the number of sample increments in
the historical data
= the number of sample increments
taken during the test
s, = the maximum probable standard devi-
ation of each composite constituent on
dry ash free basis
The degrees of freedom of this standard deviation of the
mean are infinite.

(
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4-8.4.3 Full-Composite Method. Thisis also an alter-
native to analyzing individual samples. For full-com-
posite samples, none of the constituents are classified as
variable constituents. 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 minor concern.

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

plane of the flue gas composition. This is accomplished
by repeatedly sampling a number of representative
points in a cross section of the duct.

4-10.2 Systematic Uncertainty for Flue Gas Sampling

The systematic uncertainty of a flue gas sampling
procedure is similar to the systematic uncertainty for
solid fuel and sorbent sampling. Refer to para. 4-8.3
for potential sources of systematic uncertainty for flue

the measj;red value of the mixed analysis sample.

The criteria and calculations given above for partial
compositp samples are applicable to full-composite
samples gxcept that the conversion factor eqgs. (4-8-1)
and (4-8-2) are excluded.

4-9 LIQUID AND GASEOUS FUEL SAMPLING
4-9.1 Geperal

A repr¢sentative sample of the fuel fired during the
performahce test should be obtained using the methods
described in ASTM D4057 or ASTM D5287. Fuel oil and
natural gas typically have more consistent composi-
tion than|coal or other solid fuels, and therefore require
fewer samnples. If fuel properties may vary because of
outside f3ctors, such as changing source of fuel, a more
rigorous pampling program will be required to ensure
representptive samples.

4-9.2 Mdthods of Liquid or Gas Sampling

GPA Sthndard 2166, Method of Obtaining Natural Gas
Samples flor Analysis by Gas Chromatography, shatld be
consulted for the proper procedures and equipment for
sampling|gas. The type of sample vessel and procedure
is illustrafed for various cases and types ofliquid fuels in
the appropriate ASTM standard.

4-9.3 Systematic Uncertainty for.Liquid
or Gas Sampling

The sygtematic uncertainty*of liquid or gas sampling
is similar|to the systematic uncertainty of solid fuel and
sorbent sgmpling. Seepdra. 4-8.3 for potential sources of
systematic uncertainty for liquid or gas sampling.
imateefi\the systematic uncertainty from a sam-
ple is a Jombination of systematic uncertainties from
sample a¢qufisition, location, and stream consistency.

4-10 SAMPLING OF FLUE GAS
4-10.1 General

Flue gas flowing through a duct has nonuniform com-
position distribution. In a plane across the flowing flue
gas, this variation in composition or stratification also
changes with time because of slight changes in fuel and
airflow. The goal of flue gas sampling is to obtain the
integrated average in both time and space across that

62

gas sampling. An estimate of the systematic, uncer-
tainty from a sample is a combination of systematic
uncertainties from sample acquisition, lecationf and
stream consistency. Subsection 4-3 prowides pot¢ntial
sources of these systematic uncertainties. If sampling
procedures are performed using a\composite saiple,
the systematic uncertainty error‘due to spatial nopuni-
formity may be estimated by.niaking individual theas-
urements at the grid sampling points and comppiting
the spatial distributionsindex per para. 5-16.4. Afsam-
pling system that operates at subatmospheric prepsure
has a potential for in-leakage that will result in af one-
sided systematicuncertainty. If the flue gas is sevierely
stratified, thé p0Ussibility of systematic uncertainty is
increased.

4-10.3“Methods of Flue Gas Sampling

Multiple points in the sampling plane shall be|sam-
pled to compensate for stratification and to obthin a
representative sample. The flue gas samples must be
taken from the same measurement points used for| tem-
perature determination. The number of sampling foints
is chosen as described in para. 4-4.3. To minimize the
uncertainty, the individual sample points should be
combined to form a composite sample, which is| then
continuously analyzed during the test. The flow [from
each probe should be equal. Analysis at indivfidual
points can be utilized (along with using a greatef sys-
tematic uncertainty) when the number of points 1s not
so large as to reduce the number of complete travlerses
during the test.

4-10.3.1 Sample Collection and Transport. The
gas should be collected from a sampling grid and
bined into a single sample for each duct or locatior].
layout of points in the grid must be the same as

4.4

rate from each probe must remain equal, and the sys-
tem must be checked for leaks prior to and throughout
the test.

Large numbers of grid points are not required for SO,
and total hydrocarbons (THC). These samples require
heated sample lines and, therefore, a large number of
points is impractical. The parties to the test shall agree
on sampling procedures for these two gases. It should be
noted that filtering the sample may cause a systematic
uncertainty for SO, if CaO is present in the particulate

(
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filter. CaO reacts with the SO, and reduces it. In this
case, the filters should be cleaned frequently.

4-11 RESIDUE SAMPLING

Those fuels that contain ash necessitate a sample
of the various streams leaving the unit containing the
ash. These streams typically include fly ash and bot-
tom ash. Obtaining representative samples from each
of t i H

Ja Ll e ool
IS—a—CirrcCttrT—asS<s

analyzed using multiple analysis for the bottom ash, an
estimate of the associated systematic uncertainty can be
made from this information. The procedure should also
be reviewed to determine if other sources of systematic
uncertainty may also be present.

4-11.3 Methods of Sampling Fly Ash

All apparatus and test procedures shall be in accord-
ance with either ASME PTC 38, Determining the

p=] - P o - 1 Ak - —
COICCITUIAtOIT O I'dI'tICuldic IVIdUlET IIT d GdS J

L
SC=5treams

1o L
Fly—ash—may—be
collefted in several hoppers as the flue gas makes its
way

to the stack. The heaviest particles fall out first,
with|the smaller particles being removed by mechani-
cal fqrces resulting from the turning of the gas stream.
Unfortunately, the carbon is not uniformly distributed
throyghout the particle size range. The relative distri-
butidn of the ash into the various hoppers is also not
accufately known. The best method for obtaining a
reprdsentative fly ash sample is to isokinetically sam-
ple the ash in the flue gas upstream of as many ash
colle¢tion hoppers as possible. This usually means at
the efonomizer outlet. This obtains a sample that has a
representative cross section of particle size and carbon
contgnt. It also ensures that the sample is representative
of th¢ testing period.

The bottom ash also presents challenges in the form
of lafge chunks and poor distribution. A number of
sampfles and several analyses of each sample may be
required to obtain representative results. A single sam
ple mpay contain a chunk of coal not typically foundin
otherl samples or may have no carbon content.

4-11)J1 General

Flyf ash may be sampled isokinetically as particu-
late by drawing a flue gas sample-thtough a filter and
weighing the amount of particulate-gathered on the fil-
ter. Tlhe weight of the sample-and the flue gas volume
recorded during this process,determine the particulate
conc¢ntration in the fldegas stream. To avoid alter-
ing the concentrationtef the gas stream, the velocity of
the sfream entering¢he sample nozzle must equal the
velodity of gas at-that point in the duct. This process
is known asdsokinetic sampling. Multiple points are
sampled in.thé testing plane to compensate for nonu-
niform_velocity distributions and stratification of the
partifulate concentration.

tream, or
U.S. EPA Reference Method 17 as described as|follows:
(a) ASME PTC 38. The particulate (sampling train
generally consists of a nozzle, probe, filter, cpndenser,
dry gas meter, orifice meter, and yacium pumijp or aspi-
rator. ASME PTC 38 illustrates{different configurations
of sampling trains, and should’be consulted foy the type
of train to be used on specific installations.
(b) U.S. EPA Method-\}/. The U.S. Envionmental
Protection Agency .hds established two methods for
particulate samplingl These reference Method$ 5 and 17
are similar, exceptithat Method 17 uses an in-sfack filter,
whereas Method 5 uses an external filter. Method 17 is
preferredisince all of the particulate catch remdins in the
filter holdér. Method 5 requires an acetone wash of the
probeéassembly, which may not be suitable fof analysis
forZearbon. Detailed procedures for these methods are
contained in 40CFR60 Appendix A.
Isokinetic sampling of the flue gas is both the|reference
and the preferred method for sampling fly ash. [The num-
ber of grid points on the traverse sampling plarfe must be
in accordance with ASME PTC 38.

4-11.4 Methods of Sampling Bottom Ash

For a bottom ash sluice stream, the preferrefl method
of sample collection is to take the sample with a multi-
holed probe extending the width of the sluide stream.
Pages 2-3, 2-4, and 2-5 of EPRI Report EA-361(illustrate
a multihole probe. Alternatively, a portion of the sluice
stream may be diverted to a collection device where the
ash is allowed to settle and a sample is then taken.

4-11.5 Other Residue Streams

In some cases, the parties to the test may decide not
to sample from a residue stream that does not ¢ontribute
significantly to the energy loss. Possible examples of such

4-11.2 Systematic Uncertainty for Residue Sampling

Isokinetic sampling is the reference method prescribed
by this Code. The systematic uncertainty associated with
this method is assumed to be zero. There is still an asso-
ciated systematic uncertainty for the ash collected in the
bottom ash as well as any hoppers located upstream
of the fly ash collection point. If multiple samples are
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Strearmsareair treater dibyuoal draimsorvertttrles, where
the flow rate is negligible, or bottom ash drains, which
may have insignificant sensible heat and unburned com-
bustible losses. Alternatively, samples of bottom ash
sluiced to a settling pond can yield a result that is no more
certain than using an assumed value. If a solid stream is
not sampled, the appropriate systematic uncertainty shall
be assigned, and the historical evidence shall be docu-
mented in the final report.

(

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

B



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

4-12 FUEL, SORBENT, AND RESIDUE ANALYSIS

4-12.1 General

It is the intent of this Code that the samples be analyzed
in accordance with the latest methods and procedures.
When choosing a laboratory, the parties to the test should
choose a laboratory agreed to by parties to the test.

4-12.2 Systematic Uncertainty for Fuel, Sorbent, and
Resi .

determine efficiency is the constituent volumetric analy-
sis of the fuel. ASTM D1945 is used for this determina-
tion. This analysis is converted to an elemental mass
analysis as detailed in para. 5-8.2. Higher heating value
may be determined by a continuous online calorimeter
as defined in ASTM D1826. The parties to the test shall
agree on which method will be used.

4-12.3.5 Residue. Particulate residue samples
shall be analvzed for total, combustible, and carbon-

ASTM | provides guidelines for typical lab-to-lab
reproducybility. These values are listed in Tables 4-3.6-2
through B-3.6-5 for use in estimating the systematic
inty of a sample analysis. In general, the system-

4-12.3f1 Solid Fuels. For solid-fuel-fired steam

for analysis. ASTM D3180 defines the pro-
r converting the analysis from one basis to
he latest versions of these procedures shall
. If ASTM adds a new or revised procedure
eeable to both parties to the test, that proce-
be used.
ermination of other solid fuel qualities such
temperature, free swelling index, grind-
ability, agh chemistry, and fuel sizing are impertant to
judge the equivalence of the test fuel and the ‘specified
fuel, and| they may be required for other, test objec-
tives. Ngnmandatory Appendix E ¢ffers additional
informatijon.

cedures
another.

4-12.3.2 Sorbent and Other_Additives. The mini-
mum information neededito determine the sulfur
capture and efficiency isythe sorbent ultimate analysis
(calcium,|magnesiumy moisture, and inert). The deter-
minationof other selid Sorbent qualities such as sorbent
sizing mdy be reddired, depending on the objectives of
the partiqular-test.

4-12.3. tid-Fuet: : csteatrre
erators, the minimum fuel information needed to deter-
mine efficiency is the ultimate analysis and higher heating
value of the fuel. The determination of other liquid fuel
qualities such as API gravity and density may be required
depending on the objectives of the test. The procedures
for these determinations are found in ASTM D1298.

4-12.3.4 GaseousFuel. For gaseous-fuel-fired steam
generators, the minimum fuel information needed to
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ate carbon content according to ASTM D6316. Thifs test
method comprises the use of any of several methods
for determination of total carbon content.(If the injstru-
ment method, ASTM D5373, is used to determing| total
carbon content, then the instrument Shall be capable of
analyzing prepared residue samplés of not less|than
100 mg. Use of a loss on ignitiony(LOI) analysis {s not
permitted for the determination” of unburned combus-
tible loss, because several-seactions may occur ih the
combustion process thatreduce or increase the wieight
of the sample and that have no heating value.

The test for total carbon in the residue includdgs the
determination-jef)hydrogen, and the hydrogen fesult
may be reported in addition to the carbon. This pqrtion
of the test.isnot mandatory for testing carbon in regidue,
and experience indicates that H, in fuel volatilizes [read-
ily arid no significant quantity of H, exists in residue in
the normal combustion process. This test may result in a
measured hydrogen content on the order of 0.1% of less.
Hydrogen quantities of this order of magnitude should
be considered as zero in the combustion and efficjency
calculations. A potential source for error in the detprmi-
nation of free hydrogen is that, as with carbon, this test
method yields the total percentage of hydrogen inh the
residue as analyzed and the results present the hydro-
gen present in the free moisture accompanying thefsam-
ple as well as hydrogen present as water of hydratjon of
silicates or calcium oxide [Ca(OH),].

4-13 FLUE GAS ANALYSIS

4-13.1 General

It is the intent of this Code that the samples be ana
in accordance with the latest methods and procedur

A number of factors need to be considered in deter-
mining the systematic uncertainty of a flue gas analy-
sis system. The following are some potential sources of
systematic uncertainty for the flue gas system:

(a) analyzer accuracy

(b) sampling system interference

(c) analyzer drift

(d) spatial variation

(e) time variation

(
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(f) cal gas accuracy

(g) sample temperature and pressure influence on
analyzer

(h) undetected leaks

(i) interference gases

(j) ambient temperature influence on analyzer

(k) sample moisture influence on analyzer

(I) accuracy of dilution ratio, if used

the calibration gas of the approximate concentration
found in the flue gas can be used to minimize the
error.

4-13.4.2 Carbon Monoxide. The most common
method for carbon monoxide analysis is nondispersive
infrared. The main disadvantage of this methodology is
that CO, CO,, and H,O all have similar infrared wave-
length absorption. For accurate CO readings, the sam-

as analyzers. The sample collection and transport

is composed of a grid of probes, sample lines,
bas mixing device, filter, condenser or gas dryer,
ump. The flue gas analyzers each measure a par-
ticulgr flue gas constituent. Since an extractive sample
remqgves water vapor from the sample prior to analysis,
this iype of analysis is on a dry basis. A nonextractive
or infsitu analysis produces results on a wet basis. Flue
gas cpnstituents are analyzed on a volumetric or molar
basis} in which the moles of the constituent of inter-
est afe divided by the total moles present. The differ-
ence petween the wet and dry basis is that the wet basis
includes both the dry moles and water vapor moles in
enominator.

Flue Gas Analysis

types of analyzers currently in:use are continuous
onic analyzers and manual (instruments such as

factops related to manual_instruments contribute to
potentially high systerhatic uncertainties. In addition,
it is fecommended that flue gas composition be moni-
tored on a contifugtis basis throughout the test. Fuel
variafions, control system tuning, and other factors
caus¢ variatiobs in flue gas constituents. Therefore, a
contihuqusly* analyzed composite sample taken from a
represéntative grid best represents the true average gas

ple must be dry and the analyzer must compensate for
CO, interference. Better quality instrumerjts deter-
mine CO,, then compensate CO for that valjie; preset
CO, interference factor may also be‘used. Hor deter-
mining heat loss due to CO, the\inaccura¢y result-
ing from neglecting CO, (approximately 2( ppm) is
minimal. However, an overestimate of 20 ppm may
be significant in relationto environmental grotection
regulations.

4-13.4.3 Sulfur Dioxide. The analysis of sullfur diox-
ide (S0,) is typically performed using one of tw¢ accepted
methods: pulsed fluorescent or ultraviolet. S, is very
reactive, and only glass, stainless steel, or Teflpn can be
used inthé sampling and analysis system.

4-13.4.4 Oxides of Nitrogen. Chemiluminegcent ana-
Iy/zers are the preferred method of analysis. These ana-
lyzers first convert NO, to NO in a thermal ¢onverter,
then mix the NO with ozone (O,) and produge NO, in
the reaction chamber. This reaction process elfits light,

which is measured to determine the concenfration of
NO,. Even though NO, represents a very small percent-
age of the NO, emissions (typically less than p%), NO,
is reported as NO,. This has negligible effect|on steam
generator efficiency.

4-13.4.5 Total Hydrocarbons. Total hydfocarbons
(THC) measurement by flame ionization detegtor (FID)
based instrument is the preferred method. Eithef methane
or propane should be used for calibration and the result-
ing THC value reported as THC ppm methane or THC

ppm propane.

4-14 ELECTRIC POWER
4-14.1 General

COMpPOSItIOTT.

4-13.4.1 Oxygen. Several methods are employed
to measure oxygen; among them are paramagnetic,
electrochemical cell, fuel cell, and zirconium oxide.
The test engineer must ensure that the method selected
is appropriate for the application employed. When an
electrochemical cell is being used, care must be taken
to ensure that other gases such as CO, do not interfere
with the oxygen measurement. An interfering gas in
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The accurate measurement of thiee-phase power is
a complex issue. Fortunately, highly accurate electrical
measurement is of minor importance for determining
steam generator efficiency. If power measurements
are used to determine auxiliary power consumption,
a more exhaustive procedure should be used. The
best approach is to measure the current and voltage
in each phase of the circuit and sum the power in each
phase to determine the total. In practice, this is dif-
ficult and costly.

(
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4-14.2 Systematic Uncertainty for Electrical Power
Measurement

listed, and some of those listed may not be applicable to
all measurements.

- . . (a) hygrometer
When estimating the systematic uncertainty of an
electric power measurement, test personnel should (b) WT'tlf dr}’ bulb thermometer type
consider the following list of potential sources. Not all ;2)) (Cﬂilftratlon
sources are listed, and some of those listed may not be . .
applicable to all measurements. (e) thermometer nonlinearity
(a) current transformer (CT) accuracy () parallax
(b) potential transformer (PT) accuracy
(c) poyver factoromreact Phabc g;l_'i_j_M_eth_o_d_o_f_M_e_as_urement
(d) waftmeter accuracy The dry-bulb and wet-bulb temperatures should be

(e)
02
4-14.3 Method of Measurement

For thg
generato

loafl imbalance
frequency of sampling

measurement of electrical power for steam
efficiency, measurement of a single phase
current gnd voltage along with the assumption of
balanced|load for the auxiliaries is sufficiently accu-
rate. Should a highly accurate determination of aux-
iliary pgqwer be required for other purposes, the
determinption shall be made in accordance with the
2 wattmgter or 3 wattmeter methods. IEEE 120 should
be consu]ted for methods to use in making electrical
power mpasurements.

4-14.4 E

An estjmate of the systematic uncertainty from an
electrical|measurement is a combination of systematic
uncertairfty limits from primary sensor type, watt-
meter, ar|d data acquisition. Subsection 4-3 andpara.
4-14.2 prpvide potential sources of these systematic
uncertairfties. The uncertainty of protection” CTs is
typically [ +10% to 20%. Measurement«CTs vary but
usually Bave uncertainty in the range)of 1% to 5%.
These CTs are used to send a signalto the operator.
Usually ¢nly one phase uses a_measurement CT, and
the assumption is made that.the power used on the
other twp phases is the same (balanced load). This
assumptipn is not necessarily accurate due in part to

btimating Systematic Uncertainty

determined at the atmospheric air inlet to thé tnit. [Since
the specific humidity does not change with heat addlition
unless there is a moisture addition, the-specific hunpidity
of the combustion air leaving the aii heater is the [same
as the specific humidity entering{ To determine specific
humidity, either dry-bulb and fvet-bulb, or dry-bulb and
relative humidity, are needed;-Raragraph 5-11.2 addjesses
absolute or specific humidity (pounds of moisturp per
pound of dry air). Thean@isture may be determined with
the aid of a sling-type psychrometer, hygrometer with
temperature or sinrilar device, and an observed bar¢met-
ric pressure reading.

4-16 MEASUREMENTS FOR SURFACE RADIATION
AND CONVECTION LOSS

4:16.1 General

This Code provides the following two method
determining this loss:
(1) by measuring the average surface temperatyre of
the steam generator and ambient conditions near i
(b) by using actual component areas with sfand-
ard values for surface and ambient conditions (see
para. 5-14.9)
To determine this loss by measurement, megsure-
ments of surface temperature, ambient temperaturg, and
ambient air velocity should be determined at a suffjcient
number of locations to calculate representative avgrage
values. Any measurements of ambient air temperature
and velocity should be taken between 2 ft and 5 ft|/from

s for

varying gower factors. the surface.
4-15 HUMIDITY. 4-16.2 Method of Measurement
4-15.1 General Measurement of surface temperature can be aqcom-

The moisture carried by the entering air must be taken
into consideration in calculations of steam generator
efficiency.

4-15.2 Systematic Uncertainty for Humidity
Measurement

When estimating the systematic uncertainty of a
humidity measurement, test personnel should consider
the following potential sources. Not all sources are
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piishied—with —a thermocouplie, contact pyrometer,
infrared pyrometer, or thermal imaging camera. If a
thermocouple is used, a 1 in. to 2 in. thick piece of insu-
lating material should be used to cover the hot junction.
The insulation should be approximately 2 in.? to prevent
erroneous readings.

The large number of temperature readings required
and accessibility difficulties may support the use of
infrared instruments. Use of the infrared thermometer
or the thermal imaging camera requires a calibration of

(
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the surface emissivity for the instrument. This is best
accomplished in the field using a thermocouple and
potentiometer. Measure a surface temperature with the
thermocouple using the insulation procedure described
above. After this temperature is determined, measure
the temperature in the same location with the infrared
thermometer or the thermal imaging camera. Adjust the
emissivity on the instrument until the readings match
the temperature taken with the thermocouple. This is

easurements. This procedure should be repeated
ically since surface emissivity can be different on
other walls. This can be due to dust particles, oxidation,
or other differences in surface material or preparation.
The ¢missivity value determined for calibration of the
instrfiment is not to be used for heat loss calculations.
The dalculation procedure described in para. 5-14.9 shall
be used.

Infrared thermometers are very sensitive to angle
of ind¢idence of the reading. When using this instrument,
be syre that the infrared beam is perpendicular to the
surfafe being read. Thermal imaging cameras are not as

sensitive to the angle of incidence, but it is good practice
to keep the instrument as normal to the surface as pos-
sible. Infrared instruments typically have a circular field
of view and read the average temperature in this field.
Local hot spots caused by lagging support hardware
will distort the reading if in the field of view.

Ambient air temperature is typically measured with
a handheld temperature gauge or a thermometer. Users
of this Code are referred to ASME PTC 19.3 for further

Ambient air velocity is typically measured wi
held anemometer, either hot wire or vanety,
handheld anemometers also have a(huilt-in
temperature measurement.

be. Many
ambient

4-16.3 Estimating Systematic Uncertainty

An estimate of the systematic uncertainty from a
temperature measurement'is a combination df system-
atic uncertainty from~temperature primary| element,
sensor type, and data acquisition. Subsectiof 4-3 and
para. 4-4.2 discugs ‘potential sources of these systematic
uncertaintiest
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Section 5
Computation of Results

5-1 INTRODUCTION

In this same category is any dependent variable that

This Sgction describes the data required and the
computatfion procedures for determining the performance
of steam penerators covered by this Code. Data acquisi-
tion pringiples, instruments, and methods of measure-
ment are piven in Sections 3 and 4. Derivations of certain
equationd are detailed in Nonmandatory Appendix C.
The COIEputation equations use acronyms for variables

that consist of alphanumeric characters that may be used
directly ih computer programs without loss of interpre-
tation. THe format for these acronyms, definition of let-
ters or letfer combinations, and a summary of developed
acronymyg are described in subsection 5-20. The alphanu-
merical designation that identifies the locations of gase-
ous, liquid, and solid streams in relation to the steam
generatorl components are listed on the Steam Generator
Boundarigs data identification lists in subsection 1-4 and
shown schematically on Figs. 1-4-1 through 1-4-7.

This Sg¢ction is generally arranged in the sequence
required fo compute steam generator performance after
completign of a test. The test measurements recorded dur-
ing a performance test must be reduced to average val-
ues beforg performance and uncertainty calculations are
completedl. Subsection 5-2 provides guidance forteducing
test measpirements to average values. Subsection 5-2 also
presents fhe equations to determine the standard devia-
tion of the mean for uncertainty analysis calculations.
Subsectiohs 5-3 through 5-15 present the equations to deter-
generator performance. Subsection 5-16 pre-
sents the dquations to determine.the systematic component
of the ungfertainty and the_rémaining equations required
to compldfte the test uncerfainty analysis. Subsections 5-17
through 5¢19 present giiidance for determining other oper-
ating pargmeters, cotrections to standard or design condi-
tions, and|enthalpy‘ealculations.

5-2 MEASUREMENT DATA REDUCTION

is a result of multiple measurements. Measuremgnt of
fluid flow is a common example. The flow resulf is a
square root function of differential pressure-and approx-
imately linear function of temperaturepand pregsure.
The calculated result should be used irrthe data avgrage.
The random and systematic errof“of the instruthents
required to determine flow should be incorporated in
the total random and systemati€uncertainty of the meas-
ured flow parameter (referto para. 5-16.1, Sens;rilvity
Coefficients).

5-2.2 Outliers

The first step\ih determining the average valye for
a measuremert is to reject bad data points or oufliers.
Outlierscare'spurious data that are believed to be not
valid and ‘'should not be included as part of the dalcu-
latiehs* and uncertainty analyses. Causes of oftliers
aré, human errors in reading and writing valueg and
instrument errors resulting from electrical interfefence,
etc. Several documents provide guidance and stgtisti-
cal methods for determining outliers; among thefn are
ASME PTC 19.1, Test Uncertainty, and ASTM E178| This
Code does notrecommend a particular statistical m¢thod
for determining outliers. It is important to note that the
use of statistical methods to determine outliers car} pro-
duce unrealistic results depending on the method and
criteria used. Most outliers are obvious when all| data
recorded for a given parameter are compared. The fejec-
tion of outliers based on engineering judgment arjd/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 dulfing a

5-2.1 Calibration Corrections

When an instrument has been calibrated, the calibra-
tion correction should be applied prior to data reduc-
tion. An example is a pressure transducer for which an
actual pressure versus output reading (e.g., millivolt
output) has been determined statistically via labora-
tory measurements. Similarly, an error correlation as a
function of millivolts determined for a thermocouple in
a laboratory should be applied to the measured result
prior to averaging.
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performance test is determined before or after the rejec-
tion of outliers. The average value can provide impor-
tant 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 major-
ity can be averaged on the basis that the parameter has
perturbations about a constant value. This includes any
parameter measured at a single point to determine the

(
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value such as steam temperature or pressure. During a
steady-state performance test (as defined in Section 3)
some single-point parameters may exhibit time depend-
ency. However, for purposes of this Code, such param-
eters are assumed to have a constant value equal to the
arithmetic average.

However, some parameters measured during a test
run must be considered with respect to space as well
as time (i.e., parameters that are not uniform within

of measurements for a test consists of m sets of meas-
urements. Each set has n readings. The average value,
X e for set kis given by eq. (5-2-1) with the addition
of a subscript to denote the set. The overall average
value of such parameters is

1 &

Xayg = — 2 Xavey (5-2-2)
mi=

When individual measured parameter data and

a plane perpendicular to the direction of flow). This

woulld include any measured parameter determined Standard deviation information are availapiq for each

from[more than one point at a given location. Air heater set of measurements, the total standard dewagtion may
. . be calculated in accordance with eq. (5-2<8). If this infor-

flue gas outlet temperature measurements using a grid L .

of thrmocouples is a typical example. Parameters that mation is not available, the subsets should be freated as

. P . ple. . individual samples.
vary with space as well as time are averaged differently
from|parameters that vary only with time.

The average value of the parameters, along with their
standard deviations of the mean and degrees of freedom,
are uped to calculate the overall random uncertainty.

5-2.3.1 Average Value for Spatially Uniform Para-
metefs.! The average value of a parameter that is not
expefted to exhibit spatial variations is calculated by
averdging readings taken over time.

Fof parameters modeled as constant in/over space
(e.g.,|feedwater temperature or pressure), or values of
a patameter at a fixed point in space (e.g., exit flue gas
tempjerature at one point in the thermocouple grid), the
equafion used to calculate average values is

1 1
Kave ==, +x, + x5 + ...+xn):72xi (5-2-1)
n niz

where
n = number of times parameter x is measured
X |,c = arithmetic average value\'of a measured
parameter
x, = value of measured parameter i at any point
in time
5-2.3.2 Summary Data! It is common for data

acqujsition systems)to print out (and store on elec-
tronif media) avérage values and standard deviations
for npeasured, parameters several times during a test
periqd. Thes&lare called summary data. The total set

5-2.3.3 Average Value for Spatially Nonunifprm Para-
meters. The average value’of parameters hayving spa-
tial variations can be determined by first calcuflating the
average value of allithe’data for each defined point in a
measurement gridi. The average value of all pojnts in the
grid is then determined.

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 descrip-
tion of uncertainty analysis calculations alpng with
derivations is included in Section 7. Section|7 should
be reviewed before beginning any uncertainty calcula-
tions. The random component of uncertaintyy must be
calculated using several steps. Each measured param-
eter has a standard deviation, standard deyiation 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 calculfted until
after the steam generator performance computations
shown in subsections 5-3 through 5-15 are c¢mpleted.
The calculation of the overall test standard deiation of
the mean and the random component of uncerjtainty are
presented in subsection 5-16.

The first step in determining the standard
of the mean and degrees of freedom for a measured
parameter is to calculate the average value apd stand-
ard deviation using the data recorded during a test.

deviation

! 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 the
use of 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
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I'he average value, standard deviation, and degrees of
freedom for a measured parameter are calculated differ-
ently for parameters that vary in both time and space
and those parameters that vary only in time.

5-2.4.1 Random Uncertainty for Spatially Uniform
Parameters. For multiple measurements of a param-
eter that is not expected to exhibit spatial variations, the
standard deviation and standard deviation of the mean
for the parameter are calculated from

(
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STDDEV?

1/2 1 .
n j :{n(nfl);

1/2
STDDEVMN = [ (x,— XAVG)Z]

where
n = the number of measurements within each set

(5-2-3) The standard deviation of the mean for multiple sum-
mary data sets is
1/2
1 n
STDDEV = (x,~ X o)’ (5-2-4) _ S > 2
[ oD & AVG STDDEVMN = PP ;[(n 1)STDDEV? +1 X 4y |
or 1/2
1/2 — 2 -2-
STDDEY, —({DCTHHI“'/\Z —l (5.2.5) mnXAVG W (5 2 8)
A 7 (7’1 — 1) J AN 7 Vi
where
where ) ) m = the number of sets of data
n = number of times parameter is
measured The degrees of freedom for the standard deviation of
PSTPDEV = population standard deviation fora  the mean for the summary data setslare
measured parameter DEGFREE=mn&1 ( ;_2_9)
STPDEV = standard deviation estimate from o
the sample measurements The overall averages and.the standard deviatigns of
STDDHVMN = standard deviation of the mean for a the mean of both the summary data and the total m-n
measured parameter measurements have te b€ the same. The model is 4 con-
X,y = arithmetic average value of a meas- ~ Stant value parametef yor both.

ured parameter . . I

x, = value of measured parameter i at 5-2.4.2 Random Uncertainty for Spatially Nonunjform
1

any point in time

The eduations are presented in the above format
because pome electronic calculators and spreadsheet
programq calculate the population standard deviation
while othjers calculate the sample standard deviation.
Some als¢ calculate the standard deviation of the mean.
It is impdrtant that the individual calculating the starid-
ard devidtion of the mean used to determine random
uncertainty understands the difference between-popula-
tion standard deviation, sample standard deviation, and
standard |[deviation of the mean. With the use’of a com-
puter or dcientific calculator, if the fun¢tion for “sample
standard deviation” is used with the ineasured values of
the paranpeter, the result would bé SI'DDEV. If the func-
tion for “ppopulation standard déviation” is used on these
values, the result would be’PSTDDEYV. If the function
for standprd deviation for“the mean or “standard error
of the meaan” is used, thé\result would be STDDEVMN.
An undegstanding of'the differences will help in the use
of the corpect funétions and formulae.

The deprees‘ofsfreedom for the standard deviation of
the mean|of-a spatially uniform parameter is determined
from the ‘nllnt,«n.ng aqnqh’mm

Parameters:. The standard deviation of the mean|(ran-
dom uncertainty) and degrees of freedom for a parajneter
with spatial variations must be determined in a man-
ner*censistent with the integration methods discfissed
invsubsection 7-4 for use of weighted or unweighted
averages.

First, calculate for each grid point location, i: avdrage,
STDDEV, STDDEVMN, and DEGFREE. Then calqulate
the average of all points in the grid.

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

2-10)

i=1

1/2
1 m
STDDEVMN =— [z STDDEVMNIZ} (5

The associated degrees of freedom are

DEGFREE = n — 1 (5-2-6)

where
DEGFREE = number of degrees of freedom

For summary data (refer to para. 5-2.3.2), the associ-
ated standard deviation of set k is

n

1/2
2 (x; = Xavor )2:| (5-2-7)

i=1

1
STDDEV, =| ——
(n—1)

70

STDDEVMN*
DEGEREE=", STDDEVMN’ (5p2-11)
; m* DEGFREE,
where
DEGFREE = degrees of freedom for avprage
parameter
DEGFREE, = degrees of freedom of the paraineter
at point
m = number of grid points
STDDEVMN = standard deviation of the mean for
average parameter
STDDEVMN, = standard deviation of the mean of

the parameter at point

The degrees of freedom must fall between a minimum
and maximum value based on the number of readings
taken at each grid point and the number of grid points.

(
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The minimum possible degrees of freedom is the smaller =~ where

of the following: PARAVG,,, = theweighted average value of the
(1) number of points in the grid, m parameter
(b) number of readings taken at each grid point PARAVG,,, = the unweighted average value of
minus 1,7 — 1 the parameter
The maximum possible degrees of freedom is the STDDEVMN,,, = standard deviation of the mean of
product of the two items listed above. the unweighted average
Equations (5-2-10) and (5-2-11) are for unweighted STDDEVMN,, = the standard deviation of the
averages and also for weighted averages when the mean of the velocity

weighting factors are measured simultaneously with the V.. = the average velocity
paramneters so that the standard deviation of the mean of

the ghd points are calculated by using weighted param- If the velocity distribution is determinegd by|a limited
. . number of traverses, STDDEVMN,, can‘\be ¢stimated
eters|(Xp,, = F;X,). This calculation should be used for Lo ra
. o from a large number of velocity readings tgken over
weighted averages only when there are a large enough time at a sinel int. as described iimediatdly ab
number of readings at each grid point to assure statisti- rmeat a smgle pomnt, as described 1 cdiatqly above,
cal sifnificance with V; used in place of X, .
If weighted averages are to be employed in perfor-
mande calculations, with only a small number of simul- 5-3 CAPACITY
tanequs traverses (fewer than six), giving only a small 5 34 ¢ ;
/ -3.1 Capacit
number of readings at each point, then the standard devi- .p ' y : )
ation of the mean of the weighted average is estimated Capacity is the Raximum main steam mass flow rate
using a single probe as described in subsection 7-4. This the steam geplerator 1s .ce.ipable of prodl.lc.mg pr a con-
probg¢ is arranged to simultaneously measure velocity ~ fInuous ba_s,1s Wlth SP?leIEd steam conditions pnd cycle
and the parameter of interest (temperature or oxygen) .anflgura’ﬂon (1r.1cl.ud1ng specified blowdown|and aux-
at a f|xed point. There are 7 readings at the single point.  iliary stéam). This is also frequently referred t as maxi-
The feadings are multiplied as follows: murmcontinuous rating (MCR).
1% 5-3.2 Capacity, Peak
Xewi =| o |Xi (5-2-12) . . .
Vave Peak capacity is the maximum main steam fnass flow

o , rate the steam generator is capable of produ
Thg sample standard deviation of X, STDDEV, is specified steam conditions and cycle con

C?ICU [ated from eq. (5-2-4) or (5-2-5). The standaxd dev.ia- (including specified blowdown and auxiliary
tion ¢f the mean for the weighted average parameter is intermittent operation (i.e., for a specified peri
Fu-1.STDDEV without affecting future operation of the unit)
STDDEVMN, === 75 (5-2-13)

where 5'4 OUTPUT (QrO), Btulhr (W)
Fu 1ﬁ i F dls{;rlbu?:)n Output is the energy absorbed by the worl
— [umber ot trayEyes . . that is not recovered within the steam generg
n = number of readings at the single point 1 h heat th . T

W = weightedsaverage ope, such as energy to heat the entering air.

the energy added to the feedwater and desup
Thp standard deyiation of the mean for each grid ~ water to produce saturated/superheated ste
poin{ is determiined from the standard deviation of the ~ steam, auxiliary steam (refer to para. 5-4.3),
single fixedyréference point. The degrees of freedom  down.Itdoes notinclude the energy supplied {
e single point are taken as infinite; therefore, the  the entering air such as air preheater coil steam)

bing with
iguration
team) for
d of time

ing fluid
tor enve-
includes
erheating
, reheat
nd blow-
0 preheat
supplied

F-disfribution table is used. by the steam generator.

determined separately from the weighted parameter,
then the standard deviation of the mean of the weighted =~ where

QrO=3% MrStz2 (HLvz2 — HEnz1), Btu/hr (W) (5-4-1)

average parameter is calculated from HEnzl = enthalpy of fluid entering location z1, Btu/
2 Ibm (J/kg)
STDDEVMN = [STDDEVMNuw +(PARAVG,,, — PARAVG,, ) HLvz2 = enthalpy of fluid leaving location z2, Btu/
22 Ibm (J/kg)
X[STMDEVMNV) } MrStz2 = mass flow rate of fluid leaving location z2,
Vave (5-2-14) Ibm/hr (kg/s)
71
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5-4.1 Output in Main Steam

The output energy in main steam is the energy added
to the entering high-pressure feedwater (and super-
heater spray water for superheat units). Refer also to
auxiliary steam and blowdown, which are outputs gen-
erated from the entering high-pressure feedwater.

5-4.1.1 Saturated Steam Generators.
main steam is equal
the unit tj i
steam leqving the unit and the feedwater entering the
unit.

Output in
to the steam mass flow rate leaving

ayara: CDoTWeo aga

dlpy O

DrO = MrSt31(HSt31— HW24), Btu/hr (W) (5-4-2)

5-4.1.2( Superheated Steam Generators. Output in
main stegm is equal to the difference between the main
steam andl spray mass flow rates multiplied by the differ-
ence between the main steam and feedwater enthalpies
and addgd to the spray mass flow rate multiplied by
the differpnce between the main steam and spray water
enthalpiep.

Q0= (MrSt32 — MrW25) (HSt32 — HW 24)
+ MrW25 (HSt32 — HW25), Btu/hr (W) (5-4-3)

5-4.2 Reheat Steam Generators

For rehfeat steam, a term for each stage of reheat must
be added] to the output equation. (Refer to para. 5-4.2.1
for the logjic for determining reheat flow.) The additional
output frgm the first-stage reheat is the reheat mass flow
rate time$ the difference between the reheat enthalpies
entering gnd leaving and added to the reheat sptay'mass
flow rate[times the difference between the reheat steam
and rehegt spray water enthalpies.

(ORh = MrSt33 (HSt34 — HSt33) = MrW 26

(HSt34— HW26), Btufhs (W) (5-4-4)

5-4.2.1 Reheat Flow. Fgr purposes of this Code,
first-stag¢ reheat flow is,ealculated by subtracting from
the main|steam flow thé.sum of the extraction flow(s)
to feedwater heatex(s), turbine shaft and seal leakages,
and any [other flows extracted after the main steam
flow leavls thésteam generator boundary and prior to
returning te the reheater, and by adding reheat spray

first-stage reheat flow leaving the unit is used in lieu of
main steam flow.

Consult ASME PTC 6, Steam Turbines, for guidance in
determining reheat flow.

5-4.3 Auxiliary Steam

Auxiliary steam includes steam that exits the steam
generator envelope as well as miscellaneous steam,

utilized to heat the entering air. For each extrgction
point, add the following term to the output equatign:

QrAxSt = MrSt46 A (HSt46 A — HW24), Btu Mir (W)
($-4-5)

where
MrSt46A and HSt46A = ther mass flow rate| and
ehthalpy at the extrdction

point

5-4.4 Blowdown

The term added(to the output equation when plow-
down is utilizedhis

QrBi= MrW35 (HW35 — HW24), Btu/hr (W) (}-4-6)

5-5« \INPUT

Input is the potential combustion energy. It is the
maximum amount of energy available when the fliel is
completely burned.

Qrl = QrF = MrF HHVF, Btu/hr (W) ($-5-1)

where
HHVF

higher heating value of fuel, Btu/Ibm (J|/ kg).
Refer to subsection 5-8.
MrF = mass flow rate of fuel, Ibm/hr (kg/s)
QrF = input from fuel, Btu/hr (W)

Qrl = input, Btu/hr (W)

5-6 ENERGY BALANCE

In accordance with the first law of thermodynamics,
the energy balance around the steam generator ¢nve-
lope can be stated as

Energy entering  Energy leaving _ Accumulgtion

flow. Th
tion flow to feedwater heaters is to calculate the flow
by energy balance. Turbine shaft and seal leakages may
be estimated from the manufacturer’s turbine heat bal-
ances or recent turbine test data. Extraction flows that
cannot be calculated by energy balance must be meas-
ured, or, if minor, estimated with appropriate uncer-
tainty factors applied.

The logic for calculating second-stage reheat flow is
similar to first-stage reheat flow except the calculated

preforred mothad for dotormining oxirac
r o

il o
TITergy mnrthe

system

+1 L +1 i
LT D)’DLClll LT DyblClll

Since a steam generator should be tested under
steady-state conditions, such that accumulation is zero,
the equation is

Energy entering  Energy leaving

the system ~ the system
or

QEn = QLv, Btu/hr (W) (5-6-1)
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Energy entering the system is the energy associated
with the entering mass flow streams and auxiliary
equipment motive power. Energy leaving the system
is the energy associated with the leaving mass flow
streams and heat transfer to the environment from the
steam generator surfaces.

Expressing the energy balance in terms that can be
readily measured and calculated, eq. (5-6-1) becomes

QrF = QrO + Qb, Btu/hr (W) (5-6-2)

Fuel efficiency is the preferred method in this Code
for expressing efficiency. Another method for express-
ing efficiency is to consider the total energy input to the
steam generator envelope (QrF + QrB). Thisis commonly
referred to as gross efficiency (EGr). Nonmandatory
Appendix D addresses calculation of gross efficiency.

5-7.1 Efficiency by Energy Balance Method

In the energy balance method, the energy closure losses

where

Qb = the energy balance closure. Energy balance
closure is the net sum of the energy associated
with entering and leaving mass flow streams
(excluding input and output), energy due to
chemical reactions that occur within the steam
generator envelope, motive power energy, and
radiative and convective heat transfer to the
environment.

In keeping with conventional practice, energy balance

closure may be divided into credits and losses.
Qb = QrL — QrB, Btu/hr (W) (5-6-3)

wher

Qr

T
Il

credits, Btu/hr (W). Credits are the net sum
of energy transferred to the system by mass
flow streams entering the envelope (exclud-
ing fuel combustion energy) plus exothermic
chemical reactions and motive power energy:
of auxiliary equipment within the steam gen-
erator envelope.

QrL = losses, Btu/hr (W). Losses are the net:sum of
energy transferred from the system™(exclud-
ing external steam output) .by“mass flow
streams leaving the envelope plus endother-
mic chemical reactions that occur within the
steam generator envelope and radiative and
convective heat transferred to the environ-
ment from envelope surfaces.

Supstituting the abave'iri eq. (5-6-2), the overall energy
balarfce becomes

where

and credits are used to caicutate etticiency. |Equation
(5-6-4) can be rewritten as follows:

QrF = QrO + QrL — QrB, Btu/hr{(W) (5-7-2)

Thus, fuel efficiency expressed.in\terms of fhe losses
and credits becomes
Pr=100 20 qpo~ 290
QrF QrO+QrL—QrB
FQrL+
=100 w L% (5-7-3)
QrF
Most losses@nd credits can be calculated onfa percent
input from ‘fuel basis in accordance with the following
equations:
QrL QrB

L=100=— and QpB=100
o oF &

%|  (5-7-4)

QrF

Thus, combining eqs. (5-7-3) and (5-7-4), [fuel effi-
ciency can also be expressed as

EF=1OO[QrF—QrL+QrBJ
QrF  QrF QrF

=100— QpL +QpB, % (5-7-5)

While most losses and credits can be calculated con-
veniently on a percent input from fuel basis ap they are
a function of the input from fuel, some losses pnd cred-
its are calculated more readily on a Btu/hr (W) basis.
The expression for fuel efficiency using mixed units for
losses and credits is

rO
OrF +.O8B”= QrO + QrL, Btu/hr (W) (5-6-4) EF=(100=5mQpL +SmQpB) ( 0ro+ Sm%rL “SmlorB ] v
(5-7-6)
QrF +@QB = the total energy added to the system where
SmQpL and SmQpB = the sum of the lossesfand cred-
5-7 EFFICIENCY its calculated on percent input
- . . from fuel basis
Efficiency is the ratio of energy output to energy SmQrL and SmQrB = the sum of the losses and cred-

input, expressed as a percentage.

Output 0 0
it 100279 —100 29
Input Qrl QrF

EF=100 % (5-7-1)

When input (Qrl) is defined as the total energy of
combustion available from the fuel (QrF), the resulting
efficiency is commonly referred to as fuel efficiency (EF).

its calculated on a Btu/hr (W)
basis
Refer to Nonmandatory Appendix C, subsection C-6
for derivation.
The mass flow rate of fuel (MrF) may be calculated
from output and fuel efficiency determined by the
energy balance method, as follows:
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_Qo

MrF =100
EF HHVF

J, Ibm /hr (kg/s) (5-7-7)

The calculated mass flow rate of solid fuel is generally
more accurate than the measured flow.

The energy balance method is the preferred method
for determining efficiency. It is usually more accurate
than the Input-Output method (refer to para. 5-7.2)
because measurement errors impact the losses and
credits rather than the total energy. For example, if

coefficients, an efficiency convergence limit on the order
of 1075% efficiency is recommended.

5-8 FUEL PROPERTIES

5-8.1 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

loxi £ hich i tant ] des 1
calorimeao QI", AV.Vd akVal 1o 2 _concran olllnmao FalvaValal SlnCe

the total Josses and credits are 10% of the total input,
a 1% megsurement error would result in only a 0.1%
error in [efficiency, where a 1% error in measuring
fuel flow] results in a 1% error in efficiency. Another
major adpantage to the energy balance method is that
reasons fpr variations in efficiency from one test to the
next can|be identified. Also, it is readily possible to
correct the efficiency to standard or contract condi-
tions for|deviations from test conditions such as the
fuel analysis.

5-7.2 Effjciency by Input-Output Method

Efficierfcy calculated by the Input-Output method is
based uppn measuring the fuel flow and steam generator
fluid sidd conditions necessary to calculate output. The
uncertainty of efficiency calculated by the Input-Output
method is directly proportional to the uncertainty of
determining the fuel flow, a representative fuel analysis,
generator output. Therefore, to obtain reli-

and stea
able resti[’:s, extreme care must be taken to determine

these itenps accurately.
Output O
EF=100 P — QO__ o (5-7-8)
Input MrF HHVF
where
MrF = the measured mass flow raté of fuel

5-7.3 Effjciency Calculation Convergence

The calculation procedure\s iterative for most types
of units. That is, an effidiency or fuel rate (input) is esti-
mated to [initiate the effi¢iency calculations. The calcula-
tions are [repeated 1mtil the efficiency (fuel rate/input)
is within| an acceptable limit. The calculation process
is relativ¢ly insensitive to the initial estimate and con-
verges eabily.

fuel is burned in a steam generator under es$émtially
constant pressure conditions, the bomb calorimetef val-
ues must be corrected to a constant pressute basis.

HHVF = HHVFco + 2.644 MpH2F, Btu/fbm (J/kg)

($-8-1)
where
HHVFcv = the higher heating value of the fufl on
a constant(¢lume basis as determpined
from a bomb calorimeter
MpH2F = the mass percent of H, in the fuel

The user shouldhensure that the laboratory perform-
ing the fuel analysis has not made this correction). For
gaseous fuels, the higher heating value is deternpined
under constant pressure conditions; therefore, the|calo-
rimetef’values do not need correction.

The calculations throughout this Code utilize hiigher
heéating value expressed in units on a mass basis,|Btu/
Ibm (J/kg). For gaseous fuels, the higher heating yalue
is normally expressed on a volume basis, Btj1/scf
(J/N-m?), HHVGF. For compatibility with the unitsjused
in the calculation procedure, the higher heating yalue
must be converted to an energy per unit mass pasis,
Btu/lbm (J/kg).

HHVGF
HHVF= ——
Dn

CF ,Btu/lbm (J/kg) ($-8-2)
where
DnGF = density of gas at the standard temperature
and pressure conditions used for HHVGF,

Ibm /scf (kg/N-m?)

For fossil fuels, the reasonableness of the higher |heat-
ing value can be checked based on the theoretical afr cal-
culated from the ultimate analysis (refer to para. 5{11.3).
Higher heating value based on typical theoreticpl air

For Calculatlons tO determlne efflClenCy Only, Where vahwb Cdrll ‘UC Ublillldlﬁd ubiug LllU fU‘llUWillS C(.ludL. n:
the efficiency result is only required for the first or sec- HHVF = 10° MFrThA Btw/Ibm (/K (5-8-3)
ond decimal place, a convergence limit of 0.1% efficiency - 10 MgThAF’ u/lbm (/kg)
is sufficient (1.0% for hand calculations).

For calculations to develop sensitivity coefficients  where
(refer to subsection 5-16), the sensitivity coefficient is MFrThA = theoretical air, Ibm/Ibm (kg/kg) fuel
determined from the difference between the base effi- as-fired
ciency and the efficiency calculated with the perturbed MqThAF = normal value of theoretical air for fuel
data. Since the perturbation may be small, the change being checked, lbm/MBtu. (Refer to
in efficiency may be small. For developing sensitivity para. 5-11.3 for typical ranges.)

74
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5-8.2 Chemical Analysis of Fuel

An ultimate analysis of solid and liquid fuels is required
to determine the mass of the individual elements involved
in the combustion process, and the mass of inert ash. The
total as-fired moisture content must also be determined.
When the ultimate analysis is on an air-dried or mois-
ture-free basis, it must be converted to an as-fired basis.
A gaseous fuel analysis is usually reported on a dry or
saturated basis. The amount of moisture as-fired should
be d — . .
should be adjusted to the as-fired condition.

The ultimate analysis of the fuel is used to calculate
the quantity of air and products of combustion. When
the yltimate analysis is expressed on a percent mass
basis} the constituents considered in the calculations are
carbgn (CF), hydrogen (H,F), nitrogen (N,F), sulfur (SF),
oxygen (O,F), water (H,OF), and ash (AsF). Note that
in thp calculations, the symbol used for the solid and
fuel constituent H,OF is WF (for gaseous fuels,
ymbol for H,OvF is WoF). Trace gaseous elements,
as chlorine, which is not considered in the calcu-
latiOJﬁS, should be added to the nitrogen in the fuel for

ation purposes. Note that hydrogen is considered
dry or moisture-free basis (i.e., it does not include
the hiydrogen in the water in the fuel).

Fot some combustion processes, those involving solid
fuels|in particular, all of the carbon may not be burned.
When there is unburned carbon, the combustion calcu-
lationps utilize the carbon burned, Cb, rather than the
actugl carbon in the fuel (refer to para. 5-10.5). Similarly,
if it {s ascertained that there is a significant_quantity
of ujpurned hydrogen (greater than 1% of the actual
hydrpgen in the fuel), the hydrogen burned;, H;b, should
be uged in the calculations rather than the actual hydro-
gen dvailable in the fuel. (Refer to para,'6-10.3.)

A proximate analysis for solid (fuels (typically coal)
inclufles the determination of volatile matter, fixed carbon
and gsh, as well as the as-fired thoisture. The sulfur con-
tent thay also be reported.-A.complete proximate analysis
is nof necessarily requiréd\for determination of efficiency.
Typidal applicationsfora proximate analysis include

(a)| a cost-effective)imeans for obtaining the variations in
ash, rhoisture, and-sulfur during a test, to better quantify the
uncefftainty of these constituents. A large number of proxi-
mate [analyses' can be used to determine ash, moisture, and
possiblysultur in lieu of a large number of ultimate analyses.

evaluating whether the test fuel is suitably equivalent to
the contract fuel.

A gaseous fuel analysis expresses the individual
hydrocarbon compounds and the other constituents on
a volumetric percentage basis. For the combustion cal-
culations in this Code, the gaseous fuel analysis is con-
verted to a mass basis. The Gaseous Fuel Calculation
Form included in Nonmandatory Appendix A may be
used for this conversion. The calculations follow the
eneral logic below.

MuFk
& % mass

MpFk = 100 (5-8-4)

MuwG

MwGF = ' MuFk, Ibm/mmole (kg/mole]  (5-8-5)

F/ mole)

(5-8-6)

VpGj Moki
MoFk = Muwk E%me/mole fuel (k

where
fuel.Cemponents expressed on a Hy volume
¢y mole basis, such as CH,, C,H [etc.

fuel constituents expressed on a mass
basis. For this Code, these are (, H,, N,,
S, O,, and H,O. For a gaseous [fuel, it is
assumed that water is in a vapotous state
and the acronym H,Ov is used throughout
the calculations.

moles of constituent k in compor
example,

for component j = C,H,, and k + C, Mokj
=2

for component j = C,H,, and k 5
=3

mass percentage of constituent k
mass of constituent k per unit yolume of
fuel, Ibm/mole or Ibm/ft (kgf/mole or
kg/m3)
molecular weight of the gaseous fuel, Ibm/
mole (kg/mole). This is the suth of each
MvuFk value on a mass per unit{mole (or
volume) basis, Ibm/mole (kg/mdgle).
molecular weight of constituent k, Ibm/
mole (kg/mole)

as-fired fuel components (such|
C,H,), percent by volume

Mok;j ent j. For
H,, Mokj

MpFk
MuFk

MwGF

Muwk

VpGj as CH,,

(b) —forcoat, the volatiie matter and fiXed carbomn are
required to determine enthalpy of the entering coal. If
not determined, dry ash free values may be agreed upon
prior to the test and adjusted for the measured ash and
moisture content of the as-fired fuel.

(c) volatile matter and fixed carbon (frequently
expressed as the ratio of fixed carbon to volatile mat-
ter) are an indication of how difficult a coal is to burn.
In general, the lower the volatile matter with respect to
the fixed carbon, the more difficult the fuel is to burn.
For guarantee tests, this ratio may be considered when

75

5-8.3 Multiple Fuels

When more than one fuel is fired, the ultimate analysis
and higher heating value is the weighted average based
upon the mass flow rate of each fuel. For the initial cal-
culation, the total fuel input is estimated from measured
fuel flow or calculated from output and estimated effi-
ciency. The input from the primary fuel (fuel with the
major input) is calculated by difference from the total
input and the input calculated for the fuel(s) for which
the measured mass flow rate is used. The mass flow rate

(
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of the unmeasured fuel is then calculated from the HHV
and input from that fuel. The efficiency calculations must
be reiterated until the estimated input and the input cal-
culated from measured output and efficiency are within
the convergence tolerance discussed in para. 5-7.3.

5-9 SORBENT AND OTHER ADDITIVE PROPERTIES

This Section addresses solid and/or gaseous material
other than fuel that is added to the gas side of the steam

MFrSb = M , Ibm/Ibm fuel (kg/kg fuel)
MrF
(5-9-1)
where
MrF = mass flow rate of fuel, Ibm/hr (kg/s).
Repeat efficiency calculation until the calcu-
lated MrF converges within the guidelines
of para. 5-7.3.

MrSb measured mass flow rate of sorbent, Ibm /hr

generatoll envelope. Additives can impact the efficiency
and combustion process in several ways.

(a) Additives may increase the quantity of residue
and “sengible heat of residue” losses.

(b) Additives may introduce moisture that increases
“moistur¢ in flue gas” losses and alters the flue gas spe-
cific heat

(c) Additives may undergo a chemical change and
alter the|flue gas composition or may alter the air
requiremgent.

(d) Chemical reactions that are endothermic require
heat, whifh is an additional loss.

(e) Chemical reactions that are exothermic add heat,
which is gn additional credit.

Since limestone is widely used for sulfur removal, this
Code sp%ﬁcally addresses the impact of the addition
of limestpne on the efficiency and combustion calcula-
tions. Th¢ term “sorbent” is used throughout the Code
to refer tp any material added to the flue gas (within
the stean] generator envelope) that is not fuel. The cal-
culations| for limestone demonstrate the principles of
calculatign required for the effect of most additives-on
efficiency] and combustion products. If the effects of
other additives on flue gas constituents or pasticulates
are independently demonstrated and measurable or cal-
culable, the parties to the test may include the associated
credits arjd/or losses. In addition to(Tinrtestone, the cal-
culations|address hydrated lime,(which consists of cal-
cium hydroxide, Ca(OH),, and magnesium hydroxide
Mg(OH),f as a potential sorbént for reducing SO,. When
inert matprials such as safididare added, the calculations
below shpuld be made-&s’if limestone containing only
inert matgrial and moisture were used.

5-9.1 MfrSh, Mass Fraction of Sorbent, lbm/lbm Fuel
(kg/kg)

(kg/s)

5-9.2 MFrSbk, Mass of Constituents in Sorbent, lbm/
lbm Fuel (kg/kg)

The important constituents in the sérbent are the|reac-
tive products, the moisture, and the‘inerts. The magss of
each constituent is converted to a‘mass/mass fron fuel
basis.

MFrSbk = MFrSb Aﬁposobk , Ibm/Ibm fuel (kg/kg)
($-9-2)
where
k </constituent in the sorbent. The redctive
constituents specifically addressedl are
as follows:
€aC0O, = calcium carbonate (Cc)
Ca(OH), = calcium hydroxide (Ch)
MgCO, = magnesium carbonate (Mc)
Mg(OH), = magnesium hydroxide (Mh)
MpSbk = percent of constituent k in the sorbgnt
5-9.3 MqCO0,Sb, Gas From Calcination of Sorbent
lbm/Btu (kg/J)
When heat is added to calcium carbonate and magne-

sium carbonate, CO, is released. This increases thp dry
gas weight.

MFrSbk

MoCO2Sb =Y’ MoFrClhk g moles/Ibm fuel (mol
wi

s/kg)
(5-9-3)

MFrCO28b = 44.0098 MoCO2Sb, 1bm /Ibm fuel(kg/kl)
($-9-4)

MFrCO2Sb

1
TVF ,Ibm/Btu(kg/]) (

MgCo28h = 5-9-5)

Combustion and efficiency calculations are Sensi-
tive to the measured sorbent mass flow rate. Therefore,
the mass flow rate of sorbent must be determined
accurately.

To simplify the combustion and efficiency calcula-
tions, the sorbent mass flow rate is converted to a mass
of sorbent/mass of fuel basis. The mass flow rate of fuel
is measured or estimated initially. The efficiency calcu-
lations are repeated until the estimated and calculated
fuel mass flow rates are within the convergence toler-
ance of para. 5-7.3.

76

where

constituents that contain carbonates,
typically calcium carbonate (Cc) and
magnesium carbonate (Mc)

mass fraction of gas (CO,) from sorb-
ent, Ibm/lbm fuel (kg/kg), and where
44.0098 is the molecular weight of car-
bon dioxide

moles of gas (CO,) from sorbent,
moles/lbm fuel (moles/kg)

MFrCO2Sb

MoCO2Sb

(
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MoFrClhk = calcination fraction for constituent k,
moles CO, released/mole of constitu-
ent. Two constituents are addressed
directly by this Code. Magnesium car-
bonate (Mc) calcines readily at partial
pressures of CO, typical of combustion
with air and normal operating temper-
atures of atmospheric fluidized bed
steam generators and thus the calcina-
tion fraction is normally considered to

5-9.5 MFrSc, Sulfur Capture/Retention Ratio, lbm/
bm (kg/kg)

The sulfur capture/retention ratio is the mass of sul-
fur removed divided by the total mass of sulfur avail-
able. The sulfur capture/retention ratio is determined
from the measured O, and SO, in flue gas. If sorbent or
other means of sulfur capture/retention is not utilized
within the steam generator envelope, the mass fraction
of sulfur capture, MFrSc, shall be considered to be zero.

be 1.0; however, not all of the CaCO,

(Cc) is converted to CaO and CO,.

Refer to para. 5-10.8 for determination.

mass of gas (CO,) from sorbent on an

input from fuel basis, Ibm/Btu (kg/J)

Muwk = molecular weight of constituent k,
Ibm/mole (kg/mole)

MgCO25b

5-9.44 MqgWSb, Water From Sorbent, lbm/Btu (kg/J)

Thp total moisture added due to sorbent is the sum

of th¢ moisture in the sorbent and the moisture released

5-9.5.1 MFrSc When SO, and O, Are Measpred on a
Dry Basis

ey

. [ DVpSO2 (MoDPcu 10,7905 MoThA Pcu)]

100 (1—DVp0O2/20.95 ) MoSO
MFrSc= ,

{ [ DVpS02/100 J
1ro88,

1-DVp02/20.95
Ibm/Ibm (kg /kg) (5-9-10)

due to the dehydration of calcium hydroxide and mag-

ent, Ibm/lbm fuel (kg/kg)
MOExClhk = mole fraction of dehydration (normally

1 ( MpCbh MpH2F MpSF  |MpO2F
. - MoThAPcu<s + + — ,
nesiym hydroxide. 0.2095(1,201.1 4032  3,2065 [3,199.9
moles/mass fuel (5-9-11)
Mowgp = MEF20%0 & pporrcini METK o oles /1bm fuel
18.0153 Muwk
-9- MpCb  MpSF  MpN2F
(5-9-6) MoDPeu = =" 2P0 PTEE | poc2sh,
1,201.1 3,206.5 2,801.3
IMFrWSb = 18.0153 MoWSb, Ibm/lbm fuel (kg/kg) moles/mass fuel (5-9-12)
(5<9-7)
MpSF
MgWSbh = M FTWSb,lbm /Btu (kgAl) (5-9-8) MoSO2 = —-F , moles/lbm fuel (moles/[kg)
HHVF 3,206.5
(5-9-13)
MrWSb = MFrWSb MrF, Ibm/hf<(kg/s) (5-9-9)  where
DVpO2, = measured O, and SO, in the flue gas,
where DVpSO2 percent volume. They must be [measured
k = constituents_that contain water or at the same location and expjressed on
hydroxides/that are dehydrated, typi- a dry basis. SO, is usually mgasured in
cally tcalcium hydroxide (Ch) and parts per million. To convert tq a percent
magnesium hydroxide (Mh) basis, divide parts per million hyy 10,000.
MKrH20Sb =_fnass fraction of the water in sorbent, MoDPcu = moles of dry products from|the com-
ibm /Ibm fuel (kg/kg) bustion of fuel (CO,, SO,, N, from fuel)
MFrWSEh<= mass fraction of total water from sorb- with 100% conversion of the sulfur

to SO, plus the dry gas frorp sorbent
(CO,), moles/mass fuel

Torsidered T-0) of Tonstituernt &, motes

H,O released/mole of constituent
MoWSb = total moles of water from sorbent,

moles/lbm fuel (moles/kg)

MgWSb = mass of total water from sorbent on
an input from fuel basis, Ibm/Btu
(kg/7)

MrWSb = mass flow rate of total water from
sorbent, Ibm/hr (kg/s)

77

WoSOG2—=Tmotes of SO, per tbrm fuet that would
be produced with 100% conversion of
the sulfur in the fuel to SO,, moles/
Ibm fuel (moles/kg)

MoThAPcu = moles of theoretical air required for the
gasified products in the fuel with total
conversion of the sulfur in fuel to SO,,
moles/mass of fuel. The constituents
in the fuel, CB (carbon burned), H,, S,
and O, are on a percent mass basis.
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5-9.5.2 MFrSc When SO, and O, Are Measured on a
Wet Basis

VpSO2 [MoWPcu + MoThAPcu (0.7905 + MoWA)]
100[1— (1 + MoWA) VpO2/20.95] MoSO2

5-9.7 MFrSsband MFrO3ACr — Mass Fraction Spent
Sorbent and Mass Fraction of O, From Air
Correction, lbm/lbm Fuel (kg/kg)

Spent sorbent is the solid residue remaining from the
sorbent after evaporation of the moisture in the sorbent,

MErse= [ VpS02/100 ] ’ calcination/dehydration, and mass gain due to sulfation
1+K (formation of CaSO, from CaO and MgSO, from MgO).
1=+ MoWA VpO2/20.95 The O, from air required to form SO, from the fuel
lbm/lbm (kg /kg) (5-9-14)  becomes part of the spent sorbent, a solid. Therefore, a
LUILULliUIl |19) l}le IIUC Sdb FLUW Idic ib IULlLlilﬁb‘l duc (0] the
MpH2F  MpWF  MFrWAdz reduction of O, from the air.
MoWPeu = MoDPcu + +
201.59 1,801.53 18.0153 MFrSsb= MFrSb— MFrCO2Sb — MFrIWSb +MErSO3,
+ MoWSb, moles/mass fuel (5-9-15) Ibm/lbm fuel (kg/kg) (519-19)
MFrSO3=0.025 MFrSc MPSF,1bm/tom fuel (kg/kg)
K =2.387(0.7905 + MoWA)— 2.3 (5-9-16) lo-20)
MoWA =1.608 MFrWA, moles/mole dry air (5-9-17) MoO3ACr = MFrO3ACr/MwO3, moles/Ibm fuel
(moles /kg) (519-21)
where

MFriWA = mass of moisture in air per mass of MqO3ACr = MFrQ3ACr/HHVF, Ibm/Btu (kg/])

dry air, Ibm/lIbm (kg/kg) (59-22)
MFyWAdz = additional moisture at location z,

such as atomizing steam and soot- MFrO3AGr = 0.6 MFrSO3, Iom/Ibm fuel (kg/kg)

blowing steam, lbm/lbm fuel as- (519-23)
fired. Also refer to para. 5-12.7. where

MoWA = moles moisture per mole of dry air,
moles/mole. See para. 5-11.4.3.
MpWPcu = MoDPcu plus moles of water from
fuel, plus moles of water from sorb-
ent, plus moles of additional watet;
moles/mass fuel

VpO2, YpSO2 = measured O, and SO, in~the flue
gas, percent volume. They must
be measured at the.same location
and expressed on(a wet basis. SO,
is usually measuted in parts per
million. To_¢onvert to a percent
basis, diyide)parts per million by
10,000.

5-9.6 MaFrCas, Calcium-to-Sulfur Molar Ratio,

MFrO3ACr = mass fraction of O, from air required
to form SO, in the sulfation prcess,
Ibm/lbm (kg/kg). The constant(0.6 is
the molecular weight of O, diyided
by the molecular weight of SO,.
mass fraction of SO, formed in the sul-
fation (sulfur capture) process, [bm/
Ibm fuel (kg/kg). The constant [0.025
is the molecular weight of SO, diyided
by the molecular weight of sulfuf and
divided by 100 to convert percent to a
mass-to-mass fraction.
MoO3ACr = dry gas flow correction for the O, in

air required to form SO,, molesl/Ibm

fuel (moles/kg)
MgO3ACr = dry gas flow correction for the O,|in air

MFrSO3

mdles/mole required to form SO,, Ibm/Btu (kg/J)
P RN MuwS 2 MpCak oles/mole MwO3 = moiectlilar weight of O,,47.9982, |bm/
MpSE “ MwCak’ mole (kg/mole)
(5-9-18)
5-10 RESIDUE PROPERTIES
where

CaCO3 = calcium carbonate (Cc) MW = 100.087
Ca(OH)2 = calcium hydroxide (Ch) MW = 74.0927
MpCak = percent of calcium in sorbent in form of
constituent k, percent mass
MwCak = molecular weight of calcium compound

k, Ibm/mole (kg/mole)
MwS = molecular weight of sulfur, 32.065
Ibm/mole

Residue is the ash and unburned fuel removed from the
steam generating unit. When a sorbent such as limestone
or an inert material such as sand is introduced, the residue
includes the spent sorbent (solid sorbent products remaining
after evaporation of the moisture in the sorbent, calcination/
dehydration, and weight gain due to sulfation). Residue is
analogous to refuse when used to refer to the solid waste
material removed from a fossil-fuel-fired steam generator.

Copyright © 2013 by the American Society of Mechanical Engineers.
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5-10.1 MFrRs, Mass of Residue, lbm/lbm Fuel (kg/kg)

The ash in fuel and spent sorbent are converted to a
mass of residue per mass of fuel basis.

MwovRs MrF
MrRsz = YRS Mg ,Ibm/hr (kg/s)

(5-10-4)
C1DnFg

where
MpAsF +100 MFrSsb C1 = 6,957 grains/Ibm (U.S. Customary), 1000g/
MFrRs = ,Ibm/Ibm fuel (k ! !
RS 00— MpcRs) P/tbm fuel (kg/ks) kg (ST)
(5-10-1) DnFg = density of wet flue gas at conditions MuvRs
where above reported, Ibm/ft? (kg/m?3)
MFrSsb = mass fraction of spent sorbent per mass of MrFg = mass flow rate of wet flue gas; refer to
PR para. 5-12.9, Ibm /hr (kg /s)

MbAsE = ;:f;'i:fl;éu;;ur;zzlswy e MvuRs = dust loading results tested inna¢cordance

4 o . . _ . 3

MpCRs = unburned carbon in the residue, % mass with subsection 4-11, grains /ft(gf'm?)

5-10{2 MgRsz, Mass of Residue at Location z, lbm/ 5-10.3 MpCRs, Unburned Carbon irjthe Residue,

Btu (kg/))

The mass of residue exiting the steam generator enve-
lope ust be determined for the energy balance calcula-
tionsfand for the intermediate residue calculations below.

MpRsz MFrRs

MgRsz=
100 HHVF

,Ibm/Btu (kg/]) (5-10-2)

where
MpRsz

percent of total residue exiting the steam
generator envelope at location z, %

It thay be impractical to measure the residue collected
at alll extraction points. In such cases, the unmeasured
residjie may be calculated by difference from the total
calcullated residue and the measured residue. The esti<
matefl split between the unmeasured locations must be
agredd upon by all parties to the test.

MrRsz

———, % masS
MFrRs MrF

MpRsz =100 (5-10-3)

wherpe
MrF = mass flow rate of fuel;-tbm/hr (kg/s). The
mass flow rate of-fuel should be measured
or estimated jfitidlly and the calculations
repeated ufitil the calculated mass flow
rate of fuel'based on efficiency is within the
guidelies of para. 5-7.3.
residue collected at location z, %
measured mass flow rate of residue at loca-
tion z, Ibm/hr (kg/s)

Thp usdal measurement location for the mass of resi-
due is the dust loading or fly ash leaving the unit; refer

MpRsz
MfRsz

Percent

The unburned carbon in theresidue, MpCRY, refers to
the free carbon and is usedto determine unbyrned car-
bon from fuel. The residue ‘contains carbon in| the form
of carbonates and fre€)carbon when limestope is uti-
lized, as well as fromtuels with a high carbonafe content
in the ash. The standard tests for carbon in tHe residue
determine totdl carbon (MpToCRs). It is also hecessary
to determine/the carbon dioxide content in tHe residue
(MpCQZ2Rs), and correct the total carbon resulfs to a free
carbonbasis (MpCRs). Refer to subsection 4-12 fegarding
theranalysis methods to be specified. If the Ipboratory
analysis is not clear whether total carbon (Mp[[oCRs) or
free carbon (MpCRs) is reported, it should be| clarified.
When sorbent with calcium carbonate is utiLized, the
CO, in residue is required to calculate the qfiantity of
CaCO, in the residue and the calcination fractjon of cal-
cium carbonate in the sorbent.

12.011

MpCRs = MpToCRs — ——— MpCO2Rs,1bm /100 Ifm residue
44.0098

(5-10-5)

location,
ioxide in

When residue is collected at more than ond
the weighted average of carbon and carbon ¢
residue is calculated from

MpRsz MpCRsz

MpCRs=" 00

(5-10-6)

, % mass

MpRsz MpCO2Rsz

MpCO2Rs=Y 100

% masp (5-10-7)

NOTE: Ifmeasured unburned ]'\vr‘]rr\gpﬂ istobe repar

donadry

to subsection 4-11. The results of this test procedure are
normally reported on a mass per volume of flue gas
basis. While the dust loading result from this test is
considered accurate, the flue gas mass flow calculation
from this test is not considered as accurate as the gas
mass flow calculated stoichiometrically by this Code.
Accordingly, the mass flow rate of residue based on dust
loading results is calculated as follows:

79

basis. On units utilizing limestone sorbent, it is quite likely that
hydrogen in the residue is from the water of hydration of calcium
oxide, which would not be detected by the normal method of test-
ing for free moisture. If it is ascertained that unburned hydrogen
in the residue is real and significant and it cannot be corrected
by operating techniques, the hydrogen in the fuel should be cor-
rected for unburned hydrogen for the combustion and efficiency
calculations in the same manner as unburned carbon. Refer also
to para. 5-10.5.

(
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5-10.4 MpUbC, Unburned Carbon in Fuel, Percent
Mass

the residue should be proportioned among the carbonate
compounds in view of the difficulty of calcination.

The unburned carbon in the residue is used to calcu- MoErClhCe=1— MFrRs MpCO2 Rs MwCc

late the percent of the carbon in the fuel that is unburned. MFrSb MpSbCe MwCO2
MpUbC = MpCRs MFrRs, % mass ~ (5-10-8) (5-10-13)
where

5-10.5 MpCh, Carbon Burned, Percent Mass MEFrSb = (mkgs/skg;ic’ﬂon of sorbent, Ibm/Ibm fuel

The actual percent carbon in the fuel that is burned is MpCO2Rs = mass of CO, in residue, percent mass
the differpnce between the carbon in the fuel from the MpSbCc = mass of CaCOj, (Cc) in sorbent, pefcent
ultimate finalysis and the unburned carbon. The actual MwCc = molecular weight of CaCO,”|(Cc),
carbon byrned (MpCb) is used in the stoichiometric com- 100.087 Ibm/mole (kg/male)
bustion calculations in lieu of carbon in fuel. MwCO2 = molecular weight of COy44.0098 fbm /

MpCb = MpCF — MpUbC, % mass (5-10-9)

NOTE: If
MpUbH2, ¢
combustio]

t is determined that there is unburned hydrogen,

he actual hydrogen burned, MpH2b, must be used in the
and efficiency calculations in lieu of MpH2F.

MpH?2b = MpH2F — MpUbH?2, % mass

Refer t¢ para. 5-10.3.

(5-10-10)

5-10.6 MpCho, Carbon Burnout, Percent

Carbon
carbon ay

burnout is the carbon burned divided by the
ailable and expressed as a percentage.
MpCb

MpCbo =100
M

/%
pCF

(5-10-11)

5-10.7 Erm, Combustion Efficiency, Percent

The conbustion efficiency is 100 minus the unburned
combustiple losses on subsection 5-14 (excldding the
loss due fo pulverizer rejects).

ECm =10 — QpLUbC — QpL.CO — QpLH2Rs QpLUbHc, %
(5-10-12)

5-10.8 MoFrClhCc, Calcination Fraction of Calcium

Carbonate, Moles CQ;/Mole CaCO,

Calcingtion is the endéthermic chemical reaction when
carbon djoxide is released from compounds containing
carbonatd (CO,) such as calcium carbonate to form cal-
cium oxide andmaghesium carbonate to form magnesium
oxide. Mdgnesium carbonate, MgCO, (Mc), calcines read-
ily under the’iormal operating conditions of atmospheric

mole (kg/mole)

5-11 COMBUSTION AIR PROPERTIES
5-11.1 Physical Properties

The calculations and,derivation of constants used ih this
Code are based upona‘composition of air as follows [1]:
0.20946 O,, 0.78102N,, 0.00916 Ar, 0.00033 CO, molgs per
mole of air (and ether trace elements), yielding an average
molecular weight of 28.9625. For simplification of the cal-
culations, nitrogen (N,) includes the argon and other|trace
elements, and is referred to as “atmospheric nitrggen”
(N,ypihaving an equivalent molecular weight of 28.158.

The nominal properties of air used in this Code gre

(a) volumetric composition: 20.95% oxygen, 79.05%
nitrogen
(b) gravimetric composition: 23.14% oxygen, 7¢.86%
nitrogen
5-11.2 MFriWDA, Moisture in Air, lbm/lbm Dry Aif
(kg/kg)
The moisture in air is determined from meagured

inlet air wet-bulb and dry-bulb temperature or drytbulb
temperature and relative humidity in conjunction|{with
psychrometric charts, or calculated from vapor prefsure
as determined from Carrier’s eq. (5-11-2) when wettbulb
temperature is measured, or eq. (5-11-3) when relative
humidity is measured.

PpWovA

MFrWDA=0.622 ———M—
(Pa— PpWoA)

,Ibm H,O/lIbm dry air (Hg/kg)
(5111-1)

fluidized bed boilers. However, not all of the calcium car-
bonate, CaCO, (Cc), is converted to CaO and CO,,. The cal-
cination fraction is determined from the measured CO, in
the residue. Assuming that the principal carbonates in the
sorbent are magnesium carbonate and calcium carbonate,
these calculations assume that the CO, in the residue is
in the form of calcium carbonate. If a sorbent is used that
contains significant amounts of a carbonate that is more
difficult to calcine than calcium carbonate, the principles
of this Code should be followed, but the amount of CO, in

80

(Pa— PsWouTwb) (Tdbz — Twbz)

PpWoA = PsWTwb — , psia
2830 —1.44 Twbz
(5-11-2)
PpWoA =0.01 RHMz PsWoTdb, psia (5-11-3)

PsWoTz=C1+C2T +C3T*+C4T’ +C5T* +C6T?, psia
(5-11-4)

(
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where

C1 = 0.019257

C2 = 1.289016E-3

C3 = 1.211220E-5

C4 = 4.534007E-7

C5 = 6.841880E-11

C6 = 2.197092E-11

Pa = barometric pressure, psia. To convert in.

Hg to ps1a divide by 2.0359.
f

This may be calculated fromrelative humid-

ity or wet- and dry-bulb temperature

PsWouTz = saturation pressure of water vapor at
wet-bulb temperature, PsWovTwb, or dry-
bulb temperature, PsWuvTdb, psia. The
curve fit is valid for temperatures from
32°F to 140°F.

Rhmz = relative humidity at location z

Tdbz = temperature of air (dry-bulb) at location
z, °F

Twbz = temperature of air (wet-bulb) at location
z,°F

5-11]3 MgThACr, Theoretical Air (Corrected), lbm/Btu
(kg/))

Theoretical air is defined as the ideal minimum air
required for the complete combustion of the fuel, i.e.,
carbgn to CO,, hydrogen to H,O, and sulfur to SO,. In
the dctual combustion process, small amounts of CO
and hitrous oxides (NO,) are formed and commaonly
meagured. Also, small amounts of SO, and_gaseous
hydrpcarbons are formed but less frequently measured.
The fmpact of these minor species is negligible on the
comHBustion calculations addressed by this Code. Refer
to Ngnmandatory Appendix C for asigorous treatment
of C(p and NO, that may be used(if CO and/or NO, is
significant (i.e., greater than 1,000 ppm).

MFrThA

MaThA = 5-11-5
1 HAVE ( )

7 1bm/Btu (kg/J)

MFrThA = 0115y MpCF + 0.3429 MpH2F + 0.0431 MpSF
— 00432 MpO2F, Ibm/lbm fuel (kg/kg)

(5-11-6)
where fael™ constituents MpCF, MpH2F, MpSF, and
MpOPF are on a percent mass basis.

The theoretical air for carbon and hydrogen, 816 Ibm/
MBtu and 516 Ibm/MBtu, respectively, are the practi-
cal maximum and minimum values for hydrocarbon
fuels.

For monitoring operation and analysis of combustion,
the theoretical air required to produce the gaseous prod-
ucts of combustion is more meaningful than the ideal
value defined above. In commercial applications, par-
ticularly 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 addi-
tives are used, secondary chemical reactions [may also

theoretical air that accounts for the actual c
process is used.

Corrected theoretical-air is defined as the
air required to complete the combustion of thp gasified
fuel and supportsecondary chemical reactions[with zero
excess O,. Bydefinition, the theoretical produc}s of com-
bustion would have no CO or gaseous hydrocprbons.

MFrThACr

MgThACr = ,Ibm/Btu (kg/])| (5-11-7)

MFrThACr =0.1151 MpCb +0.3429 MpH2F + 0.043l
(1 + 0.5 MFrSc) MpSF — 0.0432 MpOZ2FF,

Ibm/Ibm fuel (kg/kg) (5-11-8)

MFrThACr
28.9625

MoThACr = , moles/mass fuel "as-fijred"

(5-11-9)

where
MFrSc

sulfur capture ratio, lbm/lbm.[This item
is normally assumed to be zpro when
the sulfur removal occurs efternal to
the steam generator envelope. Refer to
para. 5-9.5 for calculation instfuctions.
MoThACr = theoretical air (corrected), mdles/mass
fuel as-fired
MpCb = MpCF — MpUbC = carbon bufned on a
mass percentage basis
theoretical air (corrected), |lbm/Btu.
Note that when a sulfur remqval proc-
ess is pmp]nvpd the excesd air and

MgqThACr

For typical fossil fuels, the value of calculated theoret-
ical air is a good check on the reasonableness of the fuel
analysis. Expressed on a Ibm/million Btu (MBtu) basis
(MQTHA x 10°), a valid fuel analysis should fall within
the ranges of theoretical air shown below:

(a) Coal (VMmaf > 30%): 735 Ibm/MBtu through
775 Ibm/MBtu

(b) Oil: 735 Ibm/MBtu through 755 Ibm /MBtu

combustion calculations are dependent
upon where the sulfur removal occurs
in relation to the flue gas composition
measurements.

5-11.4 XpA, Excess Air, Percent

Excess air is the actual quantity of air used, minus the

(¢) Natural Gas:
Ibm/MBtu

715 1bm/MBtu through 735

and expressed as a percentage.
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(MFrDA— MFrThACr)

XpA=100 (5-11-10)
MFrThACr
—100 (MgDA — MqThACr) %
MgThACr

In this Code, corrected theoretical air [eq. (5-11-7)] is

used as the basis for calculating excess air. Defined as
such, 0% O, in the flue gas corresponds to 0% excess
air. Excess air may also be defined based on ideal
theoretical air and calculated by substituting ideal
theoreticl air [eq. (5-11-5) or (5-11-6)] in eq. (5-11-10)
above.
For eff
mined af

ciency calculations, excess air must be deter-
the steam generator exit (14), as well as air
heater eXits (15), (15A), and (15B), if applicable; and
air heatet gas inlets (14A) and (14B), if different from
the stean) generator exit. Refer to Figs. 1-4-1 through
1-4-7, angl subsection 1-4 for boundary data identifi-
cation nyimbers. Excess air is determined from the
volumetific composition of the flue gas. It may be cal-
culated gtoichiometrically based on O, or CO,, and
analytically based on CO, and MpCb/S ratio in the
fuel. Mepsurement of O, is the most common and
preferred continuous analysis method. O, is used as
the basis|for calculation of excess air in this Code. An
additiongl advantage of using measured O, is that
for a givegn type of fuel (coal, oil, gas, etc.), excess air
depends [only on O, and not on the specific analysis.
Conversdly, the relationship between CO, and excess
air is str¢ngly dependent on the fuel analysis due to
the amoynt of CO, produced being dependent on the
carbon/Hydrogen ratio of the fuel. When O, is rheas-
ured on p wet basis, an additional variable_is\intro-
duced (H,O in the flue gas). However, even‘on a wet
basis, O,| versus excess air is essentiallytconstant for
typical vjriations in moisture in flue~gas produced
from a given fuel source.

MoDPc

moles of dry products from the
combustion of fuel [CO, from car-
bon burned, actual SO, produced
(excluding sulfur retained due to SO,
capture techniques), N, from fuel and
the dry gas from sorbent, CO,, moles/

mass fuel]

5-11.4.2 Calculation of DVp0O2, DVpCO2, DVpSO2,

DVpN2f_and DVpN2a on a Dry Basis When Excess
Known

XpA MoThACr 0.2095

Air Is

DVpO2= ,%) 7 (5-11-13)
MoDFg
MpCb 100 aiaC25b
DVpco2=| 12011 % (5-11-14)
MQDFEg
F
MPSE 1 MFrse)
DVpspd€32065 o, (5-11-15)
MoDFg
[ MpN2F J
DVpN2F= 280134 o (5-11-16)
MoDFg

DVpN2a=100— DVpO2 — DVpCO2 — DVpSO2 — DVpN]
(5-1

XpA
MoDFg = MoDPc + MoThACr (0.7905 + %) — MoO3AC]

(-1

F, %
1-17)

1-18)

where
5-11.4.1 O, Analysis on Dry Basis Where the Moisture DVpCO2 = carbon dioxide in the flue gas, %.|Note
inthe Flug¢ Gas Is Condensed,'Such as When an Extractive that for comparison to an Orsat analysis,
Samplinngystem Is Used DVpSO2 must be added.
DVpOAMIDPe +0.7905 MoThACY) DVpN2a = atmospheric nitrogen (refer to [para.
XpA=100 MOThACY (2095 — DVyO2) , % 5-11.1) in the flue gas, % volume
’ P (5-11-11) DVpN2F = nitrogen from fuel in the flue gas, %
volume. This term is shown sepaifately
MpCb MpSF  MpN2F from the atmospheric nitrogen]from
MolpPe=———+(1— MFrSc) ———+ ——— the air to note the technical distinlction
1,201 T 3,200.5 2, 8013%
between the two. Since the quantity of
* MoCO25b, moles/mass fuel (5-11-12) nitrogen from the fuel is generally insig-
where nificant compared to the nitrogen in the
DVpO2 = oxygen concentration in the flue gas, air, calculation of this term is sometimes
percent by volume, dry basis omitted.
MFrSc = mass fraction of sulfur capture, Ibm/ DVpSO2 = sulfur dioxide in the flue gas, % volume
Ibm fuel (kg/kg) MoDFg = moles of dry gas per Ibm of fuel as-fired
MoCO25b = moles of gas from sorbent, moles/lbm MoO3ACr = dry gas flow correction for the O, in air

fuel (moles/kg). Refer to subsection 5-9
for calculation.
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required to form SO,, moles/mass fuel
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5-11.4.3 0, Analysis on Wet Basis Where the Flue Gas MpH2F N MpWF . MFrWAdz +100 MoWSh
Sample Includes Moisture, Such as In Situ Monitors and VoHoo L 20159 180153  0.180153 ?
Heated Extractive Systems pH20= MoFg
XpA =100 VpO2 (MoWPc+ MoThACr[0.7905 + MoWA]) | |
P MoThACr (2095— VpO2[1+ MoWA]) |’ +(100+ XpA) MoThACr MOWA} 511.25)
, ()/o - -
(5-11-19) MoFg
MoWA =1.608 MFriWA, moles/mole dry air
(5-11-20) (MpNZF)
P SRC: U S. S (5-11-26)
MpH2F  MpWF  MFriNAdz MoFg
MoWPc = MoDPc + + +
201.59  1,801.53 18.0153
+ MoWSb, moles/Ibm fuel (5-11-21) VpN2a=100— VpO2 — VpCO2 — VpSO2 — V20 — VpN2F, %

where
1.608 = molecular weight of dry air (28.9625)
divided by the molecular weight of
water (18.0153)
additional moisture at location z, such
as atomizing steam and sootblowing
steam, lbm/lbm fuel as-fired. Refer
to para. 5-12.7. Measured values of
steam and fuel flow are usually suffi-
ciently accurate for this calculation. If
the mass flow rate of fuel is reiterated
based on calculated efficiency, this
item should be included.
MErWDA = moisture in air, lbm H,O/lbm dry air
MoWA = moles of moisture in air, moles HZO/
mole dry air
MoDPc plus moles of wet productsfrom
the combustion from fuel, plusthe wet
products from sorbent, plusvany addi-
tional moisture, moles/mass fuel
MoWSb = total water from serbent, moles/Ibm
fuel. Refer to subséction 5-9.

MpWF = H,O in fuel, percent mass basis

VpO2 = oxygen conceniration in the flue gas,

percent by volume, wet basis

MIErWAdz

MoWPc

5-11.4.4 Calculation-of Vp0O2, VpC0O2, VpS0O2, VpH20,
VpN3F, and VpN2a'on a Wet Basis When Excess Air Is

(5-11-27)
XpA
MoFg = MoWPc + MoThACr | 0.79854 MoWA + 00 (14 MoWA)
— MoO3ACr
(5-11-28)

where
MoFg = molés/of wet gas per Ibm fuel as-fifred

5-11.5 MqDAz, Dry Air, lbm/Btu (kg/))
The quantity of dry air entering the stearh genera-

tor.ahead of location z is calculated from the pxcess air

determined to be present at location z as follows:

XpAz
MgDAz= MqThACr| 1+ 100

}lbm/stu (/D)

(5-11-29)

XpAz
MFrDAz= MFrThACr| 1+ .

j, Ibm/Ibm fuel [kg/kg)
(5-11-30)

5-11.6 MrAz, Wet Air, lbm/hr (kg/s)

The quantity of wet air at any location z is the sum of
the dry air plus moisture in air.

MqgAz=(1+ MFrWA) MgDAz,1bm/Btu (kgf])

Known (5-11-31)
XpA MoThACr 0.2095
VpO2= , % 5-11-22
4 MoFg ( ) MrAz=MgAz QrF, Ibm/hr (kg/s) | (5-11-32)
Mp Cli +100 MoCO2Sb where
VpCO2 = 12.01 MoFg , %  (5-11-23) QrF = input from fuel, Btu/hr (W)
Note that to determine the air mass flow rate leaving
the air heaters (to the burners), the excess air leaving the
MpSF (1— MFrSc) boiler or economizer must be reduced by the estimated
VpSO2= % , % (5-11-24) amount of setting infiltration.
org
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5-11.7 Dn, Density of Air, lbm/ft3 (kg/m?3)

The density of wet air is calculated using the ideal gas
relationship.

5-12.1 MqgFgF, Wet Gas From Fuel, lbm/Btu (kg/))

100 — MpAsF — MpUbC — MFrSc MpSF
MngF:( pAs p rSc MpSF)

,1bm/Btu (kg/J)

100 HHVF
1(C2Pa+PA 5-12-1
ppa=CHE2PIPAD) | ke/m®) (5-11-33) (5-12-1)
Rk(C3+TAz) where
MFrSc = mass fraction of sulfur capture, Ibm/Ibm
R ft-lbm( J (kg/kg)
Ri= Muwk " Tbm -R [kg ‘K ] (5-11-34) MpAsF = ashin fuel, % mass
AMpSE—sulfurinfuel-Y%-mass
1+ MErWA MpUbC = unburned carbon, % mass
MuA = 1 MEWA’ Ibm/mole (kg/mole)
28.9625 T 0153 5-12.2 MqWF, MgWvF, Moisture From H,0 (Watgr) in
(5-11-35) Fuel, lbm/Btu (kg/J)
where MpHZOF
C1 § 5.2023 Ibf/ft (U.S. Customary), 1.0 J/m3 (SI) MW = Toi(Btu (kg/)) - (5{12-2)

C2 + 27.68 in. wg/psi (U.S. Customary), 1.0 Pa/
Pa (SI)

C3 F 459.7°F (U.S. Customary), 273.2°C (SI)
MwA F molecular weight of wet air, Ibm/mole
(kg/mole)
Pa + barometric pressure, psia (Pa). To convert
in. Hg to psia, divide by 2.0359.
PAz F static pressure of air at point z, in. wg (Pa)

R # universal molar gas constant, 1,545 ft 1bf/
Ibm mole °R (8314.5 ] /kg mole K)
Rk F specific gas constant for gas k,

ft - Ibf J
Ibm-°R | kg-K

TAz § temperature of air at point z, °F (°C)

5-12 FLUE GAS PRODUCTS

Flue gas quantity is calculated stoichiometrically from
the fuel qnalysis and excess air. Computations are not
valid if sifgnificant quantities (in comparison to flue gas
weight) ¢f unburned hydrogen-or.other hydrocarbons
are preseft in the flue gas.

The tofal gaseous products”are referred to as “wet
flue gas.f Solid products,such as ash from the fuel,
unburned carbon, .dnd spent sorbent, are consid-
ered sepdrately and are not a part of the wet flue gas
mass. Wdt flue gas/is required for calculations such as
air heatef leakage, hot air quality control equipment
energy lgsses; and draft loss corrections. The total gas-

where
MpWF = the water in‘the fuel, % mass

For gaseous fuels,-moisture is assumed to be|in a
vaporous state,Water vapor from fuel (MpWvF) must
be accounted{for’separately from liquid water fdr the
energy balance calculations.

5-12.3<MgWH2F, Moisture From the Combustion of
Hydrogen in Fuel, lbm/Btu (kg/))

8.937 MpH2F

MqWH2F =
100 HHVF

,Ibm/Btu (kg/]) (5{12-3)

5-12.4 MqCO02Sb, Gas From Sorbent, lbm/Btu (kg/J)

MFrCO2Sb

MqCO2Sb= ,Ibm/Btu (kg/]) (5{12-4)

5-12.5 MqgWSb, Water From Sorbent, lbm/Btu (kg/J)

MFrWSb
MqWSh= ,
HHVF

Ibm/Btu (kg/]) (5112-5)

5-12.6 MqWAz, Moisture in Air, lbm/Btu (kg/))

Moisture in air is proportional to excess air and jmust
be calculated for each location z where excess ir is

eous products excluding moisture are referred to as
“dry flue gas” and are used in the energy balance effi-
ciency 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, such as 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.

Jdat + pu |
CICTCTITTITTICUS

MqWAz = MFrWDA MqDAz,Ibm/Btu (kg/J)
(5-12-6)

5-12.7 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 atom-
izing steam and sootblowing steam. Additional moisture

84
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measured on a mass flow basis is converted to a mass per
unit mass of fuel basis for the stoichiometric calculations. For
the initial calculations, either the measured or an estimated
fuel rate is used. Where the quantity of additional moisture
is small compared to the total moisture, this is usually suf-
ficiently accurate. If the efficiency calculations are reiterated
for other purposes, the mass fraction of additional moisture
with respect to mass rate of fuel should also be corrected.

MFrWAdz

5-12.11 MpWFgz, Moisture in Flue Gas, Percent Mass

The percent moisture in wet flue gas is required for
determining the flue gas enthalpy.

MqWFgz

MpWFgz=100
el MgFgz

(5-12-13)

, % mass

5-12.12 MpRsFg, Residue (Solids) in Flue Gas,
Percent Mass

MqWAdz=————,lbm/Btu (kg/]) (5-12-7)
MrSt
MFrWAdz =~ Ibm/lbm fuel (kg/kg) (5-12-8)
MrF
where
MiStz = the summation of the measured additional

moisture sources entering the steam gen-
erator upstream of location z, Ibm/hr

Mgisture due to evaporation of water in the ash pit is
considered negligible with regard to the mass flow rate
of flde gas, and is ignored in this calculation. However,
if mepsured, it should be included here.

5-1218 MqgWFgz, Total Moisture in Flue Gas, lbm/Btu
(kg/))

The total moisture in flue gas at any location z is the
sum pf the individual sources, as follows:
MqgWFgz = MgWF + MgWuF + MgWH2F + MqWSb + MgWAz
+ MgWAdz, Ibm/Btu (kg /]) (5-12-9)

5-1219 MgFgz, Total Wet Flue Gas Weight, Ibm/Btu

(kg/))

The tptal wet gas at any location zis'the sum of the dry air
(less the dry airflow correction for'the O, in air required to
form[SO,), moisture in air, wet'gas from the fuel, gas from
sorbgnt, water from sorbernt, and any additional moisture.

MqFgk = (MgDAz — MgO8ACr) + MgWAz + MgFgF
+MqCO28b +)MgWSb + MgWAdz, Btu/Ibm (J/kg)
(5-12-10)

The mass-flow rate of wet flue gas at any location z
may pe-calculated from the following;:

The solids in flue gas add to the enthalpyJef flue gas.
When the mass of residue exceeds 15 lpm /MPBtu input
from fuel or when sorbent is utilized, the ' masg of solids
in gas should be accounted for.

MpRsz MErRs

, % mass
MgFgzHHVF

MpRsFgz = (5-12-14)

where
MpRsz

the percent of total residue (solifls) in the

flue gas at location z, % wet gas
5-12.13 DnFg; Density of Wet Flue Gas, lbm/ft3
(kg/m?)

The density of wet flue gas is calculated usin
gasyrelationship. Refer to subsection 5-11 for ¢
ofvthe flue gas constituents on a volumetric
calculation of the density of air.

F the ideal
nlculation
basis and

_ C1(C2 Pa+PFg)

DnFgz = ,lbm / £ (k
S = R TEg) O/ (ke /m

~

(5-12-15)

Rk = R ft- Ibf ]
MuwEg” Ibm-°R | kg-K

(5-12-16)

When the flue gas constituents have been dalculated
on a wet basis, the molecular weight of wet flue gas is
calculated as follows:

MuwFg=0.31999 VpO2+0.4401 VpCO2 +0.64063 YpSO2
+0.28013 VpN2F +0.28158 VpN 2a

+0.18015 VpH20, mass/mole (5-12-17)

When the flue gas constituents have been dalculated
on a dry basis, the molecular weight of wet flye gas can

MFFgz= MqFgz QfF = MqFgz MIFF HHVF, Ibm/ht (Kg/s)

(5-12-11)

5-12.10 MgDFgz, 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.

MgDFgz= MqgFgz— MqWFgz,Ibm/Btu (kg/])
(5-12-12)

85

1 1 1 1 £l
D CaiCulalcd ds 1011I0WS.

MoDFg
MuwFg = (MwDFg +0.18015 DVpH20) ,
MoFg
Ibm/mole (kg/mole) (5-12-18)

MuwDFg =0.31999 DVpO2+0.4401 DVpCO2 + 0.64063 DVpSO2

+0.28013 DVpN2F +0.28158 DVpN 2a, mass/mole
(5-12-19)

(
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MoF¢ — MoDF (approximately %°F/1 in. wg fan pressure rise?) ma
DVpH20=100 f/ngg » %H,0dry bepfonsideredyto establish th%z fan Ic)lischarge ’cempera}i
(5-12-20) ture in the design stage.
where Wherll a(iir fprehea’cingdcoiif are utlilized ;nd the energy
_ is supplied from outside the envelope, the entering air
¢l = f’az(()éf) Ibf/ft (U.S. Customary), 1.0 ] /m’ temperlatu‘ll‘s ﬁs th; temperature leaving t};le air prehelat-
_ . . ing coils. en the energy to an air preheating coil is
2 = %’Z?I%alr(ls'l;vg/ psi (US. Customary), 1.0 supplied from v)vit};lin the envelope (steam from tﬁe
-~ o o steam generator), the entering air temperature is the
DV H”C 3 : 42&1: (U.S. Customary), 273.2°C (SI) temperature entering the air preheating coils. Refer to
P4 }; ol location 8 in Figs. 1-4-1 through 1-4-7.
i ° When there is more than one fan of the same [type,
MoD¥g = miﬂei dry gas. Refer to eq. (5-11-18) for o\ 4, 2 two forced draft fans, it is normally) sffic e}r?’zly
Moko = fr?oclzsaxilfz?. as. Refer to eq. (5-11-28) for accurate to assume balanced airflows bétween th¢ fans
8 Calculationg ’ 4 and use the arithmetic average of the air temperdtures
MwDEY = molecular ;/veight of dry flue gas, Ibm/ in each stream. When there is evidence of unbalance,
mole (kg/mole) y ’ weighted averages should be used:
Muwke = moleculga r weisht of wet flue gas, Ibm/ When there is more than one”source of air enfering
8 mole (kg,/mol eg) 8as, at different temperatures,(the average entering air| tem-
Pa = barometgric pressure, psia (Pa). To con- perature n}u.st be determined.. The gengrgl philogophy
vertin. Hg to psia, divide by 2.0359. for determl.mng the mass fraction of individual stjeams
Prbz — stati f’ f t voint z is that all air streafns may be measured or some stgeams
gz = stauc plzessure of Hue gas at pomt % may be measuréd)(and/or calculated by energy balhnce)
R — Elm‘\/zvi s(ala )molar as constant. 1545 ft and the balanée calculated by difference from the| total
Ibf/Ibm mole °R (% 314.5]/kg I;nol’e K) airflow (calculated stoichiometrically). It should be foted
_ . ) that some'amount of air (usually not more than 2% ¢r 3%
Rl = specific gas constant for gas k, at fullNload) enters the unit as leakage through the set-
ft- Ibf [ b j ting and the actual temperature is indeterminate. Unless
Ibm-°R | kg-K otherwise specified or agreed to by the parties to th¢ test,
TFgz = temperature of flue gas at point z, the infiltration air is considered to enter the unit gt the
°F (°C) same temperature as the measurable air streams ar{d the
uncertainty accounted for in the measurement systematic
uncertainty. Typical examples of units with multiple air
5-13 AIR AND FLUE GAS TEMPERATURE sources are pulverized-coal-fired units with cold primary
} oF (o air fans (TA8A) or pulverizer tempering air supplied|from
5-13.1 TRe, Reference Temperature, °F (2C) the environment (TA5). The weighted average air tefpper-
The reference temperature is the-datum tempera- ature entering the unit, TMnAEn, shall be calculated.
ture to which streams (e.g., air, fuel, Sorbent, and flue
gas) entering and leaving thersteam generator enve- TMnAEn = MFrAzl TAz1+ MFrAz2 TAz2...
lope are|compared for cal¢tfation of sensible heat R
credits and losses. The reference temperature for this *+ MFrAzi TAzi, °F (°C) G113
Code is [7°F (25°C) and-is not related to any spe- When the entering air temperature at the various]loca-
cific strepm temperature. The energy credit will be  tions differs significantly, it is more correct to detefmine
negative(for any$tream entering the steam generator  the average entering air temperature from the avgrage
envelopd at a<teéniperature lower than the reference entering enthalpy of the entering air.
temperatlure.
HMuAFn = MFrAz] HAZ] + MFrAz2 HAzD
5-13.2 Z;/Vzgé)fn, Average Entering Air Temperature, + MFrAzi HAzi, Btu/lbm (//kg) 5152)
The air temperature entering the steam generator = where
envelope is required to calculate the credit due to the HAz = enthalpy of wet air at temperature TAz,
difference between the entering air temperature and Btu/Ibm (J/kg)
the reference temperature, TRe. The air temperature HMnAEn = average enthalpy of wet air entering the

entering the fan(s) is usually taken as the design ambi-
ent condition but may be some other specified condi-
tion such as when the fan inlets are supplied by air
from within the building. The fan compression energy

86

boundary, Btu/lbm (J/kg). The average

2 The temperature rise above is based upon a fan efficiency of
approximately 75% and an air density of 0.075 lbm/ft>.

(
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air temperature is determined from the
average enthalpy.

mass flow rate fraction of wet air enter-
ing at location z to total wet airflow leav-
ing the steam generator based on excess
air at location (14), Ibm/lbm (kg/kg)
TAz = temperature of wet air at location z, °F (°C)

MFrAz

For pulverized-coal units with cold primary air fans,
the mass flow fraction of the primary air, MFrA1l, may

The correction calculation method below utilizes the
nomenclature and products of combustion calculated in
the preceding Section. Refer to Nonmandatory Appendix
C for the derivation of the eq. (5-13-6). For alternate calcu-
lation methods, refer to ASME PTC 4.3, Air Heaters.

When there are two or more air heaters with approxi-
mately the same gas flow through each, the air and gas
temperatures may be averaged, and one corrected gas
temperature calculated. However, when there are two
or more air heaters with different gas flows, such as a

be cafcttated as fottows:

MrA11

MFrAll= ———————
MgA14 MrF HHVF

,Ibm/lbm (kg/kg)
(5-13-3)

where
MqA14 = total wet air entering steam generator
envelope upstream of location (14), Ibm/
Btu (kg/J)
M1A1l = measured primary airflow to pulverizers,
Ibm/hr (kg/s)
MrF = fuel mass flow rate, lbm/hr (kg/s).
Estimate or use the measured mass flow
rate initially. The efficiency calculations
are repeated until the estimated and
calculated fuel mass flow rates are within
the convergence tolerance of para. 5-7.3.

and Where secondary air is the only other significant source
of air] the mass flow fraction of the remaining air equals, (1
— MIrA11). For the equation above, it is assumed that the
tempgpring air to the pulverizers is the same temperat(re as
the aifr entering the primary air heater. Refer to the{temper-
ing afr calculation below if it is not.

Fot units with hot primary air fans or exhauster fans,
and Where pulverizer tempering air is supplied from the
envionment (TA5), the mass flow rate of the tempering
air miay be calculated as follows;

MrA5
MgA14 MeFHHVF

MFrA5=

,1bm/lIbm (kg/kg)
(5-13-4)

_ MeALl(HA9A — HATI)

primary and secondary air heater, the corrected gas tem-
perature must be calculated separately £or edch and a
weighted average used for efficiency. $ée-para| 5-13.4.

FgL
TFeLoCr =TrgLo + - 21CP4 [M”’ 80 1

MnCpEg' MqFgEn
X (TFgLuy TAEn), °F (°C) (5-13-6)
HATFgLO<~HAEn
MnCpA =————=5——,Btu/lbm °F (J/kg K)
TFgku=TAEn
(5-13-7)
where

MnCpA{=y'mean specific heat of wet air| between
TAEn and TFgLv, Btu/Ibm, °F|(J/kg K).
This is equal to the enthalpy ¢f wet air
at the measured gas outlet terhperature
minus the enthalpy of wet air [at the air
inlet temperature divided by thie temper-
ature difference.
mean specific heat of wet flue gaf between
TFgLv and TFgLvCr, Btu/Ibm, °1:(] /kg K).

MnCpFg

If using the curves of subsectioh 5-19 (as
opposed to the computer code that calcu-
lates specific heat), use the insfantaneous
specific heat for the mean tempgrature.
wet gas weight entering the gir heater
from para. 5-12.9 using the ¢xcess air
entering the air heater, Ibm/Btt
wet gas weight leaving the gir heater
from para. 5-12.9 using the ¢xcess air
leaving the air heater, Ibm/Btu
TAEn = air temperature entering the gir heater,
°F (°C). Location (7), (7A), (8)} or (8A),

MgFgEn

MgFglo

MrAs HA9A — HA5 Abm/hr (kg/s) Figs. 1-4-1 through 1-4-7. For afir heaters
(5-13-5) that have two air inlets and on¢ gas out-

wherte let (a trisector air heater, for pxample),
MiA5 = pulverizer tempering air mass flow rate, this item is the weighted averqge of the
Ibm/hr (kg/s) air temperature leaking to the gas side of

5-13.3 TFglLvCr, Corrected Gas Outlet Temperature
(Excluding Leakage), °F (°C)

On units with air heaters, air leakage within the air
heater depresses the exit gas temperature without per-
forming any useful work. For the efficiency calculations,
the measured gas temperature leaving the air heater
must be corrected to the temperature that would exist if
there were no air heater leakage, TFgLvCr.

the air heater. Use the manufacturer’s esti-
mated leakage split to calculate the aver-
age air temperature of the leakage air.

TFglv = gas temperature leaving the air heater,
°F (°C). Location (15) or (15A), Figs. 1-4-1
through 1-4-7.

The determination of MnCpFg above is iterative.
TFgLvCr may be determined from HFgLvCr, which may
be solved for directly from the following equation:
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MgFgLo

HFgLvCr = HAEn +
gEn

(HFgLv— HAEn)
(5-13-8)

5-13.4 TMnFglvCr, Average Exit Gas Temperature
(Excluding Leakage), °F (°C)

The average exit gas temperature (excluding leakage)
is used to calculate the losses associated with constitu-
ents leaving the unit in the flue gas (e.g., dry gas loss,

where

HMnFgLvCr = average enthalpy of wet gas leaving the
boundary (excluding leakage), Btu/
Ibm (J/kg). The average temperature is
determined from the average enthalpy.
mass fraction of wet gas entering the
primary air heater to total wet gas enter-
ing the air heaters, Iom/Ibm (kg/kg)
MqgFgl14 = total wet gas entering air heaters,

para. 5-12.8, Ibm/Btu (kg/])

MFrFg14B

water from fuel loss, etc.). On units where the flue gas
exits at mpre than one location, the weighted average gas
temperatfire must be determined. The general philoso-
phy for determining the mass fraction of individual flue
gas streamns is that all gas streams may be measured, or
some strdams may be measured (and/or calculated by
energy bdlance) and the balance calculated by difference
from the [total (calculated stoichiometrically). On units
with two[or more air heaters of the same type and size,
it is nornpally sufficiently accurate to assume equal gas
flows, and use the arithmetic average of the gas tem-
perature [leaving each air heater (excluding leakage),
TFgLuCr.|When there is evidence of unbalance, weighted
averages [should be used. For units with multiple air
heaters n¢t of the same type where the gas mass flow and
gas tempgrature leaving the air heaters is not the same
(for exanple, separate primary and secondary air heat-
ers for pylverized-coal-fired units with cold primary air
fans), the| gas flow distribution between the air heaters
must be determined to calculate a weighted average exit
gas tempg¢rature (excluding leakage). On some units, ga's
may be ektracted upstream of the air heater(s) or other
stream g¢nerator heat trap(s) and must be included in
the determination of the average exit gas temperdture.

The following addresses pulverized-coal-fired units
with sepdrate primary air heater(s) (used o heat the air
to the pulverizers) and secondary aif heater(s) and is a
typical eample of how the calculations for two differ-
ent types|of air heaters might be fiandled. The method-
ology is bpased upon measuring the primary airflow to
the pulveyizers and calculating the gas flow through the
primary gir heaters by energy balance.

TMnFgLoQr = MFrFg14B TFg15BCr + (1- MFrFg14B) TFg15ACr,
ECO) (5-13-9)

When thefe is a significant difference in the gas tem-

MrF = fuel mass flow rate, Ibm/hr(Hg/s).
Estimate or use the measured [mass
flow rate initially. Refer(to para5-7.3
regarding convergencexolerance.

MrFg14B = mass flow rate ,6f jwet gas ¢nter-
ing the primary ‘air heater, Ibm/hr
(kg/s). This-item may be calcylated
by energy balance.

(EIA11— HA8A)

MrFg14B = MrAll
(HFg14B— HFg15BCr)

,Ibm/hr[kg/s)
(5-13-12)

where
HA1I % average enthalpy of wet air enfering
pulverizers. If the pulverizers arp not

operating at the same primary aifflow,

this should be a flow-weighted avrage

rather than an arithmetic average,

HFg15BCr = enthalpy of wet gas for the gas|tem-
perature leaving the primary air Heater

excluding leakage (corrected), fising

the moisture in wet gas entering the air

heater

MrAIl = measured primary air mass flow] rate,
Ibm/hr (kg/s)

5-14 LOSSES

The calculation of losses falls into two categories in
accordance with the method in which they are rneas-
ured and conveniently calculated. In the first cat¢gory
are losses that are a function of input from fuel anfl can
be readily expressed in terms of loss per unit of input
from fuel, i.e., expressed as a percentage of fuel input.
Losses due to products of combustion (dry gas, yater
from fuel, etc.) are expressed in these units. In th¢ sec-
ond category are losses not related to fuel input, which

perature at the various exiting locations, the average gas
temperature, TMnFgLvCr, should be determined from
the average enthalpy of the exiting wet gas.

HMnFgLvCr = MFrFg14B HFg15BCr +(1— MFrFg14B)

HFg15ACr, Btu/lbm (J/kg) (5-13-10)
MrFg14B
MFrFg14B = ,Ibm/Ibm (kg/kg)
MgFg14 MrF HHVF
(5-13-11)

are more readily calculated on an energy per unit of
time basis, such as the loss due to surface radiation and
convection. The losses in each category are grouped
generally in order of significance and universal appli-
cability with applicability taking preference.

The logic for calculating losses that are a function of
fuel input is described below.

QpLk = 100 Mgk X (HLvk — HRek)
=100 Mgk X MnCpk X (TLok — TRe), % (5-14-1)
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[bm constituent  Btu
QpLk =100 x X X°F
Btu fuel input  lbm°F
Btul
= DO, (5-14-2)
100 Btu In

5-14.2 QplLH2F, QpLWF, QpLWvF, Water From Fuel
Losses, Percent

5-14.2.1 Water Formed From the Combustion of H, in
the Fuel Loss

where QpLH2F =100 MqWH 2F (HStLvCr — HWRe), %
HLvk = enthalpy of constituent k at temperature (5-14-4)
TLok, Btu/Ibm (J /kg) . . o .
HRek = enthalpy of constituent k at temperature 5-14.2.2 Water (H,0)inaSolid or Liquid Fuel Loss. This
TRe Btu/lbm (J/kg) For water that enters  may also be applicable to manufactured gaseous fuels.
the steam generator envelope as liquid and QpLWF =100 MgWF (HStLoCr — HWRE) S (5-14-5)
leaves the envelope as steam (water vapor),
the ASME Steam Tables are used for .
enthalpy and are based on a 32°F reference 5-14.2.3 Water Vapor in a Gaseous Fuel Los$
temperature for enthalpy. The enthalpy of QpLWoF =100 MgWoF HWoLoCr, % (5-14-6)
water at TRe is 45 Btu/lbm (105 kJ /kg). For
all other constituents, the enthalpy is based where
upon the Code refe’rence temperature of HStLoCr = enthalpy,0fsteam (water vapot) at 1 psia
77°F (25°C). Thus, the reference enthalpy is %;temr}:te;aic ure Tng fv(;; o(r T]: )ZFg LUC:)'
zero and does not appear in the loss/credit doeees eno t avsz (;i iief?cantlw aat“ t}:]:lic())w
energy balance equation as shown above. drtial or 3; & £ wat ry abor in air
MiyCpk = mean specific heat of constituent k between b pressures of water vapor m ar
temperatures TRe and TLvk, Btu/lbm °F or ﬂl.le gas, and thus, spec1f cally cal-
(J/kg K). Whenever practical, enthalpy is culating the fictual partial piessure of
used in lieu of the mean specific heat and Waart:r;? 5 (5)rfcl)sr Ssrtvvngairtranted. Refer to
the difference in temperature. para. ) :
_ . . . HWRe = enthalpy of water at the referpnce tem-
Mgk = mass of constituent k per Btu input in fuel. erature TRe, Btu/Ibm (J/kg)| = TRe —
This is the unit system used throughout 52 — 45 Bt /,lbm &
this Code for items that are related to thé _ ot s
fuel such as air and gas quantities. HWvoLvCr = enthalpy of water vapor at TkgLvCr or
QpLk = loss from constituent k, percent of inptifffom TMnF gLuCr, Btu/lbm (J/kg)) The dis-
fuel, Btu/100 Btu input from fuel (/400 ) tinction of enthalpy of steam {HSt) ver-
TLvk = temperature of constituent jleaving the sus the enthalpy of water vappr (HW.U)’
steam generator envelope, °F-¢:C) is that HSt is the enthalpy of dapor with
_ 8 12 . respect to liquid water at 32°F (0°C) as
TRe = reference temperature, °F (°C). The refer- .
ence temperature is 779 {25°C) the reference in accordance with ASME
’ Steam Tables, and includes the latent
heat of vaporization of watgr, where
5-141 QpLDFg, Dry Gas Loss, Percent HWo is the enthalpy of water qapor with
respect to the enthalpy of water vapor
QpLDFg =100MgDFg HDFgLvCr, % (5-14-3) at 77°F (25°C) as the reference|(which is
where zero). Refer to para. 5-19.4 for [curve fit.
HIPFgLuvCr =<enthalpy of dry gas at the temperature
leaving the boundary corrected for  5-14.3 QpLWA, Moisture in Air Loss, Percent
leakage (excluding leakage). Refer to
para. 5-19.2 for curve fit. QpLWA =100 MFrWA MgqDA HWuvLvCr,% (5-14-7)
MgDFq¢ = dry gas mass flow leaving the steam 1are
generator based on the excess air at MgDA = mass of dry air corresponding to the excess

location (13) or (14), Ibm/Btu (kg/J).
Note that when hot air quality con-
trol equipment (e.g., precipitator) is
located between the steam generator
exit and the air heater gas inlet, there
may be a dry gas loss due to air infil-
tration. This loss is included in the loss
calculated for the hot AQC equipment.

air used for dry gas loss, Ibm/Btu (kg/])

5-14.4 QpLSmUb, Summation of Unburned
Combustible Losses, Percent

The loss due to unburned combustibles is the sum
of the applicable losses for the individual unburned

constituents.

(
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5-14.4.1 Unburned Carbon in Residue Loss, Percent

HHVCRs
LUbC = MpUbC —, % 5-14-8
Qp p HHVE ( )
where
HHVCRs = the heating value of carbon as it occurs

in residue

When unburned hydrogen in the residue is considered
insignificant (normal case, refer to unburned hydrogen

VpCO = quantity of CO measured on a wet basis,
percent volume

5-14.4.4 Pulverizer Rejects Loss, Percent. This loss
includes the chemical and sensible heat loss in pulver-
izer rejects.

QpLPr=100 MgPr (HHVPr+HPr),%  (5-14-11)

MrPr

MgPr=————lbm/Btu (kg/J) (5-14-12)

below), a|value of 14,500 Btu/Ibm (33700 kJ/kg) should
be used fqr HHVCRs. Any unburned carbon is expected to
be in an gmorphous form. The NBS Technical Notes [2] do
not list the heat of formation of carbon in the amorphous
form; only the heats of formation of carbon in the graphite
and diamond forms are listed. The higher heating value
for carbonp in the residue adopted by ASME PTC 4.1-1964
has been [retained in this Code. When it is determined
that unbyrned hydrogen is present in the residue and is
accounted for separately, a value of 14,100 Btu/Ibm (32800
kJ/kg) shall be used based on the heat of formation of CO,.

5-14.42 Unburned Hydrogen in Residue Loss,
Percent. | Refer to para. 5-10.3. Where it is established
that unbyrned hydrogen is present and cannot be elimi-

IVITT 1111V T

where
HHVPr = higher heating value of pulverizer rgjects

from laboratory analysis of xrepresenfative

sample, Btu/Ibm (J/kg)

sensible heat or enmthalpy of pulve

rejects leaving the “pulverizer, Btu

(J/kg). Use the ‘enthalpy of ash at th

outlet température.

measured \inass flow rate of pulv{

rejects,dbm /hr (kg/s)

HPr rizer
Ibm
b mill

MrPr rizer

5-14.4.5 Udburned Hydrocarbons in Flue Gas |Loss,
Percent. Where it is established that unburned hydro-

nated by pperating adjustments, carbons ate’present and cannot be eliminated by operat-
ing adjustments,
QpLH2Rs = MrRs MpH2Rs HHVH?2 % (5-14-9) HHVHe
MrF HHVF QpLUbHc = DVpHc MoDFg MwHe —————, %
HHVF
where or
HHVH?2 = 61,100 Btu/lbm (142120 k] /kg) QpLUBHe = VpHe MoFg MuwHe v E o,
MpH2Rs = the mass weighted average of unburhed HHVF (5-14-13)
hydrogen in residue, %
where
5-14.4.8 Carbon Monoxide in Flue Gas Loss, Percent DVpHc = quantity of hydrocarbons in flud gas
measured on a dry basis, percent volume
QRLCO = DVpCO MoDFg MwCO HHYVCO % HHVHc = higher heating value of the referende gas
HHVF used to determine the volume perceptage
or HHVCO of total hydrocarbons, Btu/lbm (J/kg)
QpLCO = VpCO MoFg MwCO HEVE % VpHc = quantity of hydrocarbons in flud gas
measured on a wet basis, percent voJume
(5-14-10)
where 5-14.5 QpLRs, Sensible Heat of Residue Loss, Pefcent
DVpCh = quaptity of CO measured on a dry basis, For units with a wet furnace ash hopper, refer to
percent volume para. 5-14.13.
HHVCOQ ss=+higher heating value of CO, 4,347 Btu/
btk QplRs=100> MgRsz HRsz, % (5-14-14)
MoDFg = moles of dry gas with excess air measured =~ where
at the same location as the CO, moles/ HRsz = enthalpy of residue at location z, Btu/
Ibm fuel (moles/kg). Refer to subsection Ibm (J/kg). For locations other than bot-
5-11 for calculation. tom ash, the residue can be assumed to
MoFg = moles of wet gas with excess air meas- be at gas temperature. For dry bottom
ured at the same location as the CO, ash, use 2,000°F (1100°C) if not measured.
moles/Ibm fuel (moles/kg). Refer to Refer to para. 5-19.3 for enthalpy curve
subsection 5-11 for calculation. fit. For (molten) wet bottom ash, a typical
MwCO = molecular weight CO, 28.01 Ibm/mole enthalpy of 900 Btu/lIbm (2095 kJ/kg) is

(kg/mole)

90
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MqRsz = mass flow rate of residue at location z,
Ibm/Btu (kg/J) from subsection 5-10. For
units with a wet furnace ash hopper, when
the total ash pit losses are tested, the wet
ash pit loss, QrLAp, includes the sensible
heat of residue, and the sensible heat of
residue to the ash hopper should be omit-

The calculation below incorporates the effects of the
dry gas loss due to air infiltration, moisture in infiltra-
tion air loss, and surface radiation and convection loss
of the separate equipment. Refer to Nonmandatory
Appendix C for derivation.

QpLAq =100 [ MgFgEn (HFgEn — HFgLv) — (MgFgLv — MgFgEn)

ted here. When the loss due to radiation to X (HAAqLv = HALvCr)], % (5-14-15)

the wet ash pit is estimated, QrLRsAp, the  where

loss due to sensible heat in residue leaving MaLoEn = mass of wet cas entering with excess air
(e}

the ash pit is calculated in accordance with
this paragraph.

5-14/6 QplAg, Hot Air Quality Control Equipment
Loss, Percent

This item refers to flue gas cleanup equipment located
betwpen the boiler exit and air heater gas inlet, such as
a mgchanical dust collector, hot precipitator, or SCR
equipment.

This separate loss need not be calculated when such
equipment is considered part of the steam generator
system. For instance, selective catalytic reduction (SCR)
systems are commonly supplied as part of the steam gen-
eratof scope, and the effect of typical levels of ammonia
addiffion and dilution air are considered minor. When this
sepaifate equipment loss is not calculated, the equipment
surfafe area should be included in the total surface area
utilized to calculate the radiation and convection loss for
the sfeam generator. O, (excess air) shall be measured
at the air heater flue gas inlet for determining efficiency
and gir heater leakage and for evaluating air heater per-
formgnce. It is recommended that O, also be measured at
the efonomizer flue gas outlet (HAQC eqtipment inlet)
to enbure there is no significant infiltrdtion, as this is the
locatjon that excess air to the burnersys monitored.

If fhe air infiltration across the gquipment is signifi-
cant, [then it should be recogiiized that the infiltration
amoynt is not passing thrfough the air side of the air
heatdr and air heater petformance will be impacted. In
such [cases, since effifiency is based on the excess air
enterfing the air heater, it is not necessary to calculate a
sepafate air infiltration loss (refer to para. 5-14.7).

If determirtation of a separate HAQC equipment loss
is degired, the'following points should be considered:

(a)] The_steam generator surface radiation and con-
vectibntloss should not include the area of the HAQC

[=) O
entering, Ibm/Btu (kg/J)
MgFgLv = mass of wet gas leaving(with gxcess air
leaving, Ibm/Btu (kg/J)
HAAgLv = enthalpy of wet air at/a temperpture cor-
responding to the\gas temperafure leav-
ing the hot AQQ device, Btu/Ibm (J/kg)
HALvCr = enthalpy of wet air at the average gas
temperature“(excluding air hepter leak-
age) léaving the steam generator enve-
lope, Btu/lbm (J/kg)
HFgEn = emthalpy of wet gas entering baged on the
entering moisture content and|the leav-
ing residue content, Btu/Ibm (J{ kg)
HEgLb = enthalpy of wet gas leaving baded on the
entering moisture content and|the leav-
ing residue content, Btu/lbm (J{' kg)

(Residue content is considered in gas enthalpy deter-
mination only if considered for other gas losses.)

5-14.7 QplALg, Air Infiltration Loss, Percent

This item refers to air infiltration between [the point
where dry gas weight is determined (normnally the
boiler exit) and the air heater flue gas inlet, ¢xcluding
air infiltration in hot AQC equipment that is gccounted
for separately.

QpLALg =100 MgALg (HALvCr — HALZEn),|%
(5-14-16)
where
HALgEn = enthalpy of infiltrating wet air, [normally
air inlet temperature, Btu/lIbm {J /kg)
HALvCr = enthalpy of wet air at the average gas
temperature (excluding air hepter leak-
age) leaving the steam generator enve-
lope, Btu/lbm (J /kg)

massrate of wetinfiltration air) Ibm /Btu

MagAlLco
T =5

equipment.

(b) O, (excess air) shall be measured at the econo-
mizer outlet/HAQC equipment inlet for determining
efficiency and related air and gas weights.

(c) O, (excess air) shall be measured at the air heater
gas inlet for determination of HAQC infiltration (if
present) and associated efficiency loss as well as the
determination of air heater leakage, the undiluted air
heater exit gas temperature, and evaluating air heater
performance.

(kg/J). Refer to para. 5-11.6.

5-14.8 QpLNOx, NO, Formation Loss, Percent

This item refers to the loss associated with the net
formation of NO, within the steam generator system.
If an SCR system is installed, this loss should be based
on the final, outlet NO, level. (The loss associated with
initial NO, production is partly regained by exothermic
reduction in the SCR.) Even without an SCR, this loss is
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usually small, on the order of 0.025% for 0.3 Ib NO,/MBtu MwNO = molecular weight of NO, 30.006 1b/lb
(220 ppm at 3% O,), and may be estimated if not meas- mole (g/g mole)
ured. This calculation procedure is based on the principle MwNO2 = molecular weight of NO,, 46.0055 1b/lb
that the NO,_ formed in the steam generator is predomi- mole (g/g mole)
nantly NO (usually less than 5% NO,). It is assumed that VpNOx = quantity of NO, as NO on a wet basis,
the NO_ analyzer converts the NO, in the gas sample to percent volume

NO and gives a total reading of NOx in parts per mil-

lion as NO in accordance with EPA Method 7E. When  5-14.9 QrLSrc, Surface Radiation and Convection
NOx is reported on an energy basis, the NO, is in the Loss, Btu/hr (W)

form of NO, (NO oxidizes to NO, in the atmosphere) in . . .
accordange with EPA reporting methods. Note, however,
that the energy loss is based on the heat of formation of
NO. On qome types of steam generators (CFB units, for
example)| N,O is also produced. For most units, N,O is
negligiblg. The equations below assume that N, O is neg-
ligible anfl are based on the heat of formation of NO. If
both NO and N, O are measured, the loss for N,O may be
calculated by substituting the heat of formation of N,O
in eq. (5-114-17). The total loss attributed to NO, is the
sum of the losses for NO and N, O.

specified jon an energy basis, Ibm/Btu (kg/J), in accord-
ance with EPA reporting methods. Equation (5-14-18)

the standard val ified herei the only afllow-
may be uped to calculate the loss when NO, is specified © STan’Qu” valtles speciiied hierein are the ony ariow

able options.

on an engrgy basis. The loss shall be calculated by

HrNOx
QpLNOx = DVpNOx MoDFg HAVE Yo

VE QrLSrc = C1 ¥, (Heaz + Hraz) Afz (TMnAfz — TMnAz)
or Btu/hr (W) (5-14-19)

HINOx o (5-7akt7)  where

HHVF
Hcaz = the larger of 0.2 (TMnAfz — TMnAz)*3

MgNO2 or 0.35 VAz08 (5-14-20)
————HrNO, % -14-
ooz (5-14-18)

QpLNOx = VpNOx MoFg

QpLNOx =100
Hraz = 0.847 + 2.367E—3 TDi + 2.94E—6 TD:* + 1.37E—9|TD:®

where (5-14-21)

DVpNQx = quantity of NO¢as“NO on a dry basis, where
percent volumiey NO, is normally meas-

ured on a ppmt basis. Divide by 10,000 to
convertto/percent.

Afz = flat projected surface area of the caging/
lagging over the insulation (cifcum-
ferential area for circular surfaceq) for

HrNQx = the heat/of formation of NO is 38,630 location z, ft*. For protuberz.ances such as
Btd /b mole (89850 k]/gm mole) or the buckstays, only the flat projected afea of
heat’of formation of N,O is 35,630 Btu/ the face adjacent to the hot surfacq is to
1B mole (82880 kJ/gm mole). Use which- be included in the flat projected syrface
ever is applicable. area. The areas to be considered afe the

MoDFg = moles of dry gas with excess air meas- steam generator, flues and ducts within

ured at the same location as the NO,,

. moles/lbm fuel (mOI,es/kg fuel), 3 “Measure” is used in the general sense in this paragraph
MoFg = moles of wet gas with excess air meas- and does not preclude estimation of parameters by qualified
ured at the same location as the NO,, personnel.

mOIeS/ Ibm fuel (moles/kg fuel) 4Tt is not mandatory that this test be performed in conjunction

MgNQO?2 = quantity of NO, expressed on an energy  with the efficiency test. It may be performed separately to establish

basis, Ibm/Btu (kg/J). When expressed the actual setting heat loss and the results corrected to standard or

on an energy basis, the units used are design conditions in accordance with subsection 5-18 for use with

.. an efficiency test performed at a different time. When so used, the

usually MBtu (M]). Divide by 1E6 to con-  corrected QrLRe results shall meet the criteria for repeatability in
vert to Btu (]). Section 3.
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the envelope, major piping (i.e., size
with respect to the steam generator),
and major equipment such as pulver-
izers. Hot air quality control equipment
(such as hot precipitators) should not
be included if this loss is accounted for
separately.
Cl1 = 1.0 Btu/hr (U.S. Customary units);
C1 = 0.293 W (SI units).
Hcaz = convection heat transfer coefficient for

(a) VA = 1.67 ft/sec (100 ft/min).

(b) TDi, the differential temperature, shall be 50°F or,
if the situation warrants it for components where person-
nel safety is not a problem, a larger value used. For exam-
ple, where it is not practical to design for a temperature
differential of 50°F or less (PC piping and hot cyclones,
for example), the expected differential should be used.

This calculation method applies to estimation of the
efficiency loss and is not intended for use in designing
casing insulation.

area z, Btu/ft>h-E. The constants used
in this correlation are based upon using
U.S. Customary units. The characteris-
tic length is approximately 10 ft. If the
parameters required to determine Hcaz
are measured, a systematic uncertainty
for the correlation of +20% is suggested.
If not measured, the suggested system-
atic uncertainty for the radiation loss is
included in the systematic uncertainty
for the total radiation and convection loss
below.

Hraz = radiation heat transfer coefficient for
area z, Btu/ft?>-h-E. The constants used in
this equation are based upon using U.S.
Customary units (°F). This correlation is
based on an ambient temperature of 77°F
(25°C) and an emissivity of 0.80. The high
emissivity (compared to 0.1 to 0.2 comé
monly published for clean aluminum)-is
based upon a dirty, oxidized surfaee-and
shall be used for calculating the-radia-
tion loss. It is recommended.that pub-
lished values for clean surfaces be used
for sizing insulation thickness, although
this recommendation)'is not a part of
this Code. If the temperatures, required
to determine Hrgz, are measured, a sys-
tematic uncerfainty for the correlation
of +20%is/suggested. If not measured,
the suggested systematic uncertainty
for(the radiation loss is included in the
systematic uncertainty for the total radia-
tion and convection loss below.

TDi = (TAfz — TAz) = temperature difference

TMnAfz" = average surface temperature, TAf, of area z

+50% is suggested for QrLSrc. The estimated systematic
error includes consideration of the random e
the loss is not measured.

If the loss is not measured, a systematic uncj;tainty of

ror when

5-14.10 QrLWAd, Additional.Moisture Loss, Btu/hr (W)

Additional moisture is fyater or steam injecfed in the
gas side of the steam generator and not accounted for
separately. Typical_eXamples of additional [moisture
are atomizing and sootblowing steam. It is rjoted that
when air is utilized as the atomizing or sodqtblowing
medium, theJoss is included in the dry gas gnd mois-
ture in aif)loss, since it is included in the megsured O,
in the flue‘gas.

QrLWAd =" MrStEnz (HStLoCr — HWRe), Btu/hr (W)
(5-14-22)
where
HStLvCr = enthalpy of steam in gas leqving the
boundary (excluding leakage),| Btu/lbm
(J/kg). Refer to para. 5-14.2.
HWRe = enthalpy water at the reference{tempera-
ture, Btu/lbm (J/kg)
mass flow rate of additional misture at
location z, Ibm /hr (kg/s)

MrStEnz

5-14.11 QrLClh, Calcination and Dehydration of
Sorbent Loss, Btu/hr (W)

QrLCIh =Y MrSbk MFrClhk Hrk, Btu/hr (W)
(5-14-23)

where
Hrk = heat of reaction for calcination ¢f calcium
or magnesium carbonate or dehydration

of calcium or magnesium hydr¢xide

T 1’!1111 - dVCldSC Cllll:JJiCll.l Clil 'LCII[PCLC['LL[IC, TA 7 ﬂi.
location z, °F. The local ambient air tem-
perature is the temperature within 2 ft to
5 ft of the surface.

VAz = average velocity of air near surface,
typically within 2 ft to 5 ft of the surface,
ft/sec (m/s)

If values for TAf, TA, and VA are not measured, this
loss shall be calculated using the actual component
areas and the following standard values:

CaCU;, (Cc) =766 btuy Ibm (1782 k] /kg)

MgCO, (Mc) = 652 Btu/lbm (1517 k] /kg)

Ca(OH), (Ch) = 636 Btu/Ibm (1480 k] /kg)

Mg(OH), (Mh) = 625 Btu/lbm (1455 k] /kg)

MFrClhk = mass fraction of calcination or dehydra-
tion of constituent k. Refer to para. 5-10.8

for CaCO,. Use 1.0 for other constituents.

MrSbk = mass flow rate of reactive constituents k,
Ibm/hr (kg/s)
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Heats of reaction were calculated from the heats of
formation and the molecular weights given in the NBS
Technical Notes [2]. MgCO, is assumed to be in its most
common form, dolomite, CaCO, - MgCO,.

5-14.12 QrLWSb, Water in Sorbent Loss, Btu/hr (W)

QrLWSb = MrWSb (HStLoCr — HWRe), Btu/hr (W)
(5-14-24)

MrRsW37

HRs37 = enthalpy of dry residue at the tempera-
ture of the residue/water mixture leav-
ing the ash pit, Btu/lbm (J/kg)
enthalpy of water at location z, Btu/lbm
(J/kg)

mass fraction of water in residue in the
residue/water mixture leaving location
(37), Ibm H,O/lbm dry residue (kg/kg)
mass flow rate of the residue/water mix-
ture leaving the ash pit, Ibm /hr (kg /hr)

HWz =

MFrWRs

5-14.13

On uni|
absorbed
nace hop
residue 1d
measurer]
the water
rate of th
and a lab
due leavi

Due to
of the res
determin
test may
estimatin|

5-14.13
energy ba

QrLAp, Wet Ash Pit Loss, Btu/hr (W)

Is with a wet ash pit, there is a loss due to heat
by the water from radiation through the fur-
per throat, in addition to the sensible heat in
ss. The test procedure for this loss requires the
hent of the mass flow rate and temperature of
entering and leaving the ash pit, the mass flow
e residue/water mixture leaving the ash pit,
bratory determination of the water in the resi-
hg the ash pit.

the difficulty of determining the mass flow rate
due leaving the ash pit and the uncertainty of
ng the water in the residue, the parties to the
gree to estimate this loss. The procedure for
p this loss is described in para. 5-14.13.2.

.1 QrLAp, Wet Ash Pit Loss When Tested. By
lance, the ash pit loss is the sum of the energy

gain by tle water leaving the ash pit, energy loss due to

evaporati
due/wat
ured, the
para. 5-14

QrLA

(a) End

on of pit water, and sensible heat in the resiz
br mixture as it leaves the pit. Note that if meas-
sensible heat loss of residue to the ash.pit in
.5 should be omitted.

b = QrApW + QrApEv + QrRsWLw, Btu/hr (W)
(5-14-25)

rqy Increase in Ash Pit Water

5-14.13.2 QrLAp, Estimated Ash Pit Radiation
If agreed to by the parties to the test, the)loss d
radiation to the ash pit may be estimated,)When th

Loss.
Lie to
b Joss

due to radiation to the ash pit is estifhated, the senpsible

heat in residue loss, QpLRs, must also'be calculated
mated) in accordance with para, 5-14.5.
QrLAp = QrAp ApAf, Btu/hr (W) (5-]1
where
ApAf =
QrAp =

flat projectéd area of hopper opening, ft
equivalent heat flux through furnace h
opehing absorbed by ash pit water. Bas
limited data of apparent water usage, a
mated equivalent heat flux of 10,000 B
h (31500 W/m?) is recommended. A sy
atic uncertainty of =50% is suggested.

5-14.14 QrLRy, Recycled Streams Loss, Btu/hr (W)

The loss due to recycled streams is the sum of th
due to recycled solids and recycled gas.

QrLRy = QrLRyRs + QrLRyFg, Btu/hr (W)
61

5-14.14.1 Recycled Solids. Residue may be
cled to utilize unburned carbon in the residue
or reduce the amount of sorbent added. If the rd
piping and holdup bins are included in the area

(esti-
4-29)

(m?)
pper
bd on
esti-
u/ft2
btem-

b loss

4-30)

recy-
and /
cycle
used

QripW = Mr39 (HW34 HW38), Btu/hr (W) I ‘
(5-14-26) to calculate the surface radiation and convectiorn} loss

(QrLSrc), para. 5-14.9, then this calculation is omitted.

(b) Asl Pit Water Egaporation Loss
QrLRyRs = MrRyRs (HRsLv — HRsEn), Btu/hr (W
MFrWRs (5-14-31)
QrApEv | MrIWS884 MrW39 + MrRsW37 | ——————
1+ MFrWRs where
XAHStLoCr — HW38), Btu/hr (W) HRsEn = enthalpy of the residue when it is reafimit-
(6-12-27) Ted To the steam generator, bta/ ibm () /kg)
HRsLv = enthalpy of the residue where it is col-
(c) Sensible Heat in Residue/Water Mixture Leaving the ileaie(c}/ol;chm the system boundary, Btu/
Ash Pit MrRSW37 MrRyRs = mass flow rate of recycled residue, Ibm/
QRsWLv = [ 7J [ HRs37 + MFrWRs (HW37 — HW38) |, hr (kg/s)
1+ MFrWRs

Btu/hr (W) 5-14.14.2 Recycled Gaseous Streams. An example

(5-14-28) . . :
of a recycled gaseous stream is flue gas recirculation
where after the air heater (typically ID fan gas recirculation).
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However, this loss is applicable to any gaseous stream
added to the steam generator from an external source.
Refer to Nonmandatory Appendix C if the excess air in
the recycled gaseous stream is different from the excess
air upon which the dry gas weight is based.

QrLRyFg = MrRyFg (HFgLvCr — HFgEn), Btu/hr (W)

QrLk

7 O/O
QrF

QpLk =100 (5-14-35)

5-15 CREDITS

As in the loss section, the calculation of credits falls

, such as
are more

of signifi-
er taking

G-14-32)  into two categories in accordance with the method in
where which they are measured and conveniently calculated.
HF¢En = enthalpy of the recycled flue gas enter- In the first category are those credits that can be read-

ing the steam generator, Btu/lbm (J/kg) ily expressed as a percent of input from fuye

HHgLuCr = enthalpy of wet flue gas at the average  energy in entering air; and second, those 'that
gas temperature leaving the unit (exclud- ~ readily calculated on an energy per unit-of time basis,
ing leakage), Btu/lbm (J/kg) such as energy supplied by auxiliarysequipment power.

MrRyFg = mass flow rate of the recycled gas, Ibm/ The credits are arranged in approXimate order

hr (kg/s) cance and universal applicability, with the lat

precedence.
5-14J15 QrLCw, Cooling Water Loss, Btu/hr (W)

This loss occurs when cooling water (external to the
stean) generator steam/water circuits) removes energy
from|the steam generator envelope. Typical equipment
that fises cooling water are water cooled doors, ash cool-
ers, ahd boiler circulating pumps. Care should be taken not
to copsider a loss twice. For example, if the sensible heat
in redidue is based upon the temperature of residue enter-
ing the ash cooler, there would be no loss associated with
the agh cooler; however, if the temperature of the residue is
measjired after the ash cooler, the energy absorbed by the
ash cpoler must be added to the steam generator losses.

QrLCw =Y MrCwn (HWLv — HWEn), Btu/hr (W)
(5-14-33)

where
Cw

mass flow rate of cooling water-atlocation z,
Ibm/hr (kg/s)

5-14/16 QrlAc, Internally Supplied Air Preheater Coil

Loss, Btu/hr (W)

Wlen an air preheatef\coil is supplied by steam from
the steam generatoy, the steam generator envelope is
definfed to include-the air preheat coils. The loss is the
prodfict of the condénsate flow from the air preheat coils
and fhe diffézénce in enthalpy of the air preheat coils
condpnsatéand entering feedwater. The condensate
flow ghauld not be included in the boiler output.

5-15.1 QpBDA, Entering Dry Air Credit, Percent

QpBBA'= 100 MgDA HDAEn, % (5-15-1)

where
HDAEn

enthalpy of dry air at the avjerage air
temperature entering the steamp genera-
tor envelope (TMnAEn), Btu/lbm (J/kg).
This is the weighted average off the vari-
ous sources of the airflow contr{buting to
MgDA as defined above. Note that when
an air preheating coil is supplied from
the steam generator, the air terhperature
entering the air preheater coil i used for
that portion of the air entering the steam
generator.
total dry air entering the stearh genera-
tor corresponding to the excesq air leav-
ing the boiler used to calculat¢ dry gas
weight, lbm/Btu (kg/J)

MgDA =

5-15.2 QpBWA, Moisture in Entering Air Credjit,
Percent

QpBWA = 100 MFrWA MgDA HWovEn, %| (5-15-2)

where
HWvEn = the enthalpy of water vapor at [the aver-
age air temperature entering the steam

generator envelope (TMnAEn),(Btu/lbm

OrLAc = Mr3136 (HW36 — HW29), Btu/hr (W)
(5-14-34)

5-14.17 Conversion of Loss on Rate Basis to Percent
Input Fuel Basis

The loss calculated on a rate or unit of time basis may
be used to calculate efficiency. If the loss on a percent
input from fuel basis is desired, it may be calculated
after completion of the efficiency calculations using the
calculated fuel input.

95

U7kg)

5-15.3 QpBF, Sensible Heat in Fuel Credit, Percent

oppr— 1%
ST

HFEn, %
HVF

(5-15-3)

where
HFEn = enthalpy of the fuel at the temperature of
fuel entering the steam generator envelope
at locations (1), (3), or (4), Btu/Ibm (J/kg)

(
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5-15.4 QpBSlf, Sulfation Credit, Percent

Sulfation is the reaction of sulfur dioxide (SO,) with
calcium oxide (CaO) and oxygen to form calcium sulfate
(CaSQ,). The reaction is exothermic.

MpSF

BSIf = MFrS
QpBSIf =MFrse moF

(5-15-4)

HrSIf, %

5-15.6 QrBSb, Sensible Heat in Sorbent Credit,
Btu/hr (W)

QrBSb = MrSb HSbEn, Btu/hr (W) (5-15-7)

where
HSbEn = enthalpy of the sorbent entering the steam
generator envelope, Btu/lbm (J/kg)
MrSb = mass flow rate of sorbent, Ibm/hr (kg/s)

where
HrSIlf = heat generated in the reaction of sulfur  _  __ _
dioxide, oxygen, and calcium oxide to S b <
form calcium sulfate per pound of sulfur Moisture Credit, Btu/hr (W)
capture, 6,733 Btu/lIbm (15660 k] /kg) Typical examples of additional moisture ate-sootblow-
MFrSc|= mass fraction of sulfur capture, Ibm/lbm  ingand atomizing steam.

(kg/kg)

5-15.5 QrBX, Auxiliary Equipment Power Credits,
Bfu/hr (W)

Typical auxiliary equipment includes pulverizers, gas
recirculating fans, hot primary air fans, and boiler circu-
lating pumps. Note that credits shall not be calculated
for forced draft fans, cold primary air fans, and other
equipment when credits are calculated based on the
measured fluid temperature exiting the equipment. For
example,[when a credit is calculated for entering air in
accordange with para. 5-15.1, the energy added by the
forced drpft and primary air fans is included; thus, add-
ing the crpdit for fan power would be accounting for the
energy added twice.

5-15.5.1 For Steam Driven Equipment
_ MrStX (HStEn — HStLv) EX

BX , Btu/hr (W
Qr 100 /hr (W)
(5-15-5)
where
EX |= overall drive efficiency,” percent; includes

turbine and gear effidiency

QrBWAd = ZMrStEnz (HStEnz — HWR¢), Btu/hr (W)

(5115-8)
where
HStEnz = enthalpy of-additional moisture entering
the envelepe; Btu/Ibm (J/kg)
HWRe = enthalpy of water at the reference|tem-
perature, Btu/lbm (J/kg)
MrStEnz = mass flow rate of additional moigture,

Ibm/hr (kg/s) at location z

5-15.8 Conversion of Credits on Rate Basis to Percent
Input Fuel Basis

The credit calculated on a rate or unit of time |basis
may be used to calculate efficiency directly. If the ¢redit
on a percent input from fuel basis is desired, it mpy be
calculated after completion of the efficiency calculgtions
using the calculated fuel input.

QrBk

QpB=100>—,%

QrF ®

15-9)

5-16 UNCERTAINTY

dis-
mean
This

evia-

Subsection 5-2, Measurement Data Reduction,
cussed calculation of the standard deviation of the
and degrees of freedom for individual parameters
Section presents calculations for overall standard g
tion of the mean and degrees of freedom for thq ran-
dom uncertainty. This Section also presents calculation
methods for sensitivity coefficients and the combina-
tion of random and systematic components into oyerall
test uncertainty. For post-test uncertainty calculption,

HStEn |= enthalpy of thesteam supplied to drive the
auxiliaries, BttuAlbm (J/kg)

HStLo [= enthalpy catthe exhaust pressure and the
initial entropy of steam supplied to drive
the aukiliaries, Btu/lbm (J/kg)

5-15.5.p <ForElectrically Driven Equipment

EX
Q/BX =QX C1_ ., Btu/hr (W) (5-15-6)
where
C1 = 3,412 Btu/kWh (1 W)

EX = overall drive efficiency, percent; includes such
items as motor efficiency, electric and hydrau-
lic coupling efficiency, and gear efficiency

QX = energy input to the drives, kWh (J)

96

all steam generator performance calculations must be
complete prior to the beginning of the uncertainty calcu-
lations presented in this Section. The uncertainty calcula-
tions presented in this Section, as well as those presented
in para 5-2.4, can be used for pretest as well as post-test
uncertainty analysis.

The pretest uncertainty analysis can provide impor-
tant information and reduce the effort required to calcu-
late uncertainty after completion of a performance test.

(

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

B



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

Refer to Section 7 for additional guidance on pretest
uncertainty analysis. The majority of systematic uncer-
tainty estimates can be made prior to starting a perform-
ance test. Standard deviation of the mean canbe estimated
based on preliminary observation of equipment operat-
ing conditions. Pretest estimates of the parameter stand-
ard deviation and degrees of freedom can be used to
determine the frequency and number of measurements
required for a given variable during the test. This Code
does not require a pretest uncertainty analysis; however,

Alternatively, such as when X, is very small or zero,
CHGPAR can be any convenient small increment of X ..

Absolute sensitivity coefficients are calculated for
each measured parameter from equations like the fol-
lowing, which considers fuel efficiency as the result of
interest:

RECALEF —EF
CHGPAR

ASENSCO= (5-16-2)

a prefest uncertainty analysis is strongly recommended.
Waiting until after a performance test is complete to cal-
culatp uncertainty can result in actual test uncertainties
in exfess of expected or agreed upon values.

This Section provides general guidelines for calculat-
ing the uncertainty associated with a steam generator
perfdrmance test. A more detailed description of uncer-
tainty analysis calculations along with derivations is
inclued in Section 7, which should be reviewed prior
to beginning any uncertainty calculations.

5-16

Sensitivity coefficients represent the absolute or rela-
tive ¢ffect of a measured parameter on the calculated
steanm generator efficiency or other result. Sensitivity
coeff]cients can also be used for determining the effect
of a parameter on an intermediate calculation such as
steanh generator output. Sensitivity coefficients are
impdrtant for pretest uncertainty analysis to determiné
what| parameters have the largest impact on the desited
resulf (e.g., efficiency, output, gas temperature).

Sensitivity coefficients are calculated by arbitrarily
pertyrbing the value of a parameter. The ehange in the

1 Sensitivity Coefficients

valug of a measured parameter can be caletilated from
the f¢llowing;:
chicpag < (PCHGPAR X .,0) - \_(PCHGPAR )
100 100
(5-16-1)
where
JHGPAR = incremyental change in the value of a
measured parameter
PQHGPAR =-pércent change in the value of a meas-

ured parameter. The recommended
value of PCHGPAR is 1.0%. If the aver-
age value of the measured parameter

Wlltfltf
ASENSCO = absolute sensitivity coeffici¢gnt for a
measured parameter, péreent efficiency
per measured parametet units
steam generator. ftel efficlency (or
other desired{ incertainty parameter
such as output, etc.), calculatpd for the
actual (measured) parameter
recalculated steam generator]
ciency/ (or other desired umcertainty
parameter such as output, efc.) using
(X+CHGPAR) or (U+CHQPAR) in
place of X or U while all otlher meas-
ured parameters are held fixed
In no.case shall an absolute sensitivity doefficient
smaller” than the efficiency convergence tol¢rance be
congidered. If smaller, it should be considdred zero.
Refer to para. 5-7.3 regarding the efficiency conpvergence
tolerance.
The above equation gives the sensitivity doefficient
associated with steam generator efficiency. However,
this form of equation can be used for any dalculated
result such as output, fuel flow, calcium/sulfur ratio,
etc., by substituting the result for EF and RECAALEF.
Relative sensitivity coefficients are calculatefl for each
measured parameter from the following equatjion:

(ASENSCOX,,.)  (ASENSCpU)
or

EF

RECALEF fuel effi-

RSENSCO=

EF EF

(5-16-3)
where

EF = steam generator fuel efficlency (or
other desired uncertainty farameter
such as output etc.), calculat¢d for the

actual (measured) parameter
RSENSCO = relative sensitivity coefficient for a

measured parameter, percent change in

is—zero—enter—any—smallineremental

change.

integrated average value of a meas-

ured parameter. For development

of sensitivity coefficients, care must

be taken to use units that will not be

zero such as absolute temperature and

pressure.

= arithmetic average value of a meas-
ured parameter. Refer to definition of
U above for note regarding units.

AVG

97

result per percent change T measured

parameter

5-16.2 Random Uncertainty and Its Degrees of
Freedom

The standard deviation of the mean (random
uncertainty) of the calculated steam generator efficiency
is obtained by combining the standard deviation of
the mean of all measured parameters according to the
root-sum-square rule.

(
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N 2 1/2
STDDEVMN, = Y. [(ASENSCO; STDDEVMN,)’ |
i=1

(5-16-4)
where
ASENSCO; = absolute self-measured parameters
N = number or random uncertainty
(standard deviation of the mean) of
result
STDDEVMN, = standard deviation of the mean for

S§YS; = systematic uncertainty of individual compo-
nents used to determine the value of param-
eter, j. Refer to note on units above.

The degrees of freedom for systematic uncertainties
shall be taken as 50, corresponding to a probable range of
10% in estimates of systematic uncertainty (see para. 7-5.5)

DEGFREE, = 50 (5-16-8)

measured paramp‘rer I
STDDEVMN, = overall sensitivity coefficient for
measured parameter, i

The nymber of degrees of freedom for the random
uncertainty is calculated from the following equation:

4
DHGEREE, = STDDEVMN; i
i (ASENSCO; STDDEVMN:)
sy DEGFREE;
(5-16-5)
where

DEGHREE. = degrees of freedom for measured
parameter, i
DEGFREE, = degrees of freedom for random
uncertainty

5-16.3 Random Component of Uncertainty

The rahdom component of uncertainty is calculated
from the[standard deviation of the mean of the result
using thelfollowing equation:

URC=STDTVAL STDDEVMN, (5-16-6)

where
STDTVAL = two-tailed Student’s ¢ value evaluated

for the degrees of freedom of the result

(DEGFREE ;)

URC F random component of urncertainty

5-16.4 Systematic Uncertainty

Systemfatic uncertaintys.calculations are estimated
based on|the method uséed to determine the values of
a measyred parameter. Recommended procedures
for estimpting syStematic uncertainty are presented in
Sections f# andwZ,>Elementary systematic uncertainties
for each measured parameter are combined according
to the rodt-sim-square rule

5-16.4.T Systematic Uncertainties Associated | With
Spatially Nonuniform Parameters. The systematict|ncer-
tainties associated with spatially nonuniform‘parameters
that vary in both space and time are diseusséd in gletail
in Sections 4 and 7. Section 7 presents models thdt can
be used to estimate the systematic uhcertainty assodiated
with these types of parameters. Thése models use af vari-
able called spatial distributionindex (SDI). The SDI §s cal-
culated from the following.equation:

I\ 1/2
SDI = [ﬁ 3z - zﬂ} (5116-9)
i=1

The following equation is suggested for numgprical
integration;

DI
sysni = P (5-16-10)

(N_l)l/Z

where

N = number of points in the measurementfgrid

SDI = spatial distribution index

SYSNI = systematic uncertainty from numerical
integration

Z = integrated average value of z

z = time averaged value of the meagured

parameter

It should be noted that although SDI is calcylated
identically to standard deviation, there is a significant
statistical difference between the two variables.

5-16.4.2 Systematic Uncertainty of Result. Th¢ sys-
tematic uncertainty of a result is also calculated aqcord-
ing to the root-sum-square rule.

i=1

N 1/2
SYS; :{ > (ABSENCO;SYS))* } (5-16-11)

(5-16-7)

M 1/2
SYS; —(Zsys%]
j=1

where
M = number of components in the measurement
system of parameter, i
SYS, = systematic uncertainty limit of measured param-
eter, i. The units of systematic uncertainty are the
same as the units of the measured parameter.

where

SYS, = 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 nega-
tive values must be calculated separately. The sign of the
product (ABSENCO, X SYS,) determines whether the
term is summed with the positive or negative systematic
uncertainties.
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5-16.5 Test Uncertainty
The test uncertainty is calculated from the overall ran-

dom and systematic uncertainty components.

UNC = STDTVAL[URCZ +(W25R H (5-16-12)

where
UNC = test uncertainty

lad Q.. o L tlha Q0L

5-17 OTHER OPERATING PARAMETERS

It is sometimes desirable to test a steam generator for
performance parameters other than rated capacity and
efficiency. This Section covers such tests.

Instruments to be used, methods of measurement,
and acceptable values for uncertainty of results shall
be the subject of pretest agreements. Instruments
and methods of measurement are described in
Section 4.

The-twe—tatted-Students+raltetsbased-onthe 95tk
percdntile point distribution and the degrees of freedom
of th¢ result. Table 5-16.5-1 shows the Student’s ¢ value
as a flinction of degrees of freedom. A value of 2 is shown
for 3P or more degrees of freedom in accordance with
Sectipn 7 and ASME PTC 19.1, which suggest a value of
2 forfa relatively large degree of freedom. Interpolation

in th¢ table is done using reciprocal degrees of freedom.
A qurve fit for t is
2.372 3.121 0.799
t=1.959+ +
DEGFREE DEGFREE* DEGFREE’
a0 5-16-13
DEGFREE" (5-16-13)

The number of degrees of freedom for the overall test
resulf is calculated from the following equation:

HSYZSR )2 +(URC)2}
SYS, Y
we 2]
+
(5-16-14)

DEGFREE, 50
The test uncertainty must be calculated separately
for bpth positive and negative ranges\if the systematic
unceftainties are not symmetrical.

Table 5-16.5-1 Two-Tajled-Student’s ¢ Table
for the 95% Confidence Level

DEGFREE . =

To ensure that operating and equipment cpndition,
and control system adjustments do net-ddversely
affect the tests, particular attention should [be given
to the recommendations in paras. 3:2.5.2, 3-2.5.3, and
3-2.6.

5-17.1 Peak Capacity

Peak capacity is defined\as the maximum stpam mass
flow rate, at a specifiejpressure and temperature, that
the steam generator is capable of producing, includ-
ing specified blowdown and auxiliary steam, [for a lim-
ited time peried without damaging the steam [generator
components.

Peak:capacity can be either measured directly (MrSt31
for saturated steam generators, MrSt32 for superheated
steam’ generators) or calculated from feedwafer, desu-
perheater water, and blowdown mass flow ratps.

When desuperheater water flow is not mepsured, it
may be determined by an energy balance. When blow-
down flow is not measured, it may be determjned from
the setting of a calibrated valve or by energy balance
around a blowdown heat recovery system.

Data required for peak capacity determinjation are
summarized in Table 4-2-3. Prior to the test, the follow-
ing shall be defined and agreed upon:

(a) duration of the “limited time period.” This deter-
mines the minimum run time.

(b) steam pressure and temperature for superheated
steam generators.

stics and

Degrees of Degrees of (c) steam pressure for saturated steam gendrators.
Freedom ¢ Freedom t
(d) feedwater pressure and temperature.

1 12.706 16 2.120 (e) blowdown rate.

2 4.303 17 2.110

3 3.182 18 2.101 5-17.2 Steam Temperature

4 2.776 19 2.093 . o

5 2.571 20 2.086 Data required for the determination of sujperheater

s 2 LL7 21 2080 and /or reheater steam fpmpprnl—nrﬂ character

7 2.365 22 2.074 control ranges are given in Table 4-2-4.

8 2.306 23 2.069

? 2.262 24 2.064 5-17.3 Pressure Loss
10 2.228 25 2.060
11 2.201 26 2.056 Instruments and methods of measurement for steam and
12 2.179 27 2.052 water differential pressure tests (i.e., pressure loss across
13 2.160 28 2.048 the steam generator or a particular section of the steam
14 2.145 29 2.045 generator) are given in para. 4-5.4. Instruments and meth-
o 2.131 30 ormore 2 ods of measurement for air or flue gas differential pressure

NOTE: “Measure” and “measurement system” are used in a gen-
eral sense and do not exclude estimation of parameters.

99

tests (i.e., draft loss across the steam generator or a particu-
lar section of the generator) are given in para. 4-5.3.

(

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

®



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

5-17.4 Static Pressures

Instruments and methods of measurement for steam
water static pressure tests are given in para. 4-5.4.
Instruments and methods of measurement for air and
gas static pressure tests are given in para. 4-5.3.

5-17.5 Exit Gas Temperature

Data required for exit gas temperature tests are

heater. All airflows and gas flows are calculated stoichio-
metrically in accordance with subsections 5-11 and 5-12.
When there is more than one air heater of the same type,
it is usually sufficiently accurate to assume equal flows
between the air heaters. If gas flow or airflow is measured
to determine the imbalance, the ratio of the results should
be used to correct the gas flow/airflow calculated stoi-
chiometrically. For pulverized-coal-fired units with cold
primary air systems, refer to subsection 5-13 for calcula-
tion of air and gas weights.

given in Table4-2.5 Instruments—and-methods—of aas

temperatpire measurement are given in para. 4-4.3.
Computational procedures for obtaining the cor-
rected ggs outlet temperature (TFgLvCr) are given in
para. 5-18.2.

Compytational procedures for obtaining the aver-
age exit [gas temperature (TMnFgLvCr) are given in
para. 5-13.3.

5-17.6 Ajr Infiltration

Detern
the steam

ination of the amount of air infiltration through

generator casing where the flue gas constitu-
ents can [be measured is accomplished by comparing
the exces$ air or air mass flow rate difference across the
section of interest. Total setting infiltration may also
be deterthined by energy balance across an air-to-gas
heat exchanger (see below). Data required for excess air
determinption are given in Table 4-2-9. Excess air and
mass flowy rate computational procedures are given in
subsectiop 5-11.

The amjount of air infiltration, or leakage, is expressed
in terms ¢f the increase in percent excess air.
MpAl =100 (XpAz2 — XpAzl), % (5:17-1)
where
MpAl|= mass percent air infiltration
XpAz1|= mass percent of excess dirrat the upstream
sampling location
XpAz2|= mass percent of eXgess air at the down-

stream sampling Iocation

The pifevious paragraph addressed calculating air
infiltration between two)points where the O, in the flue
gas can bp measured-entering and leaving the section in
question (e.g., a hof precipitator). On units with recupera-
tive air hlaters \(dir-to-gas heat exchangers), the setting
infiltratioh between the air heater air exit and the point of
measuring O 1
balance. The combustion airflow to the burners (and pul-
verizers, if applicable) can be calculated by energy bal-
ance around the air heater based on the flue gas flow
entering the air heater(s) and measured air and gas tem-
perature entering and leaving the air heater(s). Setting
infiltration between the air heater air outlet and the point
of measuring O, (excess air) in the flue gas (usually boiler
or economizer gas outlet) can be calculated from the dif-
ference between the wet airflow determined at the point
of O, measurement and the wet airflow leaving the air

100

5-17.6.1 MpAhLg, Air Heater Leakage, Percent.
heater leakage is defined as the total amountof air
age from all air streams to the flue gas“stream w
the air heater, on a wet basis, and is_expressed as 4 per-
centage of the incoming (undiluted) flue gas mass|flow.
Note that this calculated valuéwill include any injgress
air that may be present betwaeen the air heater flue gas
inlet and flue gas outlet testplanes.

MgFgLv— MqFgEn)

Air
leak-
ithin

MpAhLg = 100 (

, % (5117-2)
MgFgEn
where

MgFgEn = wet flue gas weight entering the air Heater
using the excess air (calculated |from
measured O,) entering the air hpater,

Ibm /Btu. Refer to para. 5-12.9.
MgFgLv = wet flue gas weight leaving the air Heater

from
[bm /

using the excess air (calculated
measured O,) leaving the air heater,
Btu. Refer to para. 5-12.9.

5-18 CORRECTIONS TO STANDARD OR DESIGN
CONDITIONS

It is usually not possible to test a unit with the sfand-
ard or design fuel and at the exact standard or design
operating conditions. By correcting the test resufts to
standard or contract conditions, it is possible to make
a more meaningful comparison and evaluation of effi-
ciency and performance.

The corrections to efficiency described in this Sdction
specifically address efficiency calculated by the epergy
balance method. Paragraph 5-18.10 discusses coIrect-
ing input-output efficiency test results to comtract
conditions.

ction
consist of using the standard or corrected air inlet tem-
perature, correcting air heater gas outlet temperature
for deviations between the test and standard condi-
tions, and repeating the efficiency calculations utiliz-
ing the standard or design fuel and other operating
variables described below. The corrections described
herein are for the most common variables. In accord-
ance with para. 3-2.3, the parties to the test shall agree
upon other corrections for a specific unit, including
correction curves.

(

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

B



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

The corrections address off-design test conditions,
not changes in load. Variations between the targeted
test output and actual test output should not be more
than 5%. It is expected that the difference between the
test efficiency and corrected efficiency will usually be no
more than two to three percentage points.

5-18.1 TAEnCr, Corrected Entering Air Temperature

If the air temperature entering the system boundary

the corrected exit gas temperature for the test conditions
in the applicable loss equations.

5-18.2.1 Units Without Air-to-Gas Heat Exchanger
Type Air Heater(s). The exit gas temperature may be
corrected based upon the manufacturer’s correction
curves for deviations from design conditions if agreed
upon between the parties to the test. Examples of devia-
tion from design conditions when in excess of those for
which the thermal performance is unaffected (refer to

(i.e., ¢ntering the air heater or unit, TAS) is specified, the
correfted entering air temperature is the design entering
air tenperature, TA8Ds.

TAEnCr = TA8Ds, °F (°C) (5-18-1)

If ghe design entering air temperature is based upon
desigT; ambient and/or a specified air temperature
entering the fan(s), the corrected entering air tempera-
ture flepends upon whether the air preheater coil is in
servife during the test.

(a)| Air Preheater Coil Not in Service. The corrected
enterfing air temperature is the test entering air tem-
peraﬂzre plus the difference between the design air tem-
perature entering the fan(s) and the test air temperature
enterjing the fan(s).

TAEnCr = TA8 + (TA6Ds — TA6), °F (°C)

(b)| Air Preheater Coil in Service (Design Without APC
in Sepvice). The corrected entering air temperature-is
the t¢st air temperature leaving the fan(s) plus the dif-
ference between the design air temperature entering
the fan(s) and the test air temperature entéring the
fan(s)).

(5-18-2)

TAEnCr = TA7 + (TA6Ds — TAG), °F (°C) (5-18-3)

where
TAp, TA6Ds= test and designiair temperature enter-
ing the fans/°B (°C)
TA7 = test air temperature leaving the fans,
OF (OC)
TA8 = test)air’ temperature entering the air
Keater, °F (°C)
TA8Ds ,=-design air temperature entering the air
heater, °F (°C)

Coyprections to the credits for changes in test entering
air tdmperature to the corrected entering air tempera-

para. 5-18.3) might mclude deviations from dgsign fuel,
significant difference in entering air temperature, and
feedwater inlet temperature.

5-18.2.2 Units With Air-to-Gas_Heat Exchanpger Type
Air Heater(s). The exit gas température shalll be cor-
rected for the standard or{design conditigns based
upon the test air heater/performance for deviations
from standard or design\eonditions. The parfjies to the
test may agree to use”ASME PTC 4.3, Air Haters, as
described below, or'‘a different model if the cprrections
described can befaccomplished.

TFgLyCrDs = TFgLvCr + TDiTAEn + TDiTFREn
+ TDiMrFgEn + TDiXr, °F (°C)
(5-18-4)

where
TDiMrFgEn = temperature correction for| entering
gas mass flow, °F (°C)

TDiTAEn = temperature correction for| entering
air temperature, °F (°C)

TDiTFgEn = temperature correction for| entering
gas temperature, °F (°C)
TDiXr = temperature correction for
Xratio, °F (°C)

TFgLuCr = flue gastemperature leaving|air heater
corrected for zero air heater leakage
and used for calculation of pfficiency
(as tested), °F (°C)

TFgLvCrDs = flue gas temperature ledving air
heater corrected to design c¢nditions,

OF (OC)

ASME PTC 4.3-1968, Air Heaters, does not ¢over cor-
rections to trisector air heaters (partitioned sections
to separate primary and secondary air). Unfil ASME
PTC 4.3-1968, Air Heaters, is revised, this Code will
handle the corrections as a standard bisector gir heater.

tf-design

ture are made by substituting the corrected entering air
temperature for the test temperature in the applicable
credit equations. For units with air heaters, the corrected
entering air temperature is also one of the air heater exit
gas temperature corrections.

5-18.2 Exit Gas Temperature

When correction of the exit gas temperature is appli-
cable, corrections to the losses are made by substituting

The airflow is the sum of the primary and secondary air
leaving the air heater. The entering air temperature is
the mass weighted average air temperature entering the
primary and secondary air heater sections, weighted on
the basis of the airflow mass flow rates leaving the pri-
mary and secondary air heater sections. The corrected
air temperature leaving the air heater is required for
some calculations such as pulverizer tempering airflow
for the corrected conditions. It is sufficiently accurate
for these correction calculations to assume the primary
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and secondary air temperatures leaving the air heater
change by the same amount as the predicted change in
average air temperature entering the air heater.

The terms for eq. (5-18-4) and other considerations
for determining the corrected exit gas temperature are
shown in (a) through (f) below.

(a) Entering Air Temperature

TAEnCr (TFgEn — TFgLuCr)

air inlet and gas outlet is not supplied by the steam gen-
erator vendor and the equipment does not perform as
specified. An example is hot air quality control equip-
ment in which the tested air infiltration across the equip-
ment may be different than specified. The air heater gas
outlet temperature shall be corrected for the gas mass
flow entering the air heater that would occur using the
specified infiltration and the gas mass flow that would
occur with efficiency and operating conditions corrected
to design conditions.

TDiTAEn=
(TFgEn—TAEn)
TFQEn (TFgL —TAE
SEn(FGLoCr = TAEN) _ op o focr, °F (°C)
(TFgEn—TAEn)
(5-18-5)
where
TAEf = air temperature entering air heater(s),
°F (°Q).
TAEnCy = corrected entering air temperature, °F (°C).

Refer to para. 5-18.1.
TFgER = flue gastemperatureentering air heater(s),
°F (°C).

(b) Enflering Gas Temperature. Correction for entering
gas temperature shall be agreed upon by the parties
to the tedt. Examples for which corrections due to the
entering gas temperature may be applicable include

(1) |equipment within the steam generator envelope
not supplied by the steam generator vendor, such as hot
air quality control equipment. The specified temperature
drop acrops the terminal points shall be used to determine
the corrected air heater entering gas temperature based on
the measired gas temperature entering such equipment:

(2) |feedwater inlet temperature. The enteting
feedwate} temperature is significantly different-from the
standard for design conditions.

(3) |deviations from contract fuel. The test fuel is
significarftly different from the contractfuel.

The ex{t gas temperature correction due to off-design
entering pas temperature may bg calculated from the
following equation:

_ TF¢EnCrDs (TEgLoCr — TAEn)

For units with separate primary air heaters and sec-
ondary air heaters (for the remainder of the combistion
air), it is recommended for simplification(df-the dalcu-
lations that the test gas mass flow be used for the pri-
mary air heater for the corrected corditions (assuming
normal operation); thus, no correction is required f¢r the
primary air heater. The balance of the difference in the
gas mass flow is used to corréetithe secondary air Heater
exit gas temperature.

Because of the possibility of abnormal coal or pther
operating considerations during the test, the partles to
the test should agree upon how to determine the split
between the ajr‘heaters for the corrected condition.

TDiMrFgEnds obtained from a correction curve) usu-
ally provided by the air heater vendor.

(d) Heat Capacity or X-Ratio. For determining corrected
efficiency, the air heater exit gas temperature may bp cor-
rected for the difference in the heat capacity ratio f¢r the
test conditions and the heat capacity ratio calculatgd for
the corrected efficiency and the contract steam genera-
tor output. The most typical reason for the heat cppac-
ity ratio to be different from design is air bypassing the
air heater(s). Examples of cases in which this may pccur
are excessive setting infiltration (normally older finits)
and excessive pulverizer tempering airflow. For junits
with separate primary and secondary air heategs (as
described above), if the test is conducted with the farget
primary air heater exit gas temperature and corredtions
to pulverizer tempering airflow are not required due to
negligible differences in the moisture between the test
and contract coal, it is recommended for simplifiqation
of the calculations that the test X-ratio be used fqr the
primary air heater. This eliminates the need for dalcu-
lating a primary air heater correction. Subparagraph
(f) below addresses calculation of corrected pulv¢rizer
tempering airflow and corrected mass flow rate of flue
gas entering the primary air heater

TDiTFgH
(TEgBn—TAEn)
TAEn(TFgEn — TFgLuCr)
—TFgLuCr, °F (°C)
(TFgEn—TAEn)
(5-18-6)
where
TFgEnCrDs =entering gas temperature corrected to

design conditions, °F (°C)

(c) Entering Gas Mass Flow. For determining corrected
efficiency, the air heater exit gas temperature may be
corrected for the difference in the gas mass flow entering
the air heater for the test conditions and the gas mass
flow entering the air heaters for the contract conditions.

An example of when this correction may be neces-
sary is when equipment between the steam generator

TDiXr is obtained from a correction curve, usually
provided by the air heater vendor.

(e) Corrections for Pulverizer Tempering Airflow, Units
Without Primary Air Heater. The air temperature leaving
the air heater may be significantly different from the test
conditions that could impact the amount of pulverizer
tempering air required. When tempering air is normally
utilized, the corrected air temperature leaving the air
heater shall be calculated by energy balance based on
the corrected conditions. A corrected tempering airflow
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and corresponding corrected secondary airflow should
be determined for the corrected air temperature leav-
ing the air heater and test or design pulverizer inlet air
temperature (para. 5-18.3). The revised X-ratio correc-
tion and revised corrected air heater exit gas tempera-
ture should be determined. This process is iterative and
should be repeated until the corrected exit gas tempera-
ture is within 0.5°F (0.3°C).

(f) Corrections for Pulverizer Tempering Airflow, Units
With Primary Air Heater. When required, this correction

and the actual expected performance will have to be
calculated iteratively using the correction procedure
parameters as the air heater model.

5-18.3 Fuel Analysis

Corrections to credits, losses (efficiency), and air and
flue gas mass flow rates for differences in fuel constit-
uents between the test and contract fuel are made by
utilizing the standard or contract fuel analysis in the

should be performed before the entering gas flow and
X-raffio corrections. Refer to paras. 5-18.2.2(e) and 5-18.3
reganding when corrections for pulverizer tempering
airflqw may be required. Corrections for tempering
airflqw can generally be solved directly (as opposed to
iterafively) for units with separate primary air heaters
that qre controlled to a fixed exit gas temperature. The
parties to the test shall agree upon the controlled pri-
mary| exit gas temperature (normally the test tempera-
ture)[and design pulverizer entering air temperature.
Since the primary airflow to the pulverizers is constant
and I:e primary air heater inlet and outlet flue gas tem-
perafures are known, the required primary air heater
gas flow can be solved for directly as follows:

HA11Ds— HA8BDs
HFg14BDs — HFg15BDs

MrF414BCr = MrAll[ ),lbm/hr (kg/s)

(5-18-7)

applicable computations. Corrections to airyhpater per-
formance for pulverized-coal-fired units\(thits with
controlled air temperature for dryingrthe’ fue]) and air
and gas resistance resulting from differences In air and
flue gas mass flow rates are described below. Additional
corrections should not be regiired if the test|and con-
tract fuels are equivalent (j-e.,‘have similar ultjmate and
proximate analyses and ‘simdilar slagging, fodling, and
combustion characteristics). Refer to Nonnjandatory
Appendix E for guidasice regarding equivalenf fuels.

Equivalent fuels do not affect the thermgl perfor-
mance of théssteam generator. Thermal perfformance
with regard, to efficiency refers to the gas terhperature
exiting.thie steam generator pressure parts,|but also
appliesto furnace, superheat, and reheat absorption and
may include other parameters such as steam|tempera-
tire and desuperheater spray.

The differences in the slagging and fouling charac-
teristics have the most significant impact

o1p thermal
wherp performance. Differences in fuel moisture cm}ltent (on
fIASBDs = enthalpy of the design air temperature 1o order of +5 points) and ash content (10 points)
entering the primary air heater, Btu/ have minimal impact on the gas temperature leav-
Ibm (J/kg) ing the pressure parts, but may affect cdgmponent

HA11Ds = enthalpy of the design air temperature absorptions.
HFe14BDs = entirnlwg thefplﬁlveglzc.sr, Btu/lbm (J/ kg)_ For manufactured or process gases and/or|synthetic
8 s = enthalpy of the design gas tempera fuels, differences in constituents may impact flue gas
ture entering the-primary air heater, o0 fiow rate and yet have a minimal imp4ct on the
. _ Btu/lbm (J /kg) ) gas temperature leaving the pressure parts. Hpwever, if
HFg15BDs = enthalpy _Of the de51.gn gas Fempera— the corrected flue gas mass flow rate is different by more

ture le;?vmg the primary air heater ., yof, op 3%, absorptions may be affected.

MrATl = (er)irii:flnijfelil;:ierz’;e]iﬁ/ 1br1?1\§]e {« ikz%:)rs This Code requires that the parties to the fest agree
ﬁ)m /hZ (ke /s) &P ’ that the test fuel is equivalent to the contract fuel, or that
MiAFo14BCy Ssorrected Er;n ass flow rate of flue gas they reach a pretest agreement as to a methof for cor-
8 . . i b gh recting the thermal performance of the steam penerator
el? tering primary air heater, lbm/hr for differences between the test fuel and the staindard or

(kg/s) contract fuel.
This eITeTgY batarce FLU\_CC‘[MIC TS Uu}_y vatdt—H—the O PulvtﬂiLcd-Lual-ﬁLcd TrTits,—the—air tempera-

air heater surface and performance characteristics are
capable of producing the design air temperature leav-
ing. This can be verified by calculating the corrected
air heater exit gas temperature utilizing the design
boundary conditions. If the corrected exit gas tem-
perature is higher than the desired control exit gas
temperature, the actual air temperature leaving will
be lower than the required pulverizer inlet tempera-
ture. This indicates that the air heater is not capable
of performing in accordance with the energy balance,

103

ture entering the pulverizer is controlled to maintain
a design pulverizer air-coal outlet temperature. The
required pulverizer inlet air temperature is a function
of the moisture in the coal. If the test coal is appreci-
ably off design (more than two or three percentage
points of water in coal) the pulverizer tempering air-
flow and air heater performance should be corrected for
the mill inlet temperature required for the design coal.
High moisture coals generally do not require pulver-
izer tempering air, and corrections for coal moisture are

(
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not required unless tempering air is utilized during the
test. The parties to the test shall agree upon whether this
correction is required, and if it is required, either agree
upon a design mill inlet air temperature or a method of
correcting the test mill inlet temperature for off design
moisture in coal.

5-18.4 Sorbent Analysis and Sorbent Reactions

The actual sulfur content of the coal during a test is

of this Section is to calculate a normalized efficiency that
reflects the unit’s capability.

5-18.5 Residue

The considerations for residue are losses related to
unburned combustible in the residue, sensible heat of
residue losses, residue split between the various boiler
collection points, the quantity of ash in the fuel, and the
quantity of spent sorbent, which are discussed in the fol-

deal £L 4] & 1 £ n) i
to-sulfurfmolar ratio during the test is likely to be dif-
ferent frqm the agreed upon target value for the test.
Deviation from the target calcium-to-sulfur molar
ratio impacts the sulfur capture/retention result.
Also, differences between the test and the standard or
contract pulfur content of the fuel and sorbent analy-
sis impadt the sorbent mass flow rate required (Ca/S
ratio) as |well as the sulfur capture/retention. These
differencps also impact efficiency and air and flue gas
mass flow rates.

not knov

5-18.4.1 Corrections for Sorbent Analysis and Sorbent
Reactiong. In accordance with para. 5-18.4.2, agreed
upon valtes for the calcium-to-sulfur (Ca/S) molar ratio
and sulfur capture are used to make the corrected com-
bustionafd efficiency calculations. The calcium-to-sulfur
molar ratjo is used in conjunction with the standard or
contract fuel analysis to calculate the corrected sorbent
rate, Ibom}/lbm fuel (kg/kg fuel). The corrected sorbent
rate, agrepd upon sulfur capture/retention, standard or
contract qorbent analysis, and calcination fraction detér:

lowing sections.

5-18.5.1 Unburned Carbon Loss. Unless\othefwise
agreed to, the test unburned carbon losspQpLUbC} is to
be used for the corrected conditions. The unburnegl car-
bon mass per mass of fuel for the standard or desigr} fuel,
MpUDbCCr, is calculated by multiplying the unbyrned
carbon calculated for the test,MpUbC, by the ratio of
the higher heating value pf the standard or desigi fuel
divided by the higher heating value of the test fue];1

The quantity of ash.an solid fuels is variable, and
fore it is sometimtes desirable to correct the mea
percent unburred “carbon in residue to a standa
design fuel asli content in order to evaluate comby
system performance. For given boiler operating cpndi-
tions, the heat loss due to unburned carbon (QpLUpC) is
assumeéd to remain constant for typical variations if fuel
ash (or spent sorbent). The unburned carbon as it would
appear in a residue produced by the standard or design
fuel (and sorbent) may be calculated using the follqwing
equation:

ere-
ured
d or
stion

mined frgm the test are all substituted for the test valttes 100

to calculafe the required input data for the corrected effi- MpCRsDs = 14, 500 x (AsDs + 100 x MFrSsbDs)

ciency calculations. { : QpLUBC x HHVDs +1
5-18.4.2 Guidelines for Establishing a* Standard or (5118-8)

Design C4/S Molar Ratio and Sulfur Capture. It is desir-  where

able that the sorbent rate versus sulfut capture/retention AsDs = mass percent ash from standard or dpsign

characteristics of the unit be determined prior to an effi- fuel, %

ciency test. This allows the patties to the test to establish a HHVDs = higher heating value of standafd or

target cal¢ium-to-sulfur niplar ratio for operating the unit design fuel, btu/Ibm

during the test. This agreed upon value would normally MTFrSsbDs = mass fraction of spent sorbent (corrpeted

be used a$ the valueder.corrections to standard or contract conditions), Ibm/lbm fuel

conditionp in conjuhction with the tested sulfur capture/ MpCRsDs = unburned carbon in residue correced to

retention [result\There may be occasions when the tar- standard or design fuel ash (and ppent

get value| for.the test does not reflect steam generator sorbent), %

Capabili stchas Uff‘dcbisll frretsutfor comntent; sorbert QpLUPC = heat 1055 due fo unburined carbon, test

characteristics versus the design sorbent, overfeeding of
sorbent to meet a lower than contract sulfur emissions
level, etc. In such cases, it may be necessary for the par-
ties to the test to agree upon calcium-to-sulfur molar ratio
and sulfur capture/retention values to use for the cor-
rected efficiency results. The test calcium-to-sulfur molar
ratio (Ca/S) may be corrected for the changes between the
test and the standard or contract sulfur capture and sulfur
content of the fuel by use of correction curves or equations
agreed to by the parties to the test. Note that the purpose

104

conditions, %

Equation (5-18-8) assumes that the QpLUbC is con-
stant between the test and design conditions.

5-18.5.2 Residue Quantity. The residue quantity is
calculated from the ash in the fuel, spent sorbent, and
unburned carbon in the residue (MpUbCCr), as outlined
in para. 5-10.1, except that the standard or design-basis
value is substituted for each parameter.

(
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5-18.5.3 Residue Split. The residue split between
the various collection locations should be assumed to be
the same as tested unless otherwise agreed upon. For
fluidized bed units, the quantity of ash in the fuel and
sorbent used can impact the ash split. In cases where
this may be significant, a correction curve or procedure
should be agreed upon.

The sen-

5-18.5.4 Sen5|ble Heat in Re5|due Loss.
sible hea
basedl upon the total mass of re51due calculated for
the standard or design conditions, using the residue
split|in accordance with para. 5-18.5.3 and tempera-
tureq (corrected to standard or design conditions, if
applicable).

5-18J6 Excess Air

Mipnor deviations in excess air between the test and
standard or contract value that are due to variability
of edtablishing test conditions may be corrected to
the dtandard, contract, or other agreed upon value.
Corrgctions to losses or credits due to excess air are
mad¢ by substituting the target value in the applica-
ble efjuations. If the unit must operate at an excess air

5-18.8.1 Insulation and Lagging Heat Transfer
Coefficient, Hwz

QrLSrcz
Afz 2 2
Hwz=—————<—, Btu/ ft"hr°F (W / m~s °C)
Thfz — TMnAfz
(5-18-9)
where
Thfz =

the hot face temperature of the insulation and
s : uct, etc.)

TMnAfCrz.
b solution

5-18.8.2 Corrected Surface Temperature,
The corrected surface temperature requires th
of the following equation:

Hwz (Thfz — TMnAfCrz)

= Hreaz (TMnAfCrz ¥ TMnAd) (5-18-10)
where

Hrcaz = the sum ofthe radiation and conveftion heat
transfer \coefficients for TMnAfCrg and the
design*ambient air temperature] TMnAd,

and design surface velocity
An itefative solution is required to solve eq{ (5-18-10)
using the standard method for calculating Hrcaz. The

level|other than the standard or contract value to meet ~ solution can be simplified by using a linear cuve fit for
otheq performance parameters such as unburned car- ¢4z in the range of the corrected surface ter]:%eratures
bon, [emissions, steam temperature, etc., then no cor- and design ambient air temperature and design velocity.
rectidn to the “as tested” excess air value should bes~ The following curve fit predicts a surface terhperature
applied. within 0.5% for a range of surface temperatfires from
130°F to 280°F for design ambient conditions:
5-18{7 Other Entering Streams Hreaz = 1.4254 + 0.00593 (TMnAfCrz — TNInAd)
5-18.7.1 Moisture in Air. Substitutd” fhe stand- (5-18-11)
ard gr design value for the test value,in the applicable The user should develop a similar curve fit if different
calcullations. standard conditions are used. This simplificatipn allows
for solving for the corrected surface temperatufe directly
5-18.7.2 Fuel Temperature,. Substitute the standard  from the following equation:
or design value for the test value. 3
—B+ \/ —4AC
TMnAfCrz= ——M—— B B B (°C) | (5-18-12)
5-18.7.3 Sorbent Temperature. Substitute the stand-
ard or design valuedor-the test value where
A = 0.00593
5-18/8 Surface'Radiation and Convection Loss B = 1.4254 — 2.0 X 0.00593 TMnADs + Huwk
en this\item is measured, the results shall be cor- (5-18-13)
recteql to the standard or design ambient conditions (air C =1.4254TMnADs — Hwz Thfz + 0.00593 (TMnADs )*
templerature_and velocity) This is a three-step process (5-18-14)

For each incremental area measured

(a) solve for the insulation and lagging heat transfer
coefficient, Hwz, based on the measured parameters

(b) based on the assumption that Hwz is constant,
solve for the corrected surface temperature, TMnAfCrz,
for the standard or design ambient conditions

(c) with the corrected surface temperature and stand-
ard or design ambient conditions, solve for the corrected
surface convection and radiation loss, QrLSrcCrz

105

where
TMnADs = the design surrounding air temperature

5-18.8.3 Corrected Surface Radiation and Convection
Loss, QrLSrcCrz. Solve for the corrected surface radia-
tion and convection loss in accordance with para. 5-14.9
using the corrected surface temperature and the stand-
ard or design ambient conditions.

(
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5-18.9 Miscellaneous Efficiency Corrections

Other minor losses and/or credits that are measured
should be reviewed by the parties to the test and agree-
ment reached as to whether corrections to the efficiency
are applicable.

5-18.10

Corrected Input-Output Efficiency

When efficiency is determined by the Input-Output
method, the test result is corrected to the standard or
design conditions by adding the difference between the

corrected|
by the en

corrected density will normally be very
close to the test density, DnAFg, and this
correction can usually be disregarded.
The density correction is included if
the density at the test conditions is sig-
nificantly different from the density cor-
rected to design conditions.

Ht = height between the pressure locations
[i.e., the difference in elevation between
the downstream and upstream pressure

efficiency and test efficiency (both as calculated
brgy balance method) to the Input-Output test

results. Design boundary conditions (such as entering

air and e
not meas
cally fuel
temperat
unit with|

kit gas temperatures) shall be used if they are
ired. The most significant corrections are typi-
analysis, entering air temperature and exit gas
ire corrected for entering air temperature (for
air-to-gas heat exchangers). Correcting for the

test fuel Versus the design fuel requires that the ultimate
analysis be determined for the test fuel as well as the
heating ‘falue. For units with air-to-gas heat exchang-

ers, if the
gas temp
should b|
Any othe

entering air temperature is measured, the exit
brature (expected temperature if not measured)
e corrected in accordance with para. 5-18.2.
I corrections discussed above can be applied if

measurerhents of necessary parameters are made.

5-18.11 Air and Gas Resistance

The m¢asured resistance shall be corrected to stand-

ard or de

bign conditions for the difference in mass flow

of the floyving fluid and the density of the fluid between
the test cqndition and the conditions corrected to'design.
The gendral equations for correcting air resistance or

draft loss

PDiAFgCr

95

where

are

= Cl1

MrAFg DnAFgCr

MrAFgCpY Y/DnAF
(PDiAFg—Se)( - gr][ nes )+Se},

in. P
o wg (F2) (5-18-15)

231 ,
p=C2— - Ht (DrnAFg —DnA),in. wg (Pa)
(5-18-16)

C1>="unit conversion factor, 1.0 for in. wg

(D A4AQQ AT

locations, ft (m)]. Ht will be positjve if

the fluid is flowing upward.

MrAFg = mass flow rate of air or flue gas fqr test
conditions, Ibm/hr (kg/$)

MrAFgCr = corrected mass flow (rate of air of flue

gas, lbm/hr (kg/s)
PDiAFg = measured air zesistance or draft|loss,
in. wg (Pa)
PDiAFgCr = corrected (air resistance or draft|loss,
in. wg (Ra)

Se = stack-effect or difference in static [pres-
sdre between the air/gas side of Poiler
and surrounding ambient air. Se wfill be
negative if the fluid is flowing upward.

The pressure drop characteristics of each system|must
be examined in detail, and a detailed pressure [drop
cortection procedure for the specific system must be
déveloped. The above general pressure drop equation
may not be applicable for all equipment (pulverjzers,
for example) and systems (for example, where pressure
drop is controlled, such as cyclone furnaces).

5-18.12 Steam or Water Pressure Loss

The general equations for correcting steam/yvater
pressure drop between the test and design or coptract
conditions are as follows:

) ) DnSt MrStDs
PDiStCr = (PDiSt — C1x Ht X DnSt ) —

DnStDs MrSt

+CI1X Ht X DnStDs — VhCr, psi (Pa)

(5-18-17)

where
CI1 = unit conversion factor, 0.00694 for psi
(4.788026E+01 for Pa)

DnSt = density of the steam /water at the tesf con-

\A.‘IUU'IJ_:TGZ IUL Pd)
C2 = unit conversion factor, 1.0 for in. wg
(2.4884E+02 for Pa)

DnA = density of ambient air in vicinity of

DnAFg

pressure measurement, lbm/ft? (kg/m?)
density of air or flue gas, Ibm/ft3 (kg/
m?). For the furnace shaft, use a value of
0.0125 Ibm/f£ (0.20 kg/m?).

DnAFgCr = density of air or flue gas corrected to

design conditions, Ibm/ft® (kg/m?3). The

diﬁul IS, }Llll//flq (1\5/115)
DnStDs = density of the steam/water at the design
conditions, Ibm/ft® (kg/m?)
Ht = height between the pressure locations
[i.e., the difference in elevation between
the downstream and upstream pressure
locations, ft (m)]. Ht will be positive if the
fluid is flowing upward.
MrSt = mass flow rates of the steam/water at the
test condition, Ibm/hr (kg/s)
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MrStDs = mass flow rates of the steam/water at the
design condition (for feedwater flow and
intermediate superheater flows, calcu-
lated based on the corrected spray water
flow), Iom/hr (kg/s)

PDiSt = the measured pressure drop, psi (Pa)

PDiStCr = the corrected pressure drop, psi (Pa)

VhCr = velocity head correction (if applicable)
calculated as follows:

(c) the test main steam and reheat mass flow rates
utilized to calculate actual absorptions are corrected for
offdesign load by multiplying by the ratio of the design
main steam flow divided by the test main steam flow,
MFrStCr.

(d) mainsteam temperature and desuperheater spray
for once-through steam generators are not functions of
surface arrangement, and corrections are not necessary.
Main steam temperature is a matter of steam genera-
tor controls and should be acknowledged as achievable

1 Mr5tDs \( MrStDs
VICr = C2 u JL J

Dnst|\~ Aid )\ AidDs
MrStDs
+Vh (P
o [ AidDs ﬂ’pSI( 2)
(5-18-18)

where

Aid = area of the pipe where pressure tap is

installed, ft2 (m?2)

AidDs = area of the pipe at the contractual terminal
point, ft> (m?)

2 = unit conversion factor, 8.327E-12 for psi
(5.741E-8 for Pa)

VHCf = loss coefficient for the change in cross section

geometry involved based on the diameter

of the pipe at the terminal point. Parties to

test to agree upon value based on geometry

involved utilizing fluid flow reference text.

The¢ measured pressure differential across a steam genet-
atingunit or a portion of the unit shall be corrected tq stand-
ard of design conditions due to the difference in mass flow
of thg flowing fluid and the specific volume betwéer the test
condftion and the design conditions. A correction for veloc-
ity pressure may also be required if the static pressure meas-
urement tap is located at a point with-&\cross-sectional area
differpnt from the terminal point for the' guarantee.

5-18/13 Steam Temperatureand Desuperheating
Spray

Stgam temperature ‘and desuperheating spray guar-
antegs shall be eyvaltiated based on actual and design
supetheater (and. feheater if applicable) absorptions
rather than detual temperature due to potential devia-
tions|from‘the target steam temperature during the test
and/jor-deviations from the design cycle conditions. The

unless there are other limiting design considgrations.
(e) certain designs, such as divided gas. flpw units,
may require test and/or correction jprocedures not
addressed by this Code (a simplified appjoach for
divided gas flow units is presentéd;below).
Actual and design required superheat and reheater
absorptions are defined below. The main sfeam and
reheat steam mass flow'rates used to calculgte actual
absorptions are corrécted for off-design mdin steam
flow by multiplyingthe test main steam/rehpat steam
flow by the ratioef.the design main steam floy divided
by the test nfain steam flow (MFrStCr). The|resulting
absorption‘tetm generally referred to as “actugl absorp-
tion” aboVe is referred to as corrected absorptjon in the
following Sections. While a second stage of reljeat is not
addressed directly, the same principles apply fs for the
first' stage of reheat.

5-18.13.1 Superheater Absorption Corrected, QrShCr.

The superheater absorption corrected for degign main

steam flow is calculated from

QrShCr = MrSt32Ds (HSt32 — HSt31) + MrW25 (Hpt31

— HW25) + MrSt46A (HSt46A — HSt31), Btu/hr (W)

(5-18-19)

where
MrSt32Ds= design main steam flow, Ib/hr [kg/s)

MrSt46A = superheater extraction flow fgr the test

conditions, Ib/hr (kg/s)

MrW25 = desuperheating water flow fof the test

conditions, Ib/hr (kg/s)

5-18.13.2 Required Superheater Absorption, RqQrSh.
The required superheater absorption for the depign main
steam flow is calculated from

RqQrSh = MrSt32d (HSt32d — HSt31Cr)

actudlmain-steam-andreheatmassflow ratesutilized -to

calculate actual absorptions are corrected for off-design
test conditions. In general

(a) the steam temperature shall be evaluated by
comparing the actual superheater/reheater absorp-
tion to the design required superheater/reheater
absorption.

(b) desuperheating spray shall be evaluated based
on the calculated spray required for the actual versus
design required superheater/reheater absorption.

+ MrSH6Ad (HSH6A — HS31Cr), Bia/hr (W)
(

5-18-20)
where
HSt31Cr = enthalpy of saturated steam calculated
from the design superheater outlet pres-
sure and corrected superheater pressure
drop
HSt46A = enthalpy of auxiliary or extraction steam

at the test conditions, Btu/Ibm (J/kg)

Other terms are based on design conditions.
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5-18.13.3 Reheater Absorption Corrected, QrRhCr.
The reheater absorption corrected for design main steam
flow is calculated from

QrRhCr = MFrStCr MrSt33 (HSt34 — HSt33)
+ MrW26 (HSt34 — HW26), Btu/hr (W)
(5-18-21)

where
QrAxStCr

energy in the superheated auxiliary or
extraction steam, Btu/hr (W)

5-18.13.6 Corrected Superheat and Reheat Steam
Temperature and Desuperheating Spray, Divided Gas

S are
bheat
ed if

Flow Units. On divided gas flow units, reheat steam
where . . temperature is controlled by exchanging energy
MFrStCr = theratio of the design main steam flow o .
. . between the reheater and superheater by biasing gas
divided by the test main steam flow . 0 L3 -

How—between—thereheat-and-superheat-pass—tes

normally conducted by controlling to the design'y

5-18.13.4 Required Reheater Absorption, RqQrRh. temperature. Superheat absorption can be inpac

The requjred reheater absorption for the design main
steam flopv is calculated from

RqQRh = MrSt33Ds (HSt34Ds — HSt33Ds), Btu/hr (W)
(5-18-22)

where all
the desig]

terms are the contract or design conditions for
h main steam flow.

5-18.13.5 Corrected Superheat and Reheat Steam
Temperajure and Desuperheating Spray. When the
correctejcomponent absorption is equal to or exceeds
the requfired component absorption, the corrected
steam terpperature is considered to be the design tem-
perature| The required superheat and reheat spray is
based on|excess absorption of the specific component

h the
bheat

the reheat boundary conditions are different frox
design conditions. Therefore, superheat and r
absorption must be evaluated collegtively.

For differences in corrected vlersus required r
absorption on the order of(5%, a direct exch
in energy between the superheat and reheat cz
assumed. The following corrected results are basg
this assumption.

An alternate test mlethod is to control to a target 1
outlet steam température and/or reheater desuperh
spray flow eQuivalent to the design required r
absorption;RgQrRh. This method may be required
differences between the corrected and required 1
absorpfion are larger than 5%. Due to normal devia
between the desired set point and actual performaj
niinor correction in accordance with this Section i

bheat
ange
n be
d on

bheat
eater
bheat
if the
bheat
tions
hce, a
5 still

and 15 C pleulated in accordance with the following expected. The disadvantage of this test method i$ that
equationg: the required versus corrected reheat absorption may not
QrShCr — RqQrsh be kn9wn at the time of the test.
MrW25Cr = ( HISi31Cr —HW 25D ] ,Ibm/hr (kg /3) Main steam and reheat steam temperature are degmed
(5*18-23)  to be met if the sum of the corrected superheat andl cor-
rected reheat absorption is greater than the sum ¢f the
Miwascr =( QrRhCr —RqQrRh ],lbm Jhr (key/s) required superhea.t an.d required reheat absorptiof and
HSt34Ds — HW26Ds the reheat absorption is controllable.
(5-18-24) The reheat absorption is deemed to be controllable if
Paragraph 5-18.13.6 discusses-divided gas flow units  the gas biasing dampers are within an operating fange
where st¢am temperature isscontrolled by exchanging  capable of achieving the required change in rgheat
energy bdtween the reheateriand superheater. absorption. The required change in reheat absorptjon is
If the cprrected compénent absorption is less than the  the difference between the corrected reheat absorption
required fabsorption,, the corrected spray flow is zero.  and the required reheat absorption, QrRhCr — RgQrRh.
The correfted outlet témperature is determined from the Based upon these assumptions , the corrected s Liper-
outlet enfhalpy ‘talculated from the corrected compo-  heater spray is calculated from the following equafion:
nent absgrption, design steam and extraction flows, and
the desigh (orcorrected) inlet conditions as follows: ( (OrShCr — RgOrSh) + (OrRhCr — RgOrRH)
QrShCr — QrAxSICr et HSt31Cr — HW25Ds j ’
HSt32Cr = HSt31Cr + ,Btu/lbm (J/kg)
MrSt32Ds Ibm /hr (kg /s)
(5-18-25) (5-8-28)
QrAxStCr=Mr5t46ADs (HSt46A ~ HSt31Cr), Btu/hr (W) For corrected steam temperature for under absorp-
(5-18-26)  tion conditions, the main steam temperature is nor-
QrRhCr mally deemed to be met and the reheat outlet steam
HSt34Cr=HSt33D S+M’Bm/ Ibm (/kg) temperature determined from the enthalpy calculated
(5-18-27)  based upon the design reheat inlet conditions and the
108
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difference in the sum of the corrected reheat and super-

heat absorption less the required superheat absorption.

QrRhCr +(QrShCr — RqQrSh)
MrSt33

HSt34Cr= HSt33Ds +

Btu/Ibm (J/kg) (5-18-29)

5-18.14 Uncertainty of Corrected Results

From a designer’s standpoint, the actual performance of

parameters that are considered to have no uncer-
tainty. For input parameters not discussed, use the test
uncertainty.

5-18.14.1 Fuel Analysis, Fuel Heating Value, and Fuel
Temperature. There is no uncertainty of the calcula-
tion of the corrected results associated with the design
value. The test uncertainty associated with determining
the actual fuel fired impacts the unburned carbon loss

the upit with specified inputs is not precisely known. The
purppse of a test is to establish how the unit actually per-
formg with the test inputs. The purpose of correcting the
resulfs is adjusting the test performance to the design con-
ditioms. In general, there is no uncertainty in the corrected
resulfs associated with the design values of most of the
streans entering the steam generator envelope (e.g., fuel
analyjsis, fuel heating value and fuel temperature, sorbent
analyfsis and sorbent temperature, entering air tempera-
ture, xcess air, and moisture in air). That being said, the
unceftainty of the test values of some of these parameters
may fause an uncertainty of calculated parameters used
as input in the corrected results. This requires that their
unceftainty be determined separately. The two calculated
paratpneters for the corrected results that require develop-
mentfof their uncertainty are as follows:

(a)| There is no uncertainty related to the design values
of fugl and sorbent analyses. However, the uncertainty
of the unburned carbon loss, QpLUbC, is a function of
the upcertainty of the test fuel and sorbent analyses and
othet] test parameters. Therefore, it is recommenided
that the test uncertainty of the unburned carbort loss
be d¢termined for all test parameters and.uéed as the
unceftainty of QpLUbBC for the corrected conditions.

(b)| The key test parameter required, for the corrected
efficipncy is the tested exit gas temperature (air heater exit
gas tpmperature excluding leakage,/TFgLvCr, for units
with [air heaters). For units with air heaters, there is an
unceftainty of TFgLvCr notonly due to the measurement
of the¢ exit gas temperatuse; but also due to the measure-
ment| of the entering air\témperature and O, in the flue
gas ehtering and leaving the air heater. Other test param-
eters puch as the ftieland sorbent analysis also impact the
unceftainty of , FFgLuCr. Therefore, it is recommended
that the test\uricertainty of TFgLvCr be determined for
all tegt parameters and used as the uncertainty of the flue
gas l¢avdrig the unit for the corrected conditions.

and calculated gas temperature leaving the air excluding
leakage (if applicable), and the test uncertainty of these
parameters should be used in the corrected resylts. When
firing very low heating value fuels [typically|less than
5,000 Btu/Ibm (11600 k] /kg)] where the test fyiel analy-
sis is significantly different than!design, a corpection of
the gas temperature leaving the‘pressure par{s may be
agreed to, in which case the, uncertainty of the|corrected
temperature (taking into\consideration the umcertainty
of the measured templerature) should be agreefl upon.

5-18.14.2 Sorbent Analysis and Sorbent Temperature.
There is no_tincertainty of the corrected resplts asso-
ciated with\ the design values. See comments above
regarding‘unburned carbon loss and the air Reater exit
gas temperature.

5-18.14.3 Unburned Carbon Loss. Determine the
uncertainty of the unburned carbon loss utilizing the
uncertainty of all the test parameters as fliscussed
above.

5-18.14.4 Unit Output (Design or Corrected). There
is no uncertainty in the corrected results associated with
the value of output. The uncertainty of correctpd output
is considered to be negligible.

5-18.14.5 Moisture in Air. There is no uncqrtainty of
the corrected results associated with the desigh value.

5-18.14.6 Exit Gas Temperature, Units Without Air
Heaters. Use the uncertainty of the measurefl exit gas
temperature. If the exit gas temperature is corfected for
off design conditions, any additional uncertajinty shall
be agreed upon.

5-18.14.7 Exit Gas Temperature, Units |[With Air

For units with air heaters, the test flue gas temperature
leaving the air heater is corrected for off design entering
air temperature, heat capacity ratio (X-ratio) and pos-
sibly for entering gas temperature and mass flow rate.
Since this correction is based upon sound engineering
principles and the purpose of the uncertainty calcula-
tion is to assess the quality of the test, no uncertainty for
this correction calculation is considered.

A discussion regarding the uncertainty of individual
design parameters follows. The emphasis is on design
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Heaters. Calculate an uncertainty of TFgLvCr utilizing
the uncertainty of all the test parameters as discussed
above. Use the resulting uncertainties for the exit gas
temperature corrected for entering air temperature and
heat capacity ratio (also entering gas temperature and
gas weight if applicable).

5-18.14.8 Air Temperature Entering the Air Heater
(a) For contracts where the design entering air tem-
perature is the air temperature entering the air heater,

(
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there is no uncertainty of the corrected results associated
with the design value(s).

(b) For contracts where the design entering air tem-
perature is linked to the specified ambient conditions or
a specified air temperature entering the fans, utilize the
test uncertainty of the entering air temperature, since the
corrected entering air temperature is a calculated value
dependent upon the measured air temperature entering
the air heater.

(b) Air Infiltration Not Specified. Use the test uncer-
tainty of the measured O, entering and leaving the hot
AQC equipment.

5-18.14.16 Residue Split. Use the test value or an
agreed upon corrected value of the residue split. Use
the same uncertainty for the measured and corrected
results.

5-18.1 er is

5-18.14.9 Air Temperature Entering the Fans. For
contracts [where the entering air temperature is depend-
ent upon the air temperature entering the fans, utilize the
uncertainty of the test air temperature entering the fans.

5-18.14.10 Air Temperature Leaving the Fans. For
contracts [where the entering air temperature is depend-
ent upon the air temperature entering the fans and an air
preheatet] coil is in service during the test (design con-
ditions exclude using an air preheater coil), utilize the

5-18.14.12 Ca/S Molar Ratio

(a) Dedign Value Used. There is no uncertainty associ-
ated with| the design value.

(b) Tesf Value Used. Estimate the uncertainty of the
Ca/S Molar Ratio based on the uncertainty of the meas-
ured sorlpent flow rate. The impact 6f\the other test
parametefrs on the uncertainty of thé Ga/S Molar Ratio
are considered insignificant conipared to that of the
measured sorbent flow rate.

5-18.14.13 CalcinatiopFraction

(a) Calpulated Valug"Krom Test Results Used (Normal
Practice). Estimate theincertainty of the calcination frac-
tion basefl on thé¢\Systematic uncertainty of the CO, in
residue ahd theresidue split.

(b) Agteed, dpon Value Used. Use an agreed upon

calculated from the assigned unburned carbon losg. The
uncertainty of the carbon in residue measuremdnt is
included in the uncertainty of the unburned |carborf loss.

5-18.14.18 CO, in Residue. This(parameter is| con-
sidered in determining the uncertainty of the calcinfation
fraction used for the corrected, results. See calcination
fraction above.

cal-
ture /
is no

5-18.14.19 SO,, ppm.~The SO, in flue gas i
culated from the test or agreed upon Sulfur Cap
Retention used for the corrected results. There
uncertainty in-the/calculated SO,

5-18.14.20 Gas Temperature Entering Hot | AQC
Equipment

(a)\.Gas Temperature Differential Specified. The spefified
temperature differential is utilized for the Loss calcula-
tions. The uncertainty of the gas temperature enfering
the hot AQC equipment becomes the uncertainty ¢f the
gas temperature leaving the unit (entering the air hdater).
This parameter should be used to determine TFgLv(r.

(b) Gas Temperature Differential Not Specified. Ude the
uncertainty of the test gas temperature.

5-18.14.21 Gas Temperature Leaving Hot | AQC
Equipment

(a) Gas Temperature Differential Specified. Caldulate
the gas temperature leaving by difference from the
entering gas temperature. Since the gas temperpture
differential is a specified design parameter, the uncer-
tainty of the gas temperature leaving is considered to
be zero with respect to the calculation of the hot|[AQC
Loss.

(b) Gas Temperature Differential Not Specified. Us
uncertainty of the test gas temperature.

e the

uncertainty-of-the-valte:

5-18.14.14 Sulfur Capture/Retention. Use the test
value or an agreed upon corrected value. Estimate the
uncertainty of sulfur capture based on the SO, measure-
ment error. This uncertainty is applicable whether the
test or corrected value is used.

5-18.14.15 Hot AQC Equipment Infiltration
(a) Air Infiltration Specified. There is no uncertainty
associated with the specified design value.

110

5-18.14.22 Average Air Temperature Entering the
Pulverizers/Mills. Use the uncertainty of the meas-
ured temperature. This is applicable whether the
measured or a corrected mill entering air temperature
is used.

5-18.14.23 Average Pulverizer
Temperature

(a) For contracts where the design entering air tem-
perature is the air temperature entering the air heater,

Tempering  Air

(
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there is no uncertainty of the corrected results associated The mean specific heat is usually taken as the value at
with the design value(s). the mean temperature.
(b) For hot prirpary .air systems or gxhauster r.n.ills (Tn+Tp)
where the tempering air temperature is the specified T™Mn =-"——
ambient air temperature local to the mills, there is no
uncertainty of the corrected results associated with the In reality, specific heat and enthalpy are both non-
design value. linear functions of temperature and are related by the
(c) For contracts where the design entering air tem- following:
perature is linked to the specified ambient conditions or Hn—Hp= [1" MnCpk dT

a specified air temperature entering the fans, utilize the
test yYncertainty of the entering air temperature since the
correfted tempering air temperature is a calculated value
dependent upon the measured tempering air temperature.

As specific heat is usually nonlinear, Mu{(pk is not
equal to the specific heat at temperature FM#. The dif-
ferences are slight for small temperattire differences;
however, a steam generator test may requifre evalu-

5-18.14.24 Pulverizer/Mill Primary Air-to-Coal Ratio. ati‘{“ of e{‘thalp}’ differences Wetween tem peratures
Use the design airflow to coal flow ratio. There is no typical of inlet air (50°F) and\QFflue gas lqaving an

unceftainty in the air/coal flow ratio. economizer (700°F).
To gain accuracy, as welléas be more theoretcally cor-

rect, this Code requires that enthalpy of substances other
than steam be evaluated directly from tempefature via
enthalpy—temperature curve fits. Pressure effects are
neglected because’ all streams other than wafer/steam
are at low afid'nearly constant pressure:

When the mean specific heat is required, it i obtained

5-18.14.25 Gas Temperature Leaving Primary Air
Heater. There are several flue gas control philosophies
for s¢parate primary air heaters including controlling

(a)] the hot primary air temperature to minimize
tempering

(b)] to a minimum exit gas temperature

. from
(c)] to the same exit gas temperature as the secondary
air h¢ater. MnCok [H(Tn)—H(Tp)]
Usp the uncertainty of the measured temperature for P Tn—"Tp

all capes.
The enthalpy correlations presented in this Spction are

recommended for users interested in general Heat trans-
fer calculations involving air and flue gas.

5-19( ENTHALPY OF AIR, FLUE GAS, AND OTHER
SUBSTANCES COMMONLY REQUIRED FOR Unless otherwise noted, the reference soufce is the
ENERGY BALANCE CALCULATIONS JANAF Thermo-chemical Tables [3], and curvd fit coeffi-

Th specific energy (energy per unit mass)of many dif-  cients developed in accordance with NASA Pyblication
feren} flow streams is required to evaliiaté energy losses ~ SP-273 [4]. Abbreviated JANAF/NASA correlptions are

and dredits for efficiency calculation. A'few of the streams ~ presented below.

are sfeam, water, air, flue gas, sorbent, coal, and residue For convenience in hand calculations, curvep are pro-
(ash gnd spent sorbent). Specifig energy of a flow stream ~ Vided at the end of this Section for calculating enthalpy
is evgluated by the enthalpy of the flowing material. of air, flue gas, water vapor, and residue.| Refer to

Thp measured quantiffes that allow determination of ~ para.5-19.12 for a description of how these curves are used.
enthglpy of substanegs:are the temperature and pres- Unless otherwise noted, the curve fits for erjthalpy in

sure. Enthalpy is, related to temperat—ure and pressure thls SectiOn are in US Customary unlts Of Btll/lbm TO
by refationships-that are simple for some ranges of tem- ~ convert to J/kg, multiply the result by 2,326.
re andpressure and complicated for other ranges.

Accufate determination of enthalpy at all values of tem-  5_99 1 Enthalpy of Air, Btu/lbm (J/kg)

nthalpv of a a function of the mass of the mix-

almost invariably obtain the enthalpy of steam using ~ ture of dry air and water vapor in air. To determine the
tables or software enthalpy of dry air, use a water vapor content of zero.

Frequently, changes of spec1f1c. energy of streams HA = (1 — MErWA) HDA + MFrWA HWo, Btu/Ibm (1/kg)
other than steam are evaluated using the specific heat (5-19-1)

and temperature difference.

Hn — Hp = MnCpk (Tn — Tp) MFrWA = MFrWDA / (1 + MFrWDA), Ibm/lbm (kg/kg)
where (5-19-2)
MnCpk = the mean specific heat between the two  where
temperatures HA = enthalpy of wet air, Btu/lbm (J/kg)
111
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HDA = enthalpy of dry air, Btu/Ibm (J/kg).
Refer to para. 5-19.10 below.

HWv = enthalpy of water vapor, Btu/lbm (J/
kg). Refer to paras. 5-19.4 and 5-19.10.

MFrWDA = mass fraction of water vapor in dry air,
Ibm H,O/Ibm dry air (kg/kg). This is
the standard method for expressing
moisture in air.

MFrWA = mass fraction of water vapor in wet air,

Ibm H.O/Ibm wet air (kg /kg)

and is applicable from 0°F to 2,000°F (—20°C to 1100°C).
This Code adopts the fifth order correlations described
in para. 5-19.10 for all dry residue streams. The follow-
ing abbreviated equation developed from the fifth order
curve fit may be used for hand calculations:

HRs = 0.16 T + 1.09E—4 T2 — 2.843E-8 T3 — 12.95, Btu/Ibm
(5-19-4)

where
T = temperature, °F

5-19.2 Epthalpy of Flue Gas, Btu/lbm (J/kg)

“Wet flue gas” as defined by the calculations in this
Code is fomposed of dry gaseous products of com-
bustion gnd water vapor. Solid residue may also be
entrained in the gas stream. The enthalpy of wet flue gas
accounts [for the enthalpies of all of these components.
If the enthalpy of dry flue gas is desired, the water and
solid resiflue components are zero.

HFg = (1 — MFrWFg) HDFg + MFrWFg HWv

+ MFrRsFg HRs, Btu/lbm J/kg) (5-19-3)

where
HDIFg = enthalpy of dry flue gas, Btu/lbm
(J/kg). Refer to para. 5-19.10 below.
HFg = enthalpy of wet flue gas, Btu/lbm
(J/kg)
HRs = enthalpy of residue, Btu/lbm (J/kg).
Refer to paras. 5-19.3 and 5-19.10 below.
MFrRskg = mass fraction of residue in wet gas,
Ibm/Ibm wet gas (kg/kg). Referi_to
para. 5-12.12 for calculation. The sensible
heat of residue may be omitted'if s5orbent
is not utilized and the ashyin the fuel is
less than 15 Ibm/MBtu input (i.e., where
10,000 x MpAsF/HHVF is’less than 15).
MFrWkg = mass fraction of water’ in wet gas, Ibm
H,O/Ibm wet (gas” (kg/kg). Refer to
para. 5-12.11 fotycalculation.

5-19.3 Epthalpy of Dry-Residue, Btu/lbm

Residup is composed of numerous complex com-
pounds and mag.include spent sorbent products when
sorbent {s utilized. One approach for determining

5-19.4 Enthalpy of Water Vapor, Btu/lbm

The coefficients for the JANAF/NASAfifth prder
curve fit are given in para. 5-19.10. The following| sim-
plified curve fit for calculating credits-and losses due to
moisture may also be used. The fesults are within{0.3%

of the JANAF values for températures between 0°F and
1,000°F (—20°C and 540°C),

HWo = 0.4408 T +\2:381E-5 T2 + 9.638E-9 T3
— 341, Btu/Ibm (5419-5)

where
T = temperature, °F

NOTE: Theureference temperature is 77°F (25°C).

5-19:5" Enthalpy of Steam/Water at 1 psia, Btu/ljm

The enthalpy of steam at 1 psia is required to deter-
mine the loss from water that leaves the boundqry in
the flue gas in a vaporous state. An example is the
calculation of the water from fuel losses. The follow-
ing equation may be used in lieu of the ASME Steam
Tables for temperatures from 200°F to 1,000°F (95°C
to 540°C):

HSt = 0.4329T + 3.958E-5 T2 + 1,062.2, Btu/lbm (5{19-6)

HW =T — 32, Btu/Ibm (5419-7)
where
T = temperature, °F

NOTE: The reference temperature is 32°F (0°C).

5-19.6 Enthalpy of Coal, Btu/lbm

The correlation for enthalpy of coal is based updn the

enthalpy |ofiresidue would be to determine or estimate  constituents in coal as determined from a Proximate
(calculate)The major constituents in the residue and use nalysis. It 1s developed from N.Y. Kirov s correla-

a mass weighted average of the enthalpy for each com-
ponent to determine the average enthalpy. In the interest
of simplicity and considering the insignificant impact
of inaccuracies in calculating the enthalpy of residue
on the energy balance calculations within the scope of
this Code compared to the error in measuring the mass
flow rate of residue streams, this Code adopts the curve
fit below for all dry residue streams. It was developed
from data for SiO,, 77°F (25°C) reference temperature

tion as reported in Chemistry of Coal Utilization [5].
The original specific heat equations were integrated
to obtain enthalpy at a reference temperature of 77°F
(25°C). The polynomial for fixed carbon was reduced
by one order for simplicity. The enthalpy of ash was
developed from SiO, for consistency with enthalpy of
residue.

The correlation is not applicable for frozen coal or for
temperatures above which devolatization occurs.

Copyright © 2013 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (@



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

HCoal = MFrFc HFc + MFrVm1 HVm1 + MFrVm2 HVm?2
+MFEFrWF HW + MFrAsF HRs, Btu/lbm  (5-19-8)

HFc = 0.152T + 1.95E-4 T2 — 12.860, Btu/lbm
(5-19-9)

HVm1 = 0.38T + 2.25E-4 T2 — 30.594, Btu/lbm
(5-19-10)

HVm2 = 0.70T + 1.70E-4 T? — 54.908, Btu/Ibm

API = (141.5 — 131.5 S¢)/Sg (5-19-21)
Sg=Dn/62.4 (5-19-22)
where
API = density at 60°F (16°C), °API
Cl1 = —30.016
C2 = —0.11426
C3 = +0.373

C4 = +0.143E-2
C5 = +0.2184E-3

(5-19-11)

HRs = 0.17T + 0.80E-4 T? — 13.564, Btu/Ibm

(5-19-12)
HW =T — 77, Btu/lbm (5-19-13)
MFrVm = MFrVml + MFrVm2,lbm/Ibm fuel as-fired
(5-19-14)
MFrVmCr = MFrVm/(1 — MFrAsF — MFrWF),
Ibm/Ibm fuel dry-ash free (5-19-15)
If MFrVmCr =< 0.10, then
MFrVm2 = MFrVm (5-19-16)
MFrVm1 = 0.0 (5-19-17)

If MFrVmCr > 0.10, then
MFrVm2 = 0.10 (1 — MFrAsF — MFrWF) (5-19-18)

MFrVml = MFrVm — MFrVm?2 (5-19-19)

where

Hk = enthalpy of coal componentk Btu/Ibm

MFrAsF = mass fraction of ash, lbm/lbm coal
as-fired

MFrFc = mass fraction of fixed-earbon, Ibm/lIbm
coal as-fired

MFrVm = mass fraction of volatile matter, lbm/

Ibm coal as-fired

MFrVml = mass fraction of primary volatile mat-

ter, IbmyIbm coal as-fired

MFrVm2 = mass fraction of secondary volatile mat-

ter/Ibm /Ibm coal, as-fired

MErVmCr$Z ,mass fraction of volatile matter on a dry

and ash-free basis, Ibm/lbm coal, dry-

ash free
AL AL — g £ zatae 1lhaas /1l a1
WAL LS b

C6 = +7.0E-7
Dn = density at 60°F (16°C), Ibm /ft>
HFo = enthalpy of fuel oil, Btu/Ibnt
5S¢ = specific gravity at 60°F (162C), Ibm/[lbm
T = temperature, °F

5-19.8 Enthalpy of Natural Gas, Btu/lbm

The following curve ‘fit"was developed [from the
JANAF/NASA data forya typical natural gas fuel anal-
ysis of 90% methane’(CH,), 5% ethane (C,H,), and 5%
nitrogen. It is valid'from 0°F to 500°F. Natural gas is nor-
mally near thereference temperature of 77°F (35°C), and
thus utilizing)a typical analysis for natural ggs is suffi-
ciently accurate for efficiency calculations. For manufac-
tured.gases that enter the steam generator at an elevated
temperature, the enthalpy should be determined based
upon the actual constituents in the gas.

HGF = 0.4693 T + 0.17523E—3 T2 + 0.4326E-7 T3
— 37.2, Btu/Ibm (5-19-23)
where
T = temperature, °F
5-19.9 Enthalpy of Limestone Sorbent, Btu/lbm

The following correlation is based upon|JANAF/
NASA data for CaCO, with a correction for water. It is
valid from 0°F to 200°F.

HSb = (1 — MFrH20Sb) HCc + MFrH20Sb (T — 77), Btu/lbm

(5-19-24)
HCc=0.179 T + 0.1128E—3 T2 — 14.45, Bty/Ibm
(5-19-25)
where
MFrH20Sb = mass fraction of water in| sorbent,

Ibm /Ibm sorbent

T temperature, °F

Mess—tracton—oteater—bmtbm—eoat
as-fired
T = temperature, °F

5-19.7 Enthalpy of Fuel Oil, Btu/lbm
The enthalpy of fuel oil has been correlated as a func-
tion of specific gravity at 60°F (16°C) in *API [6].

HFo=Cl+ C2API+ C3T+ C4APIT

+(C5 + C6 API) T2, Btu/lbm  (5-19-20)

5-19.10 Enthalpy Coefficients for Abbreviated JANAF/
NASA Correlation

The enthalpy/temperature curves in this Section
are based upon the following abbreviated enthalpy
correlation and the coefficients tabulated below. The ref-
erence temperature is 77°F (25°C).

Hk = C0 + C1TK + C2 TK? + C3 TK?®

+ C4TK* + C5TKS Btu/lbm  (5-19-26)
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TK = (T + 459.7) / 1.8, K (5-19-27)
where
Hk = enthalpy of the constituents, Btu/lbm
T = temperature, °F

TK = temperature, K

Coefficients for dry air are based upon the composi-
tion of air as defined in this Code.

Coefficients for dry air for temperatures from 255 K
to 1000 K:

C0 = —0.1231899E+03
C1 = +0.4065568E+00
C2 = +0.5795050E—05
C3 = +0.6331121E—07
C4 = —0.2924434E—10
C5 = +0.2491009E—14

Coefficients for dry flue gas for temperatures above
1000 K:
C0 = —0.1180095E+03

C0 = U.I3TU658EFU3
C1 = +0.4581304E+00
C2 = +0.1075033E—03
C3 = H0.1778848E—06
C4 = —0.9248664E—10
C5 = 40.16820314E—13

Coefficjents for dry air temperature above 1000 K:
C0 = H0.1177723E+03
C1 = 40.3716786E+00
C2 = 40.8701906E—04
C3 = q0.2196213E—-07
C4 = 40.2979562E—11
C5 = —0.1630831E—15

Coefficjents for water vapor temperatures from 255 K
to 1000 K}:

C0O = —0.2394034E+03
C1 = +0.8274589E+00
C2 = —H0.1797539E—03
C3 = +0.3934614E—06
C4 = —0.2415873E—-09
C5 = +0.6069264E—13

Coefficjents for water vapor temperatures above
1000 K:
C0 = —0.1573460E+03

C1 = +0.5229877E+00
C2 = H0.3089591E—03
C3 = —0.5974861E—07
C4 = 40.6290515E—11
C5 = —0.2746500E—15

Coefficjents for dry fliie’gas are based on a flue gas
compositjon of 15.3% CQ,, 3.5% O,, 0.1% SO,, and 81.1%
atmosphgric nitrogérby volume. The enthalpy of dry flue
gas does [not vatyisignificantly for fossil fuels because
atmosphgric nitrogen is the predominant component. It
varies befweeit 80% for coal and approximately 88% for
natural gas. The difference 15 predominately CO, an
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.
For unusual fuels such as manufactured gases, hydro-
gen, and/or combustion processes utilizing an oxidiz-
ing medium other than air, refer to para. 5-19.11 below.

Coefficients for dry flue gas for temperatures from
255 K to 1000 K:

CI = +0.5655UY5E+UU
C2 = +0.1039228E—03
C3 = —0.2721820E—07
C4 = +0.3718257E—11
C5 = —0.2030596E—15

Coefficients for residue of unknown compogition
and sand for temperatures from 255 K to 1000 K{ The
following coefficients are basedipon a smoothed ¢urve
fit for SiO, around the diegntinuous point at apgroxi-
mately 1000 K:

C0 = —0.3230338E+02

C1 = —0.2431404E+00

C2 = +0.1787701E—-02

C3 = —0.2598230E—05

C4 = +0:2054892E—-08

C5 =,-0.6366886E—12

Coefficients for residue of unknown composition and
sand for temperatures above 1000 K:

CO = +0.1822637E+02

C1 = +0.3606155E—01

C2 = +0.4325735E—-03

C3 = —0.1984149E—06

C4 = +0.4839543E—10

C5 = —0.4614088E—14

5-19.11 Enthalpy Coefficients for Gaseous Mixtuyes
General

For normal flue gas mixtures, refer to coefficienfs for
dry flue gas above. The enthalpy coefficients for gageous
mixtures not covered above may be calculated frofn the
mass fraction of the constituents, MFrk, in the gageous
mixture in accordance with

Cfi mix = Y.MFrk Cfik (5-19-28)
where

Cfik = coefficienti for the constituentk as listed ih this

e

If the long procedure is used to derive coefficients
for a specific flue gas mixture from a specific fuel (or
oxidant), it is recommended that the mixture be on a
dry gas basis based on a typical excess air. The mois-
ture content (and residue, if applicable) at the location
in question can then be used in conjunction with the
dry flue gas to calculate the enthalpy of wet flue gas
in accordance with para. 5-19.2. The enthalpy coeffi-
cients for dry flue gas are applicable over a wide range
of excess air; therefore, it is usually only necessary to
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calculate the dry flue gas coefficients once for an aver- C4 = +0.4068285E—10

age fuel. C5 = +0.1028543E—16

1 Oggiglaents for O, temperatures from 255 K to Coefficients for CO, temperatures above 1000 K:
- “aas i
C1 = +0.4229519E+00 ’

C2 = +0.1259048E—03

€2 =~0.1689791E 03 C3 = —0.3357431E—07
C3 = +0.3707174E—06
C4 = +0.4620859E—11
C4 = —0.2743949E—09 C5 = —0.2523802E—15
C5 = +0.7384742E—13 L \
Coefficients for AT temperatures front_ 255 K to
Cogfficients for O, temperatures above 1000 K: 1000 K:
CO|= —0.1338989E+03 CO = —0.6674373E+02
C1|= +0.4037813E+00 C1 = +0.2238471E+00
C2|= +0.4183627E—04 C2 = +0.0000000E+00
C3|= —0.7385320E—08 C3 = +0.0000000E+00
C4|= +0.9431348E—12 C4 = +0.0000000E+00
C5|= —0.5344839E—16 C5 = +0.0000000E+ 00,
Cogfficients for N, (elemental) temperatures from Coefficients for Ar témperatures above 100] K:

255 K to 1000 K:

CO = —0.6674374EA4-02

CO0|= —0.1358927E+03 C1 = +0.2238471E+00
Cl|= +0.4729994E+00 C2 = +0.0@00000E+00
C2|= —0.9077623E—04 C3 = +0:0000000E+00
C3|= +0.1220262E—06 C4 =,+0.0000000E+00
C4|= —0.3839777E—10 C5 =>+0.0000000E+00
C5|= —0.3563612E—15
Coefficients for SO, temperatures from 255 K to 1000 K:
Cogfficients for N, (elemental) temperatures above CO = —0.6741655E+02
1000|K: C1 = +0.1823844E+00
C0]= —0.1136756E+03 C2 = +0.1486249E—-03
Cl1|= +0.3643229E+00 C3 = +0.1273719E—07
C2|= +0.1022894E—-03 C4 = —0.7371521E—10
C3|= —0.2678704E—-07 C5 = +0.2857647E—13
C4|= +0.3652123E—11
C5l= —0.1993357E—15 Coefficients for SO, temperatures above 10(0 K:
- . C0 = —0.1037132E+03
Cogfficients for N,a (atmospheric)temperatures from C1 = +0.2928581E+00
255 K to 1000 K: C2 = +0.5500845E — 04
CO|= —0.1347230E+03 C3 = —0.1495906E—07
Cl|= +0.4687224E+00 C4 = +0.2114717E—11
C2[= —0.8899319E—04 C5 = —0.1178996E—15
C3|= +0.1198239E =06
C4|= —0.3771498E~10 Coefficients for CO temperatures 255 K to 1P00 K:
C5|= —0.3502640E—15 CO = —0.1357404E+03
Copfficients{ for N,a (atmospheric) temperatures g; _ tg%g;g%gtgg
abg; i (10(?1I§:29166E+O3 C3 = +0.1571692E-06
) C4 = —0.6486965E—10
Clt=—0-36201+26Fk+00
C2 — +0.1006234E 03 C5 = +0.6117598E—14
C3 = —0.2635113E—-07 Coefficients for CO temperatures above 1000 K:
C4 = +0.3592720E—11 C0 = —0.1215554E+03
C5 = —0.1960935E—15 C1 = +0.3810603E + 00
Coefficients for CO, temperatures from 255 K to 823 _ tgzzgigézg_gé
1000 K: '
C0 = —0.8531619E+02 gé _ fgi?gfgggg_}é
C1 = +0.1951278E+00 '

c2=
C3 =

+0.3549806E—03
—0.1790011E—06

Coefficients for H, temperatures from 255 K to
1000 K:
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Coefficients for H, temperatures above 1000 K:

ASME PTC 4-2013

5-19.12 Curves for Calculating Enthalpy

The abbreviated JANAF/NASA correlations for air
and flue gas are fifth order polynomials. For conveni-
ence in hand calculations, specific heat curves for dry
air, water vapor, dry flue gas and residue are provided
on Figs. 5-19.12-1 through 5-19.12-4. These curves
show the mean specific heat of the constituent between
the temperatures desired and 77°F (25°C). To obtain
enthalpy, H, for any of the constituents (77°F reference),

C0 = —0.1734027E+04
C1 = +0.5222199E+01
C2 = +0.3088671E—02
C3 = —0.4596273E—05
C4 = +0.3326715E—08
C5 = —0.8943708E—12
C0 = —0.1529504E+04
C1 = +0.5421950E+01
C2 = 40.5299891E—03
C3 = —0.9905053E—09
C4 = —0.9424918E—11
C5 = 40.8940907E—15
Coeffid
1000 K:

C0 = —{0.1243482E+03
C1 = H0.4127238E+00
C2 = —0.2637594E—04
C3 = 40.1606824E—06
C4 = —{0.8345901E—10
C5 = 40.1395865E—13
Coeffic

C0 = —0.1001462E+03
C1 = H0.2881275E+00
C2 = H0.2121929E—-03
C3 = —0.5382326E—07
C4 = H0.7221044E—-11
C5 = —0.3902708E—15

jents for H,S temperatures from 255 K to

jents for H,S temperatures above 1000 K:

multiply the mean specitic heat times the temperaty
minus 77°F.

Hk = MnCpk (T — 77), Btu/Ibm (5-1

The resolution of the curves is suchthat the calcy
result will be within 0.1 Btu/lbm of the actual co
tions. Explanations are given abeve for calculati
enthalpy of mixtures such as wét-air and wet flue g

For some calculations, théinstantaneous specifi
(as an approximation ofimean specific heat over a

re, T,

9-29)

lated
Frela-
bn of
Fas.
heat
bmall

temperature band) at a.specific temperature is requiired,

such as for the calculation of corrected air heate
gas temperature) Instantaneous specific heat cg

I exit
n be

obtained fromthe mean specific heat curves by entering

the curve with a temperature, Tc, equal to 2 timg
temperature, T, desired minus 77°F.

Tc =2T —77,°F (5-1
For example, to obtain the instantaneous specifi

at 300°F, enter the mean specific heat curve with a
perature of 523°F.

s the

9-30)

heat
tem-

(
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Fig. 5-19.12-1 Mean Specific Heat of Dry Air Versus Temperature

Dry air (77°F reference)
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Fig. 5-19.12-2 Mean Specific Heat of Water Vapor Versus Temperature
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Fig. 5-19.12-2 Mean Specific Heat of Water Vapor Versus Temperature (Cont’d)
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Fig. 5-19.12-3
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Dry flue gas (77°F reference)

Mean Specific Heat of Dry Flue Gas Versus Temperature
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Fig. 5-19.12-4 Mean Specific Heat of Dry Residue Versus Temperature

Dry residue (77°F reference)
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Fig. 5-19.12-4 Mean Specific Heat of Dry Residue Versus Temperature (Cont’d)

Dry residue (77°F reference)
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5-20 CALCULATION ACRONYMS Mg = mass per unit of energy
Mr = mass rate
5-20.1 Bpsis for Section 5 Acronyms Mo = mass volume
The acfonyms used throughout this Section (except Muw = molecular weight
for uncerfainty) are built from symbols from the folew- P = pressure
ing groups and arranged in the following sequenge: Pa = atmospheric pressure
PROPHRTY —» FUNCTION - (EQUIPMENT, Pp = partial pressure
STREAM} EFFICIENCY) — (LOCATION, ‘COMPO- Ps = saturation pressure
NENT, CONSTITUENT) - CORRECTION Q = energy
Qp = percent fuel input energy
5-20.1.1 Property Symbols Qr = heat transfer rate
Af = flat projected surface-area R = universal gas constant
Aif = area, inside dimension Ra = radiation
Cp = mean specific heat at constant pressure Rhm = relative humidity
Iy = dry Rq = required
D#p = density, Se = stack effect
H = enthalpy Sg = specific gravity
Hcg = convection heat transfer coefficient T = temperature
HHV =Chigher heating value, mass basis Tdb = dry-bulb temperature
HHVcg =~higher heating value, constant volume Thf = hot face temperature
basis Twb = wet-bulb temperature
HHVv = higher heating value, volume basis V = velocity
Hra = radiation heat transfer coefficient Vh = velocity head
Hrca = combined radiation and convection heat Vp = percent volume
transfer coefficient
Ht = height 5-20.1.2 Function Symbols
Hw = insulation heat transfer coefficient Ad = additional
M = mass Clc = calculated
Mo = mole Di = difference (delta)
Mp = percent mass Fr = fractional
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Mn = mean O = output
Ms = measured 02 = oxygen
Sm = sum Pc = products of combustion
Pcu = products of combustion uncorrected for sul-
5-20.1.3 Equipment, Stream, and Efficiency Symbols fur capture
A = air Pr = pulverizer rejects
Ac = air preheater coil Rh = reheat
Ah = air heater Rs = residue
air leakage Ry = recycle
ash pit S = sulfur
air quality control equipment Sb = sorbent
ash Sc = sulfur capture
credit Sh = superheat
blowdown Slf = sulfation
carbon SO2 = sulfur dioxide
calcium Src = surface radiation and‘convection
carbon burned Ssb = spent sorbent
carbon burnout St = steam
calcium carbonate Th = theoretical
coefficient To = total
calcium hydroxide Ub = unburned
calcination and/or dehydration W = water
combustion Wov = _iwater vapor
carbon monoxide X .="auxiliary
carbon dioxide Xp = percent excess
coal. Xr = X-ratio
cooling water
efficiency, percent 5-20.1.4 Location, Area, Component, Cqnstituent
economizer Symbols
electrical
evaporation Ds = design
f}lel En = inlet or entering
fixed carbon f = fuel, specific or related
flue gas j = fuel, sorbent component
fuel oil _ .
k = fuel, sorbent constituent
gaseous fuel ) .
gross Lv = outlet, exit, or leaving
hydrocarbons, dryasis Re = reference
input z = location (Refer to Figs. 1-4-1 through 1-4-7 for
inerts specific locations.)
loss
leakage 5-20.1.5 Correction Symbol
magnegiym carbonate Cr = reading or computational correction
magnesium hydroxide
mibrogen 5-20.2 List of Acronyms Used
=Zatmospheric nitrogen
= nitrous oxides See Tables 5-202-1 and 5-202-2
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Table 5-20.2-1 Acronyms

Acronyms Description Units
Afz Flat projected surface area for location z ft2 (m?)
ApAf Flat projected area of ash pit hopper opening ft2 (m?)
API Density of oil Degrees API
DnA Density of wet air lbm/ft3 (kg/m3)
DnAFg Density of wet air or flue gas lbm/ft3 (kg/m3)
DnFg Density of wet flue gas Ibm/ft3 (kg/m3)
DnGF Density of gaseous fuel lbm/ft3 (kg/m3)
DnSt Density of steam/water lbm/ft3 (kg/m3)
DVpCO Percent CO in flue gas, dry basis % volume
DVpCO2 Percent CO, in flue gas, dry basis % volume
DVpHc Percent hydrocarbons in flue gas, dry basis % volume
DVpH20 Percent H,0 in flue gas, dry basis % volume
DVpN2a Percent nitrogen (atmospheric) in flue gas, dry basis % Volume
DVpN2f Percent nitrogen from fuel in flue gas, dry basis % volume
DVpNOx Percent NO, in flue gas, dry basis % volume
DVp0O2 Percent O, in flue gas, dry basis % volume
DVpS02 Percent SO, in flue gas, dry basis % volume
ECm Combustion efficiency %
EF Fuel efficiency %
EGr Gross efficiency %
EX Combined efficiency of auxiliary drive, coupling, and gears %
HA Enthalpy of wet air Btu/lbm (J/kg)
HAAqgLv Enthalpy of wet air at gas temperature leaving AQC device Btu/lbm (J/kg)
HAEn Enthalpy of wet air entering, general Btu/lbm (J/kg)
HALgEn Enthalpy of infiltrating wet air entering Btu/lbm (J/kg)
HALvCr Enthalpy of wet air at average gas temperatiire leaving envelope Btu/lbm (J/kg)
HATFgLv Enthalpy of air at the gas outlet temperatire Btu/lbm (J/kg)
Hcaz Convection heat transfer coefficient fer location z Btu/ft2-h-°F (J/m?{s-°C)
Hcc Enthalpy of calcium carbonate (limestone) Btu/lbm (J/kg)
HCoal Enthalpy of coal Btu/lbm (J/kg)
HDA Enthalpy of dry air Btu/lbm ()/kg)
HDAEn Enthalpy of dry air at the average entering air temperature Btu/lbm (J/kg)
HDFg Enthalpy of dry flue.gas Btu/lbm ()/kg)
HDFgLvCr Enthalpy of dry flue)gas leaving, excluding leakage Btu/lbm (J/kg)
Hen Enthalpy entéring, general Btu/lbm (J/kg)
HFc Enthalpy-of fixed carbon Btu/lbm (J/kg)
HFEn Enthalpy.of the fuel at the temperature of fuel Btu/lbm (J/kg)
HFg Erthalpy of wet flue gas Btu/lbm (J/kg)
HFgEn Enthalpy of wet flue gas entering Btu/lbm (J/kg)
HFgLv Enthalpy of wet flue gas leaving Btu/lbm (J/kg)
HFo Enthalpy of fuel oil Btu/lbm (J/kg)
HGF Enthalpy of natural gas Btu/lbm (J/kg)
HHVC Higher heating value of carbon Btu/lbm (J/kg)
HHVCO Higher heating value of carbon monoxide Btu/lbm (J/kg)
HHVCRs Highnr hn:fing value of carboninroesidue Rhl/lhm (I/l(g\
HHVF Higher heating value of fuel at constant pressure Btu/lbm (J/kg)
HHVFcv Higher heating value of fuel at constant volume Btu/lbm (J/kg)
HHVGF Higher heating value of gaseous fuel, volume basis Btu/ft3 (J/m3)
HHVH2 Higher heating value of unburned hydrogen Btu/lbm (J/kg)
HHVHc Higher heating value of unburned hydrocarbons Btu/lbm (J/kg)
HHVPr Higher heating value of pulverizer rejects Btu/lbm (J/kg)
Hk Enthalpy of constituent k Btu/lbm (J/kg)
Hkz Enthalpy of constituent k at location z Btu/lbm (J/kg)
HLv Enthalpy leaving, general Btu/lbm (J/kg)
HMnA Average enthalpy of wet air Btu/lbm (J/kg)
HMnFg Average enthalpy of wet gas Btu/lbm (/kg)
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
HMnFgLvCr Average enthalpy of wet gas at TMnLvCr Btu/lbm (/kg)
HPr Enthalpy of pulverizer rejects leaving pulverizer Btu/lbm (J/kg)
Hraz Radiation heat transfer coefficient for location z Btu/ft?-h-°F (J/m?-s-°C)
HRe Enthalpy at reference temperature Btu/lbm (J/kg)
Hrk Heat of reaction for constituent k Btu/lbm (J/kg)
HrNOx Heat of formation of NO (or N,0) Btu/lb mole (J/kg)
HRs Enthalpy of residue Btu/lbm (/kg)
HRsEp Enthalpy of residue entering Btu/lbm/Hg)
HrSIf] Heat generated due to sulfation Btu/lbm.(74g)
HRsL Enthalpy of residue leaving Btu/lbm (J/Kg)
HSb Enthalpy of sorbent Btu/lbm (J/Kg)
HSbAn Enthalpy of sorbent entering steam generator envelope Btu/lbm (J/Kg)
HStEhz Enthalpy of additional moisture (steam) entering flue gas Btu/lbm (J/Kg)
HStLYCr Enthalpy of steam (based on ASME Steam Tables), at corrected exit gas temperatute Btu/lbm (J/Kg)
HStz Enthalpy of steam at location z Btu/lbm (J/Kg)
HStzPps Enthalpy of steam at location z, design conditions Btu/lbm (J/Kg)
Ht Height, elevation difference between pressure measurements ft (m)
HVm Enthalpy of volatile matter, i, where jis 1 or 2 Btu/lbm (J/Hg)
HW Enthalpy of water (based on ASME Steam Tables) Btu/lbm ()/Hg)
HWR¢ Enthalpy of water at reference temperature Btu/lbm (J/Kg)
HWv Enthalpy of water vapor (JANAF/NASA reference) Btu/lbm (J/Kg)
HWvin Enthalpy of water vapor at average entering air temperature Btu/lbm (J/Kg)
Hwz Heat transfer coefficient for insulation and lagging Btu/ft2-h-°F [J/m2-s-°C)
HWzls Enthalpy of water at location z, design conditions Btu/lbm (J/Kg)
MFrAKF Mass fraction of ash in fuel mass/mass fuel
MFrAR Mass fraction of air at location z to total-air mass/mass
MFrClhk Mass fraction of calcination or dehydration constituent k mass CO,/ npass const
MFrCp2Sb Mass of gas (CO,) from sorbenf\per mass fuel mass/mass fuel
MFrF§ Mass fraction of fixed carbon mass/mass fuel
MFrFgz Mass fraction of wetygas.at location z mass/mass fuel
MFrH20OSb Mass fraction of the water in sorbent mass/mass porbent
MFrinSb Mass of inerts imnsorbent per mass fuel mass/mass fuel
MFrQBACr Mass fractjiomof O, from air required to form SO, in the sulfation process mass/mass fuel
MFrRp Total mass ofresidue per mass fuel mass/mass fuel
MFrSp Mass-of sorbent per mass of fuel mass/mass fuel
MFrSpk Mass of reactive constituent k in sorbent mass/mass porbent
MFrSE Sulfur capture ratio lbm/lbm (kg/kg)
MFrSp3 Mass fraction of SO, formed in the sulfation mass/mass fuel
MFrSkb Mass of spent sorbent per mass fuel mass/mass fuel
MFrSkCr Ratio of the design main steam flow divided by the test main steam flow mass/mass
MFrThA Theoretical air, ideal mass/mass fuel
MFrThACr Mass of theoretical air corrected per mass of fuel mass/mass fuel
MFrVin Mass fraction of volatile matter mass/mass fuel
MFrVin1 Mass fraction of primary volatile matter mass/mass fuel
MFrvVm?2 Mass fraction of secondary volatile matter mass/mass fuel
MFrVmCr Mass fraction of volatile matter, dry-ash free mass/mass fuel
MFriWAdz Additional water at location z per mass fuel mass/mass fuel
MFrWDA Mass fraction of moisture in dry air, mass H,0/mass dry air lbm/lbm (kg/kg)
MFrWF Mass fraction of water in fuel mass/mass fuel
MFrWRs Mass fraction of water in dry residue mass/mass residue
MFriWSb Water from sorbent per mass fuel mass/mass fuel
MnCpA Mean specific heat of wet air Btu/lbm °F (J/kg K)
MnCpDFg Mean specific heat of dry flue gas Btu/lbm °F (J/kg K)
MnCpFg Mean specific heat of wet flue gas Btu/lbm °F (J/kg K)
MnCpk Mean specific heat of constituent k Btu/lbm °F (J/kg K)
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
MoCO2Sb Moles of dry gas (COz) from sorbent per mass fuel moles/mass fuel
MoDFg Moles dry gas per mass fuel mass/mass fuel
MoDPc Moles dry products from fuel (CO,, N,F and actual SO, produced) moles/mass fuel
MoDPcu Moles dry products from fuel (CO,, N,F and total conversion of SO, in fuel) moles/mass fuel
MofFg Moles wet gas per mass fuel moles/mass fuel
MoFrCaS Calcium to sulfur molar ratio moles/mole
MoFrClhCq Calcinationfracton-ofcateirm—carbenat metes-coHmete-qaCo,
MoFrClhk Calcination or dehydration fraction of constituent k moles /mole dondt
Mokj Moles of fuel constituent k in gaseous component j moles/mass fuel
MoO3ACr Dry gas flow correction for the Oj in air required to form SO, moles/mass fuel
MoS02 Maximum theoretical SO, per mass fuel moles/mass fuel
MoThACr Moles of theoretical air required (corrected) moles/mass fuel
MoThAPcU Theoretical air required for gasified fuel products moles/mass fuel
MoWA Moles of moisture in air moles/mass air
MoWPc MoDPc plus moles H,0 from fuel, sorbent and any additional moisture moles/mass fuel
MoWPcu MoDPcu plus moles H,0 from fuel, sorbent and any additional moisture moles/mass fuel
MoWSb Moles moisture in sorbent moles/mass fuel
MpAhLg Air heater leakage, percent of entering flue gas weight % mass
MpAl Air infiltration, percent theoretical air % mass
MpAsF Percent ash in fuel % mass
MpCak Percent of sorbent calcium in the form of constituent k (CO3 or OH) % mass
MpCb Carbon burned % mass
MpCbo Percent carbon burnout % mass
MpCF Percent carbon in fuel % mass
MpCO2Rs Percent carbon dioxide in residue % mass
MpCRs Percent free carbon in residue % mass
MpCRsDs Percent free carbon in residue corrected-to'design conditions % mass
MpFk Percent fuel constituent k % mass
MpH2b Percent hydrogen burned % mass
MpH2F Percent hydrogen in fuel % mass
MplInSb Percent of sorbent inert material % mass
MpN2F Nitrogen in fuel % mass
MpO2F Oxygen in fuel % mass
MpRsFgz Solids in fluegas at location z, percent of wet gas % mass
MpRsz Mass of residue collected at location z % mass
MpSbk Percent of constituent k in sorbent % mass
MpSF Sulfurinfuel % mass
MpToCRs Total carbon content in residue sample, includes CO, % mass
MpUbC Percent unburned carbon % mass
MpUbH?2 Percent unburned hydrogen % mass
MpWF Percent water in fuel % mass
MpWFgz Moisture in flue gas at location z, percent of wet flue gas % mass
MqAl Mass rate of wet infiltration air lbm/Btu (kg/))
MqgAz Mass wet air at location z on input from fuel basis lbm/Btu (kg/))
MqC0O2Sb Mass of dry gas (CO,) from sorbent, input from fuel basis lbm/Btu (kg/))
MqDAz Mass dry air at location z on input from fuel basis lbm/Btu (kg/))
MqgDFgz Mass dry gas at location z on input from fuel basis lbm/Btu (kg/))
MgqFgEn Mass wet flue gas entering on input from fuel basis lbm/Btu (kg/))
MgqfFgF Wet gas from fuel lbm/Btu (kg/))
MgqFglLv Mass wet flue gas entering on input from fuel basis lbm/Btu (kg/))
MqfFgz Mass of wet gas at location z, input from fuel basis lbm/Btu (kg/))
Mgk Mass of constituent k on input from fuel basis lbm/Btu (kg/))
MgNOx Mass of NO, in flue gas expressed on input from fuel basis lbm/Btu (kg/))
MqO3AC Dry gas flow correction for the O, in air required to form SO, lbm/Btu (kg/))
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
MqPr Mass of pulverizer rejects on input from fuel basis lbm/Btu (kg/))
MqgRsz Mass of residue collected at location z lbm/Btu (kg/))
MqgSb Mass of sorbent on input from fuel basis lbm/Btu (kg/))
MqSbk Mass of sorbent constituent k, input from fuel basis lbm/Btu (kg/))
MqThA Theoretical air, ideal, on input from fuel basis lbm/Btu (kg/))
MqThACr Theoretical air corrected on input from fuel basis lbm/Btu (kg/))
MqTHAF Fypeatvatueof theoreticatair-forfoetfideat) thrr Bt tkg /)
MgW@ Water from moisture in air lbm/Btu‘(kgf))
MqgWAdz Additional water at location z, input from fuel basis lbm /Btu'tkgf))
MqWf Water from H,0 in fuel Ibm)Btu (kgf))
MqgWfgz Total moisture in flue gas at location z lbm/Btu (kgf))
MqWH2F Water from combustion of hydrogen in fuel lbm/Btu (kgf))
MqWsSb Water from sorbent on input from fuel basis lbm/Btu (kgf))
MqWF Water from H,0 vapor in fuel lbm/Btu (kgf))
MrAFg Mass flow rate of air or flue gas, general lbm/hr (kg/$)
MrAFgCr Mass flow rate of air or flue gas, corrected for fuel and efficiency lbm/hr (kg/$)
MrAZ] Mass flow rate of wet air at location z lbm/hr (kg/$)
MrCwz Mass flow rate of cooling water at location z lbm/hr (kg/$)
MrDA Mass flow rate of dry air lbm/hr (kg/$)
MrF Mass flow rate of fuel lbm/hr (kg/$)
Mrfgk Mass flow rate of wet gas at location z lbm/hr (kg/$)
MrPr Mass flow rate of pulverizer rejects lbm/hr (kg/$)
MrRs\W Mass flow rate of residue/water mixture lbm/hr (kg/$)
MrRsg Mass flow rate of residue at location z lbm/hr (kg/$)
MrRyfFg Mass flow rate of recycled flue gas lbm/hr (kg/$)
MrRyRs Mass flow rate of recycled residue lbm/hr (kg/$)
MrSH Mass flow rate of sorbent lbm/hr (kg/$)
MrStps Mass flow rate of steam, desigh value lbm/hr (kg/$)
MrStknz Mass flow rate of additional. moisture (steam) entering flue gas lbm/hr (kg/$)
MrSt Mass flow rate of auxiliary.équipment steam lbm/hr (kg/$)
MrSt. Mass flow rate of stéam ‘at location z lbm/hr (kg/$)
MrStyDs Mass flow rate of steam at location z, design value lbm/hr (kg/$)
MrW$b Mass flow rate\water in sorbent lbm/hr (kg/$)
MrWj Mass flow rate water at location z lbm/hr (kg/$)
MrWwicCr Mass.flow-rate of feedwater corrected lbm/hr (kg/$)
MvFig Mass.fuel constituent k per mole gaseous fuel mass/mole
MvRs Mass per unit volume, used in dust loading grains/ft? (gfm)
MwA Molecular weight of wet air mass/mole
MwCak Molecular weight of sorbent calcium compound k mass/mole
MwC§ Molecular weight of calcium carbonate mass/mole
MwCp Molecular weight of carbon monoxide, CO mass/mole
MwCp2 Molecular weight of carbon dioxide, CO, mass/mole
MwDFg Molecular weight of dry flue gas mass/mole
MwF§ Molecular weight of wet flue gas mass/mole
Mw Molecular weight ot gaseous fuel mass/mole
MwHc Molecular weight of hydrocarbons mass/mole
Mwk Molecular weight of constituent k mass/mole
MwNOx Molecular weight of NO mass/mole
MwO3 Molecular weight of 0,, 47.9982 mass/mole
MwS Molecular weight of sulfur mass/mole
Pa Barometric pressure psia (Pa)
Paz Static pressure of air at point z in. wg (Pa)
PDiAFg Pressure differential, air (air resistance) or flue gas (draft loss) in. wg (Pa)
PDiAFgCr Pressure differential, air or flue gas corrected to contract in. wg (Pa)
PFgk Static pressure of flue gas at point k in. wg (Pa)
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
PpWVA Partial pressure of water vapor in air psia (Pa)
PsWTdb Saturation pressure of water vapor at dry-bulb temperature psia (Pa)
PsWTwb Saturation pressure of water vapor at wet-bulb temperature psia (Pa)
PsWvTz Saturation pressure of water vapor at temperature T psia (Pa)
Qb Energy balance closure Btu/hr (W)
QEn Energy entering the system Btu/hr (W)
QLv Energy leaving the system Btu/hr (W)
QpB Credits calculated on a % input from fuel basis, general % fuel input
QpBDA Credit due to energy in entering dry air % fuel input
QpBF Credit due to sensible heat in fuel % fuel input
QpBk Credit due to constituent k % fuélinput
QpBSIf Credit due to sulfation % fuel input
QpBWA Credit due to moisture in entering air % fuel input
QplL Losses calculated on a % input from fuel basis, general % fuel input
QplALg Loss due to air infiltration % fuel input
QplLAq Loss from hot air quality control equipment % fuel input
QpLCO Loss due to carbon monoxide (CO) in flue gas % fuel input
QpLDFg Loss due to dry gas % fuel input
QpLH2F Loss due to water formed from combustion of H, in fuel % fuel input
QpLH2Rs Loss due to unburned hydrogen in residue % fuel input
QpLk Loss due to constituent k % fuel input
QpLNOx Loss due to the formation of NO, % fuel input
QpLPr Loss due to pulverizer rejects % fuel input
QpLRs Loss due to sensible heat of residue % fuel input
QpLSmUb Summation of losses due to unburned combustibtes % fuel input
QpLUbC Loss due to unburned carbon in residue % fuel input
QpLUbHc Loss due to unburned hydrocarbons in fluégas % 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
QrAp Equivalent heat flux throughfurnace hopper Btu/hr (W)
QrApEv Loss due to evaporation of ash pit water Btu/hr (W)
QrApW Energy increase jn.ash pit water Btu/hr (W)
QrAxSt Energy in auxijlian.steam Btu/hr (W)
QrB Credits calculated on an energy basis, general Btu/hr (W)
QrBd Energy increase in output for blowdown water Btu/hr (W)
QrBk Credit.due to constituent k Btu/hr (W)
QrBSb credit'due to sensible heat in sorbent Btu/hr (W)
QrBWAd Credit due to energy supplied by additional moisture Btu/hr (W)
QrBX Credit due to auxiliary equipment power Btu/hr (W)
QrF Potential energy of combustion available from fuel Btu/hr (W)
QRh Reheat absorption Btu/hr (W)
Qrl Energy input (Qrf for input from fuel) Btu/hr (W)
QriGr Energy input gross, energy input from fuel plus credits Btu/hr (W)
QrL TOSSES calcutated on an energy basis, generat BTU/NT (W)
QrLAc Loss due to air preheater coil supplied from the steam generator Btu/hr (W)
QrLAp Total wet ash pit losses when tested Btu/hr (W)
QrLClh Loss due to calcination and dehydration of sorbent Btu/hr (W)
QrL.Cw Loss from cooling water Btu/hr (W)
QrLk Loss due to constituent k Btu/hr (W)
QrLRy Loss from recycled streams Btu/hr (W)
QrLRyFg Loss from recycled flue gas Btu/hr (W)
QrLRyRs Loss from recycled residue Btu/hr (W)
QrLSrc Loss due to surface radiation and convection Btu/hr (W)
QrLWAd Loss due to additional moisture Btu/hr (W)
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
QrLWSb Loss due to water in sorbent Btu/hr (W)
Qro Total heat output Btu/hr (W)
QrRhCr Corrected reheat absorption for contract conditions Btu/hr (W)
QrRsWLv Sensible heat in residue/water leaving the ash pit Btu/hr (W)
QrShcr Superheater absorption corrected for design conditions Btu/hr (W)
QSh Superheat absorption Btu/hr (W)
(0):¢ Energy input to auxiliary equipment drives kWh ())

R Universal molar gas constant ft Ibf/mole-°R
Rhm3 Relative humidity at location z mass/mass
Rk Specific gas constant for gas k ft/2R\(Dkg/K
RqQrRhDs Required reheater absorption, design Btu fhr (W)
RqQrhDs Required superheater absorption, design Btu/hr (W)
Se Stack effect in. wg (Pa)
Sg Specific gravity mass/mass
SmQpB Total credits calculated on a percent input from fuel basis % fuel input]
SmQpL Total losses calculated on a percent input from fuel basis % fuel input]
SmQIB Total heat credits calculated on an energy basis Btu/hr (W)
SmQiL Total losses calculated on an energy basis Btu/hr (W)
TAEn Entering air temperature °F (°0)
TAEnCr Corrected entering air temperature °F (°Q)

TAfz Average surface temperature of area z °F (°0)

TAz Temperature of wet air at location z °F (°C)

Tc Temperature on x-axis of enthalpy figures °F (°C)

TDAZ Temperature of dry air at location z °F (°C)

Tdb Dry-bulb temperature °F (°0)

TDi Temperature difference °F (°O)
TDiMfFgEn Air heater temperature correction*for entering gas mass flow °F (°0)
TDIiTAEn Air heater temperature correction for entering air temperature °F (°0)
TDIiTHgEN Air heater temperature corréction for entering gas temperature °F (°C)

TDiXi Air heater temperature’eorrection for off design X-ratio °F (°C)

TFg Temperature of flue(gas °F (°Q)
TFgEn Temperature of flue gas entering component °F (°0)
TFgERCrDs Gas temperature entering air heater corrected to design conditions °F (°0)

TFglL Temperature-of flue gas leaving °F (°0)
TFgLyCr Corrgeted-gas outlet temperature (excluding leakage) °F (°Q)
TFgLYCrDs Exit\gas temperature corrected to design conditions °F (°Q)

Thfz Hotface (wall) temperature at location z °F (°Q)

TK Temperature in K K

Tkz Temperature of constituent k at location z °F (°Q)

TLvk Temperature of constituent k leaving the steam °F (°Q)
TMnADs Design surrounding air temperature °F (°0)
TMnAEn Average entering air temperature °F (°0)
TMnAfCrz, Average surface temperature corrected to design at location z °F (°0)
TMnAfz Average surface temperature at location z °F (°C)
TMnAz Average surrounding air temperature °F (°0)
TMnFgLvCr Average corrected gas outlet temperature °F (°0)

TRe Reference temperature °F (°C)

TStz Temperature of steam at location z °F (°0)

Twb Wet-bulb temperature °F (°0)

VAz Average velocity of air ft/sec (m/s)
VpCO2 Percent of CO, in flue gas, wet basis % volume
VpCOz Percent CO in flue gas at location z, wet basis % volume
VpGj Gaseous fuel component j Btu/ft2 (J/m?)
VpH20 Percent water in flue gas, wet basis % volume
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Table 5-20.2-1 Acronyms (Cont’d)

Acronyms Description Units
VpHc Percent hydrocarbons in flue gas, wet basis % volume
VpN2a Percent N, (atmospheric) in flue gas, wet basis % volume
VpN2f Percent N, from fuel in flue gas, wet basis % volume
VpNOx Percent NO, in flue gas, wet basis % volume
Vp0O2 Percent of O, in flue gas, wet basis % volume
VpS02 Percent of SO, in flue gas, wet basis % volume
XpAz Percent excess air at location z % mass
130
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Table 5-20.2-2 Measurement and Uncertainty Acronyms

Acronyms Description
ASENSCO Absolute sensitivity coefficient
CHGPAR Incremental change in value of measured parameter
DEGFREE Number of degrees of freedom
F Weighting factor
i Measured parameter
m Number of sets of data or grid points
n Number of times parameter is measured
PARAVG Average value of a parameter
PCHQPAR Percent change in value of measured parameter
PSTODEV Population standard deviation
Pv Velocity pressure measurement
RECALEF Recalculated fuel efficiency
RSENSCO Relative sensitivity coefficient
SDI Spatial distribution index
STDOEV Standard deviation of the sample
STDOEVMN Standard deviation of the mean
STDTIVAL Two-tailed Student’s t value
SYsS Systematic uncertainty
SYS, Overall systematic uncertainty
SYSN/ Systematic uncertainty for numerical int€gration
U Integrated average value of measuredparameter
Uye Arithmetic (or velocity weighted ifiapplicable) average value of each row, p, and
column, g, measurement point
UNC Total uncertainty
URC Random component of uhcertainty
% Velocity
Xuve Arithmetic average'value
Xi Value of a measured parameter at time i
z Summatian, integrated average value of z
z Time.averaged value of the measured parameter
b Pitchjangle
1 Yaw angle

131

[ Copyright © 2013 by the American Society of Mechanical Engineers. ]
(i

No reproduction may be made of this material without written consent of ASME.



https://asmenormdoc.com/api2/?name=ASME PTC 4 2013.pdf

ASME PTC 4-2013

Section 6
Report of Test Results

6-1 INTRODUCTION (i) manufacturer’s predicted performance data
sheets
The pefformance test report documents the data, cal- (j) contractual obligations and guaranteed'pefform-
culationsf and processes employed in conducting the ;1 ce data
performance test. The report presents specific informa- (k) name of chief-of-test
tion to d¢monstrate that all objectives of the test have () test personnel, their affiliations, and | test
been mefj and to describe the test procedures and per- responsibilities
tinent redqults. This Section presents guidance on both (m) dates of test
content ahd format of information typically included in
this repott. .
6-2.4 Executive Summary
This Section brieflydescribes the objectives, results,
- J
6-2 REPORT CONTENTS and conclusions of the test and includes the signdtures
Althoufgh the materials prepared for the performance  Of the test directox(s), reviewer(s) and approver(s).

test repofts may vary somewhat, the contents will
typically [be organized and include the information as
described in paras. 6-2.1 through 6-2.11.

6-2.1 Tit

The title page contains the title of the test, the name
of the plant on which the test is being conducted and its
location, fhe unit designation, the names of those.who
conductefl the test and approved it, and the date 'the
report wds prepared.

e Page

6-2.2 Table of Contents

The tal
reports tq
ures, and

le of contents lists major subdivisions of the
the third level, as well\as titles of tables, fig-
appendices.

6-2.3 Geperal Information

This p
tion need|

rtion of thesreport gives the reader informa-
ed to uriderstand the basis of the test and must

6-2.5 Introduction

The Ghtroduction states the purpose of the tes
relevant background information such as age, un
operating characteristics, problems, etc., on the u
ble tested.

and
1sual
hit to

6-2.6 Objectives and Agreements

test,
bndi-

This Section addresses the objectives of the
required test uncertainty, guarantees, operating ¢
tions, and any other stipulations.

6-2.7 Test Descriptions and Procedures

This Section includes the following:

(1) aschematic of the steam generator system bqund-
ary showing the locations of all measured parameters

(b) a list of equipment and auxiliaries being t¢sted,
including nameplate data

(c) methods of measurement and a list and degcrip-

include the following: tion of the test instruments identified in the system
(a) titlg of test diagram
(b) owhes {H—a—summeary—ef—key—measurements— and
(c) steam generator manufacturer observations

(d)

(e)

"
level

(g¢) description of steam generator

(h) description of other auxiliary apparatus, the oper-
ation of which may influence the test results

steam generator size
date of first commercial operation
elevation of steam generator above mean sea

132

(e) the magnitude of primary uncertainties in meas-
urement and sampling

(f) correction factors to be applied because of devia-
tions, if any, of test conditions from those specified

(¢) the methods of calculation from observed data
and calculation of probable uncertainty

(h) sample calculations are also presented

(
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6-2.8 Results

Test results are presented computed on the basis of
test operating conditions, instrument calibrations only
having been applied, and as corrected to specified con-
ditions if test operating conditions have deviated from
those specified. Test uncertainty is also stated in the
results. Tabular and graphical presentation of the test
results is included.

6-2.10 Conclusions and Recommendations

This Section discusses the test, the test results, and
conclusions. Conclusions directly relevant to the test
objectives as well as other conclusions or recommenda-
tions drawn from the test are included.

6-2.11 Appendices

Test logs, test charts, data sheets, instrument calibra-
tion sheets and corrections curves, records of major

6-2.

met

fluctuations and observations, laboratory analyses, com-
putations, computer printouts, and uncertairity analyses
are among the kinds of materials that are'inclugled in the
appendices.
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Section 7
Uncertainty Analysis

7-1 INTRODUCTION v = any parameter
. o . w = any parameter

Uncertinty analysis is a procedure by which the X = any parameter
accuracy [of test results can be quantified. Because it is y = any parameter
required fhat the parties to the test agree to the quality z = any parameter
of the tedt (measured by test uncertainty), pretest and 5() = small change of ()
post-test incertainty analyses are an indispensable part <O = sensitivity coefficient fofparameter x oh
of a mearfingful performance test. * result R (0, = dR /%)

ASME [PTC 19.1, Test Uncertainty, is the primary v = degrees of flj‘(eedom
reference [for uncertainty calculations, and any uncer- o = population standard deviation (o2 is the
tainty anallysis method that conforms to ASME PTC 19.1 is , population vaziance)
acceptabl¢. This Section provides specific methods, which Y0 = sum of ()i fromi=btoi=a
are tailored for use in conducting uncertainty analysis spe- " 7 = time

cific to thil

5 Code. This Section addresses the following:

(a) determining random uncertainties
(b) estimating systematic uncertainties
(c) prgpagating the random and systematic

uncertai
(d) ob
Additi

ASME P

7-1.1 Ge

The fol
Section 7|
graph an

A

Ao, a4y 7
B -
C -
0 1

m A

N 1

=

ies

ining the test uncertainty

nal information on uncertainty is available in
C 19.1, Test Uncertainty.

eral List of Symbols for Section 7

owing symbols are generally used throughout

Some symbols are used only in a speific para-

 are defined or redefined locally,

= (cross-sectional) area

- polynomial coefficients

- systematic uncertainty

= a constant

- (mathematical) function

- number of grid peints or number of
different medsutement locations

= number ofimeasurements or number of
points

= numberof data points used in calculating
standard deviation

F Oxygen concentration

7-1.2 Subscripts

=_systematic uncertainty

instrument, instrumentation

index of summation, a specific point
index of summation, a specific point
index of summation, a specific point
pertaining to numerical integration
random uncertainty

pertaining to result R

real

pertaining to parameter x

= weighted (average)

S R m IIUR x— Wl ™
Il

7.1.3 Superscript

— = average

7-2 FUNDAMENTAL CONCEPTS
7-2.1 Benefits of Uncertainty Analysis

The benefits of performing an uncertainty analysis are
based on the following facts about uncertainty:
(a) Uncertainty analysis is the best procedufe to

AR
Il

<= S
I

= aresult (such as etticiency, output)
= number of readings or observations
= sample standard deviation (S is the sample

variance)

= standard deviation of the mean
= spatial distribution index

temperature
Student’s ¢ statistic
uncertainty

any parameter

= velocity

estimate the error 1INt I a set of measurements or test
results.

(b) There is a high probability (usually 95%) that a
band defined by the measured value plus or minus the
uncertainty includes the true value.

(c) The uncertainty of a test result is a measure of the
quality of the test.

(d) Uncertainty analysis performed after a test is run
allows the test engineer to determine those parameters
and measurements that were the greatest contributors to
testing error.
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(e) Uncertainty analysis performed while a test is
being planned (using nominal or estimated values for
primary measurement uncertainties) identifies potential
measurement problems and permits designing a cost-
effective test.

(f) A performance test code based on a specified
uncertainty level is much easier to adapt to new
measurement technology than a code tied to certain
types of instruments [1].

This Code allows the parties to a steam generator

number is assigned to error, it becomes an uncertainty.
The term “accuracy” is often used interchangeably with
uncertainty; however, the two are not synonymous,
since high accuracy implies low uncertainty.
Measurements contain two types of error, which
are illustrated in Fig. 7-2.2-1. The total error of any
specific measurement is the sum of a systematic error
and a random error. Other names for systematic error
and random error are bias error and precision error,
respectively. The characteristics of these two types of

test tp choose among many options for test instruments
and [procedures and even to choose between two
diffefent methods (energy balance or Input-Output)
for eyaluating steam generator efficiency. Uncertainty
analysis helps the parties to the test make these choices.

7-2.2

Th
unce
Iti
error
such
error

Uncertainty Analysis Principles

s section reviews fundamental concepts of
tainty analysis.

5 an accepted principle that all measurements have
5. Any results calculated from measured data,
as the efficiency of a steam generator, also contain
5, resulting not only from the errors in the data but
also from approximations or errors in the calculation
procgdure. The methods of uncertainty analysis require
the gngineer to first determine estimates of the error

(uncgrtainty) of the basic measurements and data
redugtion procedures and then to propagate those
unceftainties into the uncertainty of the result.

Ndte the following definitions:

error:| difference between the true value of a parameter
and the measured or calculated value of theparameter.
Erroy is unknown because the true value'is unknown.
Obvipusly, if the error were knownj\the test results
could be based on the true value,(not the measured or
calcullated value.

uncenfainty: estimated errop-limdit of a measurement or
resulf.!

cover
that
more

ige: percentage.‘oft ‘observations (measurements)
an be expected<to differ from the true value by no
than the uncertainty. Stated another way, a typical
valug, say 95%,coverage, means that the true value
will ‘])e bounded by the measured value plus or minus

the yncerfainty with 95% confidence. The concept of
coverage is necessarv in uncertainty analvsis since the

error are quite different.

Random error is manifested by the faet' that
measurements of the same quantify by
measuring system operated by the same pers
not yield identical values. Randoin error is des
a normal (Gaussian) probabilify distribution.

Systematic uncertainty, isha characteristic of the
measurement system. Systématic uncertainfy is not
random; it is an essefitially fixed (although ynknown)
quantity in any experiment or test’ that uses fa specific
instrument systeniand data reduction and cglculation
procedures.

When the) magnitude and sign of a s
error is Kfhown, it must be handled as a cor
the measured value with the corrected v3
to calculate test result. Systematic uncerta
mates considered in uncertainty analysis
to cover those systematic errors whose m
are unknown. Examples of systematic error
intended to be included in uncertainty analysi
in calibration of a flue gas analyzer, the systenfatic error
resulting from using an uncalibrated flowmetdpr, the sys-
tematic error arising from the deteriorated copdition of
a previously calibrated flowmeter, errors resu]:ing from
calculation procedure approximations, and the poten-
tial errors made in estimating values for unmeasured
parameters.

It is not always easy to classify a specific unjcertainty
as systematic or random. Usually random undertainties
are associated with variability in time, [ whereas
systematic uncertainties are considered fixedl in time
as shown in Fig. 7-2.2-2. Variability in spacq (such as
temperature stratification or nonuniform gps veloc-
ity in a flue gas duct) has been treated as rapndom [2]
or systematic uncertainty [3] in different wqrks. This
Code treats spatial variability as a potential source of
systematic uncertainty.

repeated
he same
onnel do
cribed by

ystematic
Fection to
lue used
nty esti-

attempt
ignitudes

that are
5 are drift

uncertainty is only an estimated error limit.

The calculated average value of a parameter plus or
minus the uncertainty thus defines a band in which
the true value of the parameter is expected to lie with a
certain coverage.

Error and uncertainty are similar in many respects.
There are many types and sources of error, but when a

! Note that measurement uncertainty is not a tolerance on
equipment performance.
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A complete uncertainty analysis requires determining
values for both random and systematic uncertainty in
the basic measurements, their propagation into the
calculated results, and their combination into the overall
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).

2 Systematic errors may change slowly over the course of a test,
such as calculation drift of an instrument.

(
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Fig. 7-2.2-1 Types of Errors in Measurements

True population
average (w)
[
[&]
c
(0]
= .
3 True systematic
3 error (B)
-
S
>
[&]
c
8 l«—— Total error (5;)
o
o
[T
—> Frue random
error (g)

Parameter x
Measured value (X))

Fig. 7-2.2-2 Time Dependence of Errors

Mean measured Total error 8 =B + €
value of
parameter _ gy ious error — Outlier

Random
?/ error (e)

Slar___ a_____* An A __>_
<>U A A A A \
" B Fr cOUeTICY
Systematic error/ distribution of
measurement
\-True value of
parameter
Time

Time during which the parameter
is assumed to be constant
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7-2.3 Averaging and Models for Variability

Instruments used in performance testing measure
parameters such as temperature and concentration of
certain constituents in a gas stream. Most instruments are
capable of sensing the value of a parameter only at a single
point or within a limited region of space and at discrete
instants or over limited “windows” of time. Itis well known
that parameters such as gas temperature and composition
vary in space (stratification) and time (unsteadiness). It
shou . . L
physjcal processes rather than experimental error. For
example, the laws of physics dictate that the velocity of a
flowihg fluid must be zero at the walls of a duct while the
velodity nearer the center of the duct is usually not zero.

In § performance test, engineers sample several points
in sppce and time and then use averages of the data to
calcullate test results. The averages are the best available
estimates, and the differences between the average value
of a flarameter and its instantaneous and /or local values
are uped to estimate the error in the measurements and
in arly results calculated from them. The method of
calcullating the average and the method of calculating
the yYncertainty in the average depend on the model
selected for the variability of the parameter. The choice is
betwpen a constant value model, in which the parameter
is asqumed to be constant in time, space, or both, and a
contihuous variable model, in which it is assumed that
the flarameter has some continuous variation in time,
spacg, or both (refer to para. 5-2.3.1).

Copsider the velocity of gas in a duct. The proper
modg¢l for the variation over time of gas velocity at afixed
poin{ in the center of the duct may be a constant value;
howgver, it is improper to adopt a constantvalue model
for the variability of gas velocity over-the duct cross
secti{? because the laws of physics dictate that it must
be otherwise. Figure 7-2.3-1 illustrates these concepts.
All of the variability in the actual data for a constant
valu¢ model parameter is taken as error; however, only
the gcatter about the contintious variation should be
consildered error for a continuous-variable model.

The proper average value for a constant value model

is thd familiar arithmetic average

_ 1N

F= X (7-2-1)
and thepopulation standard deviation of the mean or its

_ 1
y=—lyydr
T
and for area variation it is
-1
y=—liydA

Because data are obtained only at discrete points in
space, instants of time, or both, numerical integration
schemes are typically used to approximate the integrated
average. If the data are sampled at the midpoints of
equal time or area increments, the integratedl average
may be calculated with eq. (7-2-1); howéver, thd standard
deviation is not calculated by eq. (752:2) becaiise a con-
stant value model is inappropfiate. It must also be
emphasized that alternative,-mere accurate flumerical
integration schemes can be developed that dp not use
eq. (7-2-1) to calculate théadverage.

The experimental €tfor in an integrated a
due to the following two sources:

(a) error in the-point values of the data

(b) error dde to the numerical integration

The first\type is the “ordinary” experime
due to.process variations, instrument errors
second\type results from the imperfect reprg
of the continuous variable by a set of discre
and’ the approximations in the integration s
this Code, the numerical integration error is
systematic error.

verage is

htal error
etc. The
sentation
te points
heme. In
taken as

7-2.4 Overview of Procedures for Determinin
Random and Systematic Uncertainty a
Propagation

d Their

ires  for
ator test
7-6. This

The working equations and proced
calculating uncertainties for steam gener
results are given in subsections 7-4 through
section gives an overview of the procedpres and
emphasizes certain critical concepts. An dspecially
critical concept, the distinction between constant value
and continuous variable parameters, was disfussed in
para. 7-2.3.

Random errors are the result of random
during the test. Random errors can be esti
taking numerous readings and applying the
statistics to the results. The following discussi
methods is based on the assumption that the

Fariations
ated by
ethods of
of these
ader has

estimate, the sample standard deviation of the mean
1 n

S = {N—l;(xi _x)zr

N1/2

(7-2-2)

is the proper index of the random error.

The proper average for a continuous-variable model
parameter is an integrated average. For time variation,
the proper average is
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arruTcterstarig—of —etermertary—statistics—Statistical
concepts for performance test code work are discussed
in ASME PTC 19.1 and Benedict and Wyler [4].

Analysis of random errors is based on the assumption
that they follow a Gaussian (normal) probability
distribution. One important result of this assumption is
the root-sum-square method for combining errors due
to individual sources.

Two important concepts concerning random error are
“independence” and “degrees of freedom.”

(
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Fig. 7-2.3-1 Constant Value and Continuous Variable Models
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(b) Continuous Variable Model

Parameters are independent if a change in one
does not imply a change in another. If this is not
true, the parameters are dependent. As an example,
the dry gas loss depends on both the gas tempera-
ture and the oxygen content of the gas. Any error in
temperature is unconnected with oxygen content; the
two are independent. On the other hand, the results
of a fuel analysis are given as percentages of various
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constituents. Since all of the percentages must add
to 100, the constituent percentages are dependent.
Physically, if the percentage of one component (e.g.,
carbon) is lower than the percentage of another compo-
nent (e.g., ash), the percentage of another component(s)
must be higher.

Measurement errors can also be independent or
dependent. The independence or dependence of errors

(
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can be different from the independence or dependence In this Code, the phrase “standard deviation” is used
of the measured parameters. If all constituents of a fuel ~ to refer to the sample standard deviation of the mean
sample are determined independently from different  unless otherwise noted. The standard deviation of a
procedures applied to different subsamples, then the  single set of data is the standard deviation of the mean of
errors are independent, even though the constituents  the single set of data. The standard deviation of a result
themselves are dependent. If, however, one constituentis ~ is obtained by combining the values of the standard
determined by difference rather than by direct analysis,  deviations of all the parameters that affect the result
then the error of that constituent is obviously dependent ~ according to the equations given in subsection 7-4.
on the errors of the remaining constituents. There are times when it is necessary to estimate
Special care must be taken in dealing with depend-  standard deviations. Obviously, a pretest uncertainty
ent parameters or dependent errors. When parameters ~ analysis must use estimated values of the|standard
are dependent, this dependence must be accounted  deviations, since the test data from which\to| calculate
for ih the sensitivity coefficients. When errors are them do not yet exist. In some cases, it is'not fleasible to
depehdent, the cross-correlation between them must obtain multiple observations of the data during a test. If

be cansidered [2]. only one observation of each measurement is pvailable,
Prgblems with parameter and error dependence  the standard deviation of the.data must be estimated.
can pe minimized by reducing measurements and The Student’s ¢ statistic is based on the degrefs of free-

resulf calculations to sets involving only independent  dom of the standard deyiatien of the result and|the prob-
paragneters and measurements. For example, the closure  ability level selected (95% in this Code). As fiscussed
relationship between fuel constituent percentagesshould ~ in ASME PTC 19.1,'@value of 2 (the value asjumed by
be uged to eliminate one measurement and its error. Student’s t for large degrees of freedom) can b¢ used for
This [Code generally follows this approach; therefore  the Student’s¢ statistic for most situations arisipg in per-
it is pisually not necessary to include consideration of  formance tésting.
depepdent parameters and dependent errors. Systemdtic error is “frozen” in the measurement

The degrees of freedom of a set of data is a meas-  systemand/or the data reduction and result cplculation
ure df the amount of independent information in the  process and cannot be revealed by statistical ajalysis of
data) A set of 10 temperature readings begins with thedata. For a given set of measurements usir|g a given
10 dggrees of freedom. The number of degrees of free- _\ measurement system, the systematic error is fixed and is
dom|of a particular statistic calculated from the data>;” nota random variable. Systematic errors are those fixed
is relz_]iuced by the number of other statistics used~t0  errors that remain even after instrument cplibration
calcylate the particular statistic. The mean tempera-  (systematic error can be no smaller than th¢ random
ture [calculated from 10 readings has 10 degrees of  error of the calibration experiment). It is spmetimes
freedom. To calculate the sample standard\deviation = possible to conduct experimental tests for systematic

of the temperature, uncertainty. Most often, however, it is necpssary to
. N estimate values for systematic uncertainty. Th¢ problem

s, = {LZ(T—T)Z] (7-2-3) of estimating uncertainty was discussed by Kline and

N-1i5 McClintock [5]. Note that, although the actudl system-

requires use of the calculated mean, T, so the standard ~ atic uncertainties are not random variables, jestimates

devidtion has only 9 degrées of freedom. (This is why  Of Systematic uncertainty are random variables
the djvision is N—1 rather than N.) different estimators are likely to choose differs

A |somewhat cumbersome formula is needed to for the estimate.

deterjmine the resulting degrees of freedom when a result Sysfcematic uncertair.lty estimates must be based on
depepds on sevexal parameters, each with a different ~ €Xperience and good Judgment. ASME I.)TC 19.1 pro-
number of dégtees of freedom. Fortunately, if all param- ~ Vides a few general guidelines for estimating systematic
eters|hayeSatlarge number of degrees of freedom, the uncertainty. Obviously, the person in the best fosition to
effecfs of degrees of freedom disappear from the calcu- ~ estimate systematic uncertainty is the person who con-
latiots- . a-darse-samplelhas-more-than-aboy ducted the te he recommended practice in estimating
25 degrees of freedom, but in practice, about 10 degrees ~ Systematic uncertainty is to estimate the value that is
of freedom is often sufficient. expected to provide 95% coverage. This estimated value
The random uncertainty of a result is the product of 18 esgentially.a two-standard-deviation esti.mate.
the sample standard deviation of the mean of the result It is sometimes necessary to use “data” in a perform-
and the appropriate Student’s  statistic. ance test that is based on estimates rather than on meas-
The sample standard deviation of the mean is  urements. Likewise, it is sometimes more cost-effective
calculated by to assign reasonable values to certain parameters rather

. 12 than measure them. Examples include the distribu-
. Sr :{;Z(T—T)Z} (7-2-4) tion fractions (“splits”) of combustion residue between
N [INN-D 5 various hoppers or the amount of heat radiated to an
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ash pit. Itis also necessary to assign uncertainties to such
data. It is perhaps an academic question whether such
assigned values of uncertainty are labeled as systematic
uncertainty or random uncertainty. In this Code, uncer-
tainties in estimated parameters are generally treated as
systematic uncertainty.

After values for both random and systematic
uncertainties have been determined, it is necessary to
determine the uncertamty in any results calculated from

Orne at a time, each parameter (x;) is changed by a
small amount (8x;, typically 0.1% to 1%) 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

the data. This rocedure is
ties.” Bechuse random and systematic uncertainties are
different fypes of quantities, it is customary to propagate The uncertainty of the result is the root-sum-square
them sepprately and combine them as the final step in ~ of the random and systematic componefts-of uncer-
an uncerfainty calculation. The calculation procedure  tainty times an appropriate value of{the Student’s
is straightforward, if somewhat tedious. Assume that a t statistic. Because the systematic(uncertainty|esti-
result, R, [is calculated by mates are made assuming the systematic errors are
random variables (as noted earlier), the systefatic
R =fly, Xy v ) uncertainties also have degrées of freedom. A |arge
number of degrees of dr¢edom indicates tha} the
where . . 4
y " systematic uncertainty\estimate covers the range of
x, throyigh x,, = independent measured quantities possible fixed errors-with a high degree of certginty.
Each x|has both random and systematic uncertainty. =~ Conversely, a sniall number of degrees of fre¢dom
For eithep type of uncertainty, the basic propagation  implies that there is some uncertainty in the upcer-
equation s tainty estimates. This concept is discussed in th¢ ISO
o Y (o ¥ of 2712 Guzde to thevExpression of Uncertainty in Measurdment
. [eﬂ] +(e”) +“‘+[6XM] } (7-2-5)  and in ASME PTC 19.1.
ox1 0x: X Ascshown in ASME PTC 19.1, a degrees of fre¢dom
where for thie result, R, is determined from the degrees of free-
¢ = the standard deviation or dom for the systemic and random uncertainties of dll the
= the systematic uncertainty independent measured quantities. The effective defgrees
M = the number of independent measuréd of freedom of the result is usually large enough thgt the
duantities Student’s ¢ statistic for a 95% confidence interval f¢r the
uncertainty can be taken as 2.
The rodt-sum-square addition of errors is theoretically The uncertainty of the result is then determined js
correct fqr random uncertainty and is assumed to be , ™
proper fof systematic uncertainty as wel [2',5]. ' . 2{[ B, J (s, )2:| (T-2-8)
The pjopagation equation can berwritten in the 2 8
following dimensionless form:
ex | AT x e T v Where the “2” multiplier is the Student’s t stqtistic
R Z{HRBTC,)[;;, H (7-26)  and Bt is an estimate of the standard deviation fdr the
where systematic uncertainty of the result. The values pf B,
e, = the uncestainty (random or systematic and S are obtained from eq. (7-2-5).
uncertainfty) in x,
y 7-3 PRETEST UNCERTAINTY ANALYSIS AND
The cog¢fficients TEST PLANNING
[ x Qf

t 7
LR ox; J
are called “relative sensitivity coefficients.”
Since the calculation procedure is often complicated, it
is often impossible to analytically evaluate the required

partial derivatives. These derivatives are usually
estimated by a numerical perturbation technique.

izf(xl,...
dx

x; +0x,,...

JX)— fx, ...
X,

i i

X, Xy)

(7-2-7)
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A pretest uncertainty analysis is an excellent aid
in test planning. The parties to a test can use a pretest
uncertainty analysis to assi