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FOREWORD

Since the original publication of these Guidelines in 1993, then limited to steam power plants,

the field

of performance monitoring (PM) has undergone considerable expansion. PM has gained in importance as the
lifetime of equipment and power plants have been lengthened and greater demands on extending it by careful
monitoring — rather than its replacement by new equipment — has become the tendency in the power

indfisfry. The techniques themselves have also been transformed, Targely by the emergence of electro

me

wag

org
reg
sep

deemed necessary to update the document itself.

irds the reader. Part 1 “Fundamental Considerations” stresses, not only by its contents but also by i

nlc data

isition as the dominant, though not exclusive, method of obtaining the necessary information. Maimual
hods remain but as specialized applications. Based on the realization of the changes that have‘taken place it

The new realities of engineers and other plant personnel concerned with PM arg-reflected in the revised
hnization of the new Guide. This consists of three parts which are considered to haveequal importahce as

S

hrate editorial status, the importance of considering the essentials of PM priorte the specifics of thd actual

application. All too often lack of experience or need for rapid delivery of results has led to implementation

wit
pro

199
new
cas
imp
in 1
stry

and

bram. The distinction here is in the emphasis given to the underlyingimportance of basic considera

. The concepts of PM implementation and diagnostics havebeen brought into closer conjunction a

ortance of cycle interrelationships have now been thdroughly recognized and so the distinction giv
993 was no longer necessary; it has become an aceepted part of PM implementation, in practice an
cture of this revised Guide.

Part 3 “Case Studies/Diagnostic Examples” is wholly new. Since 1993 a large amount of expe
historical data has been accumulated and-a selection is here presented. The importance of Part 3 gg

bey
sig

ond the illustrative although the various actual situations briefly described were chosen for their ap
ificance. In a larger sense, Part 3.illustrates the immense scope and variety of PM and, it is hoped,

hout due thought being given to the basic needs, potential benefits and likelihood of tradeoffs of thg PM

fons.

Part 2 “Program Implementation” is a thoroughly revised and*updated text of the main body of the
3 Guide. Readers familiar with the original edition will find Seme of the material familiar but much that is

b is the

 in contemporary practice rather than as two wholly separate aspects of monitoring activity. Simildrly, the

bn to it
1 in the

fience
es
blied
thereby

makes clear the need to carefullyconsider the specifics of each monitoring situation. There are few general

rulgs and many aspects particularto the plant, equipment and process to be considered. Plant’s technic
arelencouraged to learn from the experience of their predecessors in the field of monitoring and carefu

SC

tinize these recommendations and details as guidance to establish an optimal PM program.

This edition was approved by the Performance Test Codes Standards Committee on December

ACKNOWLEDGMENTS

] staffs
ly

8, 2008.

This revision of PTC PM Performance Monitoring Guidelines for Power Plants is dedicated to

the

memory of Fred H. Kindl, who passed away while this revision was in progress. Mr. Kindl was an outstanding
engineer who significantly promoted the importance of power plant performance activities, a faithful member
of the Committee, and a major contributor to the content of these Guidelines.
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CORRESPONDENCE WITH THE PTC PM COMMITTEE

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

Jecretary; PHFE-Stamdards-Commmttee
he American Society of Mechanical Engineers
hree Park Avenue
ew York, NY 10016-5990

roposing Revisions. Revisions are made periodically to the Guide to incorporate changes that
appear n¢cessary or desirable, as demonstrated by the experience gained from the application-of the Guide.
Approvef revisions will be published periodically.

.

(@]

'he Committee welcomes proposals for revisions to this Guide. Such propesals’should be as specifi
as possible, citing the paragraph number(s), the proposed wording, and a detailed description of the reasons [for
the propgsal including any pertinent documentation.

Attending Committee Meetings. The PTC Standards Committee holds meetings or
telephong conferences, which are open to the public. Persons wishing to\aftend any meeting or telephone
conferenfe should contact the Secretary of the PTC Standards Committee or check our

Web site| http://www.asme.org/codes/.
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set

INTRODUCTION

This document contains guidelines for performance monitoring and optimization. These guidelines
establish procedures for monitoring power plant performance parameters in a routine, ongoing, and practical
manner.

These guidelines do not constitute or supersede any of the Performance Test Codes. They constitute a

and
cap
infq

of nonmandatorv ouidelines to promote performance monitoring activities
E=J r r =}

The guidelines provide methods and procedures to monitor power plant and equipment perfort
to validate, process, and analyze the data in order to improve or optimize unit or plant thermal-effi
pcity, economic dispatch, operator awareness, and cycle component diagnostics, as well.as\to provi
rmation for engineering studies, preventive or predictive maintenance, and planning purposes cong

equipment maintenance, replacements, or upgrades.

test]

It is not the intent of this document that the instructions it contains be used for acceptance or d
ing of new or existing power plants, systems, and components.

hance
iency,

e

erning

fficial

xi
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ASME PTC PM-2010

PERFORMANCE MONITORING GUIDELINES
FOR POWER PLANTS

Section 1
Fundamental Concepts

1-1
1-1

mo
pov

ma)
Un
11

in g
of 1

methods available, and means for evaluating particular applications.

per
per
and

pro

1-2

1-2.

and
pro
reli
pla
ns

.1 Object

The object of these guidelines is to provide information to implement and utilize a performancp
hitoring and optimization program effectively. These guidelines are not intended to become mandatory for
ber plant performance monitoring, nor do they include all or override any safety considerations.

 range from very small to quite large, depending on the given situation. It jsSimportant for the engi
evaluate uncertainty and take appropriate action for meeting goals. Useful references include PTC 19.1

.2 Scope

ombined cycle, and the balance-of-plant portion includinginterface with the nuclear steam supply

formance characteristics and trends, determination of sources of performance problems, analysis of]
formance in relation to the process, determination of losses due to degradation, possible corrective 3

pbram, using either an automated or a manual data acquisition system, or both.

pbram can be imaplemented for multiple reasons such as cost reduction, capacity improvement, and/o
hbility improvements. The decision to implement a performance-monitoring program should be bas

OBJECT AND SCOPE

In performance monitoring of diverse items of power plant equipment, the uncertainty level of]

ertainty and the related Performance Test Codes.

The scope of these guidelines includes fossil-fueled powgr plants, gas-turbine power plants op

uclear power plants. The guidelines include performancé.imonitoring concepts, a description of var

The guidelines provide procedures for validation and interpretation of data, determination of

performance optimization.

The guidelines provide the mmecessary information for implementing a performance m

OVERVIEW
1 Definition of Performance Monitoring

Performance monitoring is an overall, long-term effort to measure, sustain, and improve the pl
or unit thermal. efficiency, capacity, dispatch cost, emissions control, and maintenance planning. T}

t and fléet-requirements and available resources. This includes personnel knowledgeable of the prqg
mentation, the data collection medium, and the required analysis and interpretation techniques.

results
neer to
Test

prating
ystem
ous

the
jctions,

pnitoring

Ant

he

r

ed on
cess, the

For the purpose of this document, the term “monitoring” refers to an overall, long-term, contin

uing

program. It can range from periodic testing of individual components to on-line monitoring of all cycle
components. The term “testing” refers to a specific part of the performance monitoring program.

These guidelines cover a broad range of performance monitoring techniques oriented toward p

OWEr

plants. They seek to advise plant personnel on how to effectively monitor the efficiency and condition of the
equipment throughout its lifetime. They also extend beyond monitoring itself into the areas of information
evaluation and application toward corrective action.
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The guidelines are intended to meet the user's performance monitoring needs beyond the traditional
Performance Test Code function or contract compliance of individual pieces of equipment. The guidelines are
intended to be used only to the extent that they are practically feasible in power plant performance monitoring.
The value of implementing the guidelines will vary significantly from plant to plant. The remaining life of the

plant, siz

e of the plant staff, and other resources already available will influence the degree to which these

guidelines can be employed.

The guidelines are arranged by subsection in the logical order of program development and use.

Followin

g subsection 1-3, the order of the subsections is as follows:

calculati
A and is
to take tH

universit
further r¢

1-2.2 Py

revenucs

core ther

cost-ben

These guidelines assume the user has a working knowledge of thermodynamigs, and plant performar

o) 2-1, Program Planning

) 2-2, Instrumentation

c) 2-3, Performance Monitoring Implementation
/) 2-4, Incremental Heat Rate

le) 2-5, Performance Optimization

ns. An overview of the most useful thermodynamic concepts is included in\Nonmandatory Appen|

e place of a formal course in thermodynamics.

Dther available guidance for performance monitoring includes shart courses by consultants,
es, professional engineering societies, and industry research fitms. Papers and texts recommended
ading are referenced at the end of most subsections.

iIrpose of Performance Monitoring
la) The purpose of performance monitoring is to reduce net production costs and/or increase facility
This can be accomplished by any or all of the following:

(1) improving heat rate

(2) maximizing generation

(3) increasing availability

(4) increasing maximum net capacity

(5) reducing overall net emissions

(6) optimizing maintenance activities

(7) providing information to nuclear power plant operations with respect to maintaining reactor
mal power within license limits

(8) aiding in.analysis of plant information with respect to environmental limitations

(9) aiding.dn operational decision-making
) Performaiice monitoring programs involve the collection and analysis of process data for variou
pfit purposes such as

{#) providing instantaneous operator feedback with regard to controllable losses

intended to provide a targeted thermodynamic review for power plant performance. It is not intend¢

ce
dix
d

for

(7) tracking controllable losses gver ]nng-ﬁmp pprinﬂq
(=}

(3) establishing unit heat rate for fuel accounting, regulatory records, fleet load dispatch, and/or

performance comparisons

ordering

(4) determining cycle component contribution to total unit performance

(5) troubleshooting air-emissions control equipment

(6) diagnosing component condition for establishing overhaul schedule and scope and to improve

of parts requiring long lead times
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lead to increased tube erosion and if not-corrected, can result in tube failures.

damage prior to a tube failure,
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(7) optimizing individual cycle component operation
(8) determining input/output characteristics for economic/incremental loading

In addition to the above benefits, performance monitoring provides early indication of off-normal plant
conditions, allowing performance engineers time to assess and respond to events that, if left unattended or
unrecognized, could lead to premature equipment degradation or equipment shutdown. Plants with effective
performance monitoring programs identify trends in equipment performance earlier, have more time to plan
effective responses to the information collected and may achieve higher avallablhty, reliability, safety, and

.3 Recognizing Safety

(a) When setting up for and implementing a performance monitoring program, site.safety polig

ollowed. Questions to consider during preparations include the following:
(1) Are plant personnel being put in dangerous situations?
(2) Will the test conditions overly stress any portions of the site systems or equipment?

(4) Are there any impacts to the surrounding community that'need to be considered?

(5) Will the plant be put in a situation that could result ific violation of operational safety

Before starting a performance test or monitoring progtam, all the appropriate site personnel sh
fied of any conditions that may impact site equipment. This may include the plant management, op
ervisors, maintenance personnel, and safety manager:

(b) Some performance indicators can also identify potential unsafe conditions before they fully
elop. A loss in performance may provide earlywarning of future safety challenges. Some examples
pntial unsafe conditions include

(1) a decrease in sootblower performance, which may indicate tube wall cutting from an in
ving pattern. Improper sootblower operation, nozzle selection, blowing pressures, or blowing patte

(2) a deterioration in<{inishing superheater performance due to high-temperature creep tub

(3) stage deposits.in the turbine, which may precede turbine imbalance itself.
(4) seal losses) which precede turbine shaft seal cutting.
(5) cascade’drains water flashing, which precedes heater damage.

.4 Periodic'Versus Continuous Monitoring

Performance monitoring can be periodic, continuous, or some combination of the two. The add
efits eficontinuous or on-line monitoring include

(3) Could the stress caused by test conditions cause damage toequipment or the entire plapt?

(S

ies—

.should

imits or

buld be
erations

of

correct
NS may

Jitional

(a) ability to accumulate data over time

(b) knowledge of when changes occur and under what circumstances for early recognition of impact on
operation and maintenance

(c) ability to anticipate potentially serious impacts from initial indications
(d) ability to know cost of power as it is generated at all load levels
(e) opportunity to dispatch the unit based on current cost
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(f) ability to track controllable losses over time
(g) opportunity for continuous optimization
(h) less labor required for automated systems than for batch systems once implemented

(i) ability to warn nuclear power plant operations of potentially unsafe conditions, such as exceeding
licensed reactor thermal power limits or environmental limits

The evaluation of periodic versus continuous monitoring should include a comparison of the higher
one-time capital and ongoing maintenance costs of permanently installed instrumentation and data collection
equipme VC U C 'I‘V'.l'd L O O 'lll. O Cd l"l C "‘ O PIO '. |
two typep is to permanently install some or all of the tubing, cabling, or instrumentation used in periodic
testing. The joint use of sufficiently accurate existing plant instrumentation is another consideration te\be
factored fnto this decision. The joint-use option is most economically beneficial when incorporating.a
monitoripg program into the design of new capacity or major modifications. Periodic monitorin@may be the
only option available when the data or information required for analysis is not continuously, stored in the plant
computef data system.

1-2.5

Factors Critical to Successful Programs

bome considerations that contribute to the success of a performance monitoring program are discusged
in (a) thrpugh (g) below.

a) It is recommended to take the overall approach in specifying seope by planning to monitor all thg
sensitivelareas of a plant rather than concentrate on those that have been(historically troublesome. This affords
an opportunity for full process optimization and early detection of new<areas of degradation.

b) The more complex levels of performance monitoring may require increased quantities of
instrumeptation. A major plateau is sufficient instrumentation to’allow the calculation of an accurate flow anpd
energy balance around the turbine cycle. The advantages of aflow and energy balance include the ability to
calculatejreheat steam flow, extraction steam flows, low pressure (LP) turbine shaft work, LP turbine

efficiencly, turbine cycle heat rate and flow factors, and\further cycle analysis. An accurate flow balance may
require ijolation (shut-off) of all flows not measured or calculated, depending on the design of the facility.

) The ability to conduct monitoring at-attevel of detail and accuracy sufficient to establish componfent
internal ¢ondition requires a significant knowledge of and experience with the internal operation of the specific
local turbhine cycle components. This knowledge and experience and management’s confidence in it will resplt

only frorh demonstrated competence. Gompetence may be demonstrated by verification of predicted conditipn
by physig¢al inspection, retesting, or-improvement of performance as a result of a recommended operating o
engineer|ng action.
) If the generating units in question are involved in the bulk sale or purchase of power, knowledgg of
their absplute heat rate (cost) and emissions may be more beneficial than their relative ranking (which may lpe
adequate| for dispatching to'meet a single company’s load).

le) If the gerlerating units in question are marginal, in that their incremental costs are close to the

predominant cost’ of the system in which they compete, the determination of their incremental heat rate and
emissionp credits.may be more beneficial than if their incremental costs cause them to operate fully loaded (|
subsectiqn _2-4).

cC

192}

the use and results of the system.

(g) Successful programs involve operations, maintenance, and management personnel and promote
awareness of what heat rate is and what affects it.
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1-2.6 Typical Plant Energy Distribution

One of the keys to establishing an effective performance monitoring program is to allocate resources to
the areas that provide the most benefit. A performance engineer must know the relative magnitudes of losses in
power plants before priorities can be established to correct deficiencies.

Figure 1-2.6-1 shows the magnitude of losses for a typical coal-fired power plant. The overall thermal

efficiency for a single reheat, supercritical cycle is approximately 36%. Losses due to the boiler, cycle, turbine-
generator, and auxiliary power are roughly 11%. 45%, 6%, and 2% of total heat input, respectively. A similar

figyre for a gas turbine-based combined cycle plant is shown in Fig. 1-2.6-2.

Fig. 1-2.6-1 Typical Plant Losses
(Courtesy General Electric Co.)

Boiler Cycle
11% 44.7%
Turbine-generator
6.1%
Station
auxiliaries
2.0%
~
A
Fuel
input 89.0%
100%
o Net
44.3% elegtric
i) I output
( BFP power —0.9% )

341214 _
Net plant heat rate = 0362 9,426 Btu/kWh
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Fig. 1-2.6-2 Typical Losses for a Gas-Turbine—Based Combined Cycle Plant

(Courtesy General Physics Corp.)

Unrecovered gas

turbine-generator HRSG
3.0% 8.0%
Steam turbine
cycle
32.0%
J__J K
k I Steam-turbine
generator Station
2.2% atixillaries
3 1%
Gas turbine
exhaust energy
Fugl 62.0% 54.0%
ihput
0,
Nk 22.0%  19.8%
Y Y + ¥ . N
5¢h8% 53.7%
Y A
Gas turbine
output
35%
Net plan hedt rate = S 2% = 6,364 Btu/kWh (LHV)
Figure 1-2.6-3 shows the heat balance)diagram for the turbine cycle of a typical pressurized water
reactor npiclear plant. The associated mass flows for the steam and feedwater system are shown in Fig. 1-2.6
For this plant, the gross turbine cycle‘heat rate is 10,256 Btu/kWh and the turbine cycle efficiency is

3,412.14

10,256 = 33.3%. Figure 1-2,6-5 shows the energy distribution.

1
Electric
butput

4.
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Fig. 1-2.6-4 Mass Flows Through Steam and Feedwater System for Typical
Pressurized Water Reactor Plant
(Courtesy Power & Energy Systems Services)
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1-2.6-5 Energy Distribution for a Typical Pressurized Water Reactor Nuclear Plant
(Courtesy Power & Energy Systems Services)
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Figure 1-2.6-6 shows the constituents of the steam generator losses that account for 11% of total heat
input to the cycle for a typical coal-fired unit firing a low-moisture coal such as an Eastern or Midwestern
bituminous coal, and Fig. 1-2.6-7 shows the variables that make up the total losses of approximately 45% of
heat input defined as cycle losses, including feedwater cycle and condenser. The breakdown of turbine-
generator and station auxiliary power losses that account for 6% and 2% of total heat input, respectively, for
the typical coal-fired unit is shown in Fig. 1-2.6-8.

Fig. 1-2.6-6 Typical Boiler Losses
(Courtesy General Electric Co.)

Dry gas losses 5.0p6

Unburned combustibles,

radiation, and unaccaunted 2.0p6
Losses due to.moisture formed
by hydrogemeombustion 3.7p6
Losses due to moisture in fuel 0.2p6
»Losses due to moisture in air 0.1p6

Total boiler loss = 11.0P6

Fuel
input

3 5 g _ L,
100% 89.0% Boiler efficiency = 89.0%
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Fig. 1-2.6-7 Typical Cycle Losses
(Courtesy General Electric Co.)

Heat rejected with perfect cycle

and theoretical working fluid (carnot) 32.8%
Heat rejected due to Imperfections _

in working fluid 7:7%.

Losses due to APand AT in
feedwater cycle 2.2%
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input
100% 89.0%

Y Y
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Total cycle losses = 44.7%

Cycle efficiency = 49.8%
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Fig. 1-2.6-8 Typical Turbine/Generator Losses
(Courtesy General Electric Co.)

Nozzle and bucket
aerodynamic losses 3.7%
Exhaust loss 1.3%
//{> Turbine pressure drops 0.2%

Fuel Unitauxiliaries 2.0%
input
100% +
Net
44.3% 38.2% 36.2% electrif
¢ + ¥ outpu

Bearing and windage 0.2%

Leakages 0:3%

Generator electrical losses 0.4%

Total turbine generator losses = 6.1%

Table 1-2.6-1 Off-Design Conditions’ Approximate Effect on Actual Heat Rate

Turbine generator efficiency = 86.2%
Net turbine heat rate = (3,412.14/0,382)0.890 = 7,950 Btu/kWh

(Courtesy General Electric Co.)

Change in Change |n
Parameter Parameter Heat Rate
Majn steam temperature —10°F +10 Btu/kWh
Majn steam pressure —10 psig +3 Btw/kWh
Relyeat temperature —10°F +10 Btw/kWh
Reljeat spray +1% (throttle flow) +10-15 Bjw/kWh
Badk pressure +0.1 in. HgA +20 Btu/kWh
Exdess O, +1% O, +30 Btu/kWh
Flug gas temperature +10°F +20 Btu/kWh

to b

need to be determined.

The losses shown in Tables 1-2.6-1 and 1-2.6-2 and in Figs. 1-2.6-1 through 1-2.6-8 are typical and not
lied indiscriminately. They are affected by a number of parameters. including fuel burned. cy¢le

design (e.g., cooling tower versus air-cooled condenser versus natural cooling source heat sink, reheat versus

non-reheat, etc.), age and technology level of the unit, and ambient conditions. The losses for a particular unit

11
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Table 1-2.6-2 Value of Turbine Section Efficiency Level Improvement
on a Unit Heat Rate of 10,000 Btu/kWh
(Courtesy General Electric Co.)

One Percentage Percent Effect On Change in
Point On Turbine Cycle Heat Rate Heat Rate
High pressure 0.2% heat rate —20 Btu/kWh
Intermediate pressure 0.2% heat rate —20 Btu/kWh
Low pre§sure 05% heat rate =50 BTtwkWh

GENERAL|NOTE: Values shown in Tables 1-2.6-1 and 1-2.6-2 indicate general magnitudes of various parameters’ effect on unjtheat
rates at V\W}O.

Fig. 1-2.6-9 Computed Variation of Unburned Carbon With Excess/Air
(Courtesy Electric Power Research Institute)

6.0
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Coal fineness
(% through 200 mesh)

5.0 -

4.0 -

3.0 -

2.0

Unburned Carbon, %

1.0 -

5 10 15 20 25 30
Excess Air, %

esides knowing the order.of magnitude of losses, it is essential to understand which variables are
controllaple from an operations point of view; which ones are controllable from an engineering perspective
where equipment modificatiens; either by maintenance or design change, are required to effect a change in
thermal performance; and Which ones are controlled by nature. These performance monitoring guidelines se
to describe in detail how-an effective program can be established.

o
=~

here is a<feurth level of loss accounting: unaccountable losses. This is the difference between the
expected| heat raté.and actual heat rate after controllable losses, engineering change losses, and losses
controllefd by nature have been taken into account. Unaccountable losses are unknowns that need to be
identified and addressed. Very often they are evidence of cycle isolation or instrumentation problems. Once
identified, they fall into one of the other three categories.

As an example, there is a very close coupling and sensitive interaction within the steam generator cycle
relating to unburned carbon, coal fineness, and excess air as shown in Figs. 1-2.6-9 and 1-2.6-10.

Figure 1-2.6-11 shows the sensitivity of heat rate to stack temperature when inlet air temperature is
controlled by cycle heat (extraction steam). A good example of graphical representation of interrelationships is
shown in Fig. 1-2.6-12. It shows the effect of several steam generator-related parameters. Each line can rotate

12
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Fig. 1-2.6-10 Effect of O, and Coal Fineness on Unit Heat Rate
(Courtesy Electric Power Research Institute)
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Fig. 1-2.6-11 Effect of Stack Gas Temperature on Unit Heat Rate
(Courtesy Electric Power Research Institute)
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Fig. 1-2.6-12 Boiler Loss Optimization
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Table [1-2.6-3 Sensitivity of Heat Rate to-Various Parameters for a Typical Pressurized Wat
Reactor Nuclear Power Plant
(Courtesy Power and Energy Systems Services)

w
-

Change in Change in
Parameter Parameter Heat Rate
Throttle pressure +10 psig —17 Btu/kWh
Moisturd separator effectiveness —10% points +25 Btu/kWh
Reheat tgmperature —10°F +18 Btu/kWh
MSR cy¢le steam pressure drop +10% +6 Btw/kWh
Condenspr pressure +0.1 in. HgA +4 Btu/kWh

about thq pivot point at the center of the triangle. The arrow head can move laterally along the line it touches.
The arealsweptby-the-arrow-headed-lineincreases-or-decreases-dependinaupon-the-directionof swing—The
parameters represented by the area increase or decrease as the area changes. For example, lowering the boiler
excess air below the normal excess air set point will increase the levels of carbon monoxide and unburned
carbon, but will reduce fan power.

Table 1-2.6-3 shows the sensitivity of heat rate to various parameters for a typical pressurized water
reactor nuclear power plant.

Given knowledge of the order of magnitude of losses and degree of controllability, priorities can and
should be developed to meet overall thermal performance goals (see subsection 2-1).

14
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1-2.7 Building Confidence in the Results

One of the most important factors in the long-term success of a performance monitoring program is
that it is specified, installed, and implemented with the knowledge and care necessary to ensure confidence in
the results by all parties. Extreme care should be taken to preclude loss of credibility resulting from issuance of
inaccurate data or incorrect conclusions (see the diagnostic sections of subsection 2-3). Some considerations
that help to ensure confidence are as follows:

(a) The most critical resource of a performance monitoring program is the personnel. Instrumentation

can otsubstitute for thaoranah analucic haced an knawledae and exnerience The knawledae reauired rfboth
1O+ Ot ateTotHOFO v 5> HhHoWreagevha-erpeHehce—heHoWreageoqulroa

the [process and the measurement instrumentation is sufficiently complex that development of expertisg in the
dis¢ipline requires assignments that are significantly longer in duration than those traditionally given ypunger
englineers in corporate rotational training programs. The above, when considered together with the signjificant
cost-benefit potential of performance monitoring, suggests the establishment of performancg-oriented
deplartments providing career path advancement opportunities and program continuity.

Direct involvement in the cost-benefit analysis of the potential savings and field implementation of
projects identified by performance monitoring is a logical function of the more expefienced performanfe
pergonnel in an organization. This includes operational and control adjustmentsjtevisions to maintenarce
scope and schedule, capital equipment additions, and unit dispatch coefficientrevision.

(b) The second most critical resource is instrumentation. Selection 6f representative measuremgent
locgtions and the appropriate specifications of pressure taps, thermowells, and flow sections should be|in
accprdance with the PTC 19 Series and subsections 2-2 and 2-3 ofithése guidelines.
The performance engineer should select instrumentsthaving the necessary precision and agcuracy
for ftheir intended use, combined with readout systems whose sensitivity is sufficient at the lowest loadp, flows,
or theasurement ranges (see subsection 2-2). Instruments should be periodically calibrated at intervals that will
enspire long-term accuracy. The avoidance of drift in performance monitoring instrumentation is essenfial in the
long-term monitoring of plant performance.
The uncertainty of performance monitdring system results will vary over a wide range depending
on Instrument systems, economics, and expertise. It is most important that performance personnel and fheir
management realize that the degree of uncertaiity establishes an upper limit on the usefulness of the rgsults
such as the ability to establish machinery condition from machine performance.

1-2.8 Ensuring Valid Data

One measure of the validity of data is the statistical sufficiency of the data for the process conditions
under which it was collected and-the variation in the data as displayed by its statistical parameters (see
subkection 2-3).

Another important indication of the validity of data and the calculated results is the degree of
compliance with the physical laws regulating the process as discussed in subsection 2-3. This compliarce as

ng@ as the analySis-of a cycle and its components is most visible when monitoring is conducted over the widest
range of load and/flow. The shape of a given parameter’s variation relative to load or flow reveals signjficantly
mote knowledge about the test data and the process than is available from a single test point.

Both of the above considerations can be implemented by utilizing a data validation program in
conjunction with the performance monitoring program. Data validation routines that adjust measured data
within their uncertainty bands to better conform to physical laws before use in performance calculations are
becoming more widely available.

1-2.9 Making the Program Economically Justifiable

A thorough monitoring program can provide significant process performance information necessary to
decisions relating to operating practice, design, and modifications. This can include capacity increases, heat
rate decreases, improved reliability through decreased forced outages, decreased cost and duration of planned
outages, and knowledgeable and motivated plant personnel.
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In order for a monitoring program to be justified to the process managers, it must be responsive to their
needs in an accurate, consistent, and dependable manner. Given that performance personnel are a critical

resource,

it follows that optimum use of personnel suggests use of an automated data acquisition and

processing system to handle all possible labor intensive functions including

(a) instrumentation calibration

(b) data acquisition

(c) engineering units conversion

(

4
recommg
commer
further s

() datastorage
le) data averaging
f) data sufficiency checks
o) performance calculations
/1) steam and water properties
i) validity checking
/) regression analysis
) curve plotting
/) graphics generation
m) statistical analysis
1) uncertainty analysis
)) data retrieval
p) data set manipulation and what-if analysis
g) report generation

Automation of the above functions also eliminatesthuman error and accelerates availability of
ndations to management. Systems having some.or all of the above functions are available

ially or can be developed on a custom basisnSoftware evaluation should consider relative ease of
hstem expansion and modification.

1-2.10 Additional Benefits of Performance Monitoring

A
decision{

not close
Optimizz
benefit t
performa

pulverizg

\ thorough monitoring progranmtcan provide significant process performance information necessary
relating to operating practiceydesign, and modifications.

la) Examples of performance monitoring benefits include

(1) possible increased capacity if the component systems of a unit handling fuel, air, or water ar
ly matched in sizesuch that maximum unit capacity is limited by the smallest component.
tion of the smallest component’s usage can result in a capacity increase for the unit. The economic
the owner pf\a capacity increase may exceed many fuel savings benefits and significantly enhance
nce program justification (see subsection 2-3 for Cycle Interrelationships, and subsection 2-5).

(2) ‘optimization of the procedure for starting, loading, and stopping major unit auxiliaries such
rs, fans, pumps, and precipitators over the load range for power consumption. For example, if the

plant des

for

W

iN

1o1 permits, the number of circulating water pumps operating may be optimized relative to the low

pressure turbine choke point to achieve savings in auxiliary power consumption.

(3) use of monitored data to calculate rates of change of temperature and/or temperature

differentials in critical areas to influence operating practice toward the goal of improving equipment
availability and heat rate.

(4) test instrumentation that can serve as an audit of normal plant instrumentation.

(5) clarification of the relative benefits and tradeoffs of various operating practices such as full arc
versus partial arc control-valve operation and variable versus full throttle-pressure control.
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(b) Typical design revision decisions that can be influenced by performance monitoring include
(1) gas turbine inlet guide vane control adjustment throughout the load curve in order to give a
stable exhaust gas temperature into the heat recovery steam generator
(2) turbine control-valve operating modes, throttle-pressure set point selection, and turbine throttle
steam flows and pressures for turbine retrofits
(3) establishment of the need for and benefits of boiler heat-transfer surface modifications and
resurfacing requirements

4 sootbtower Tetocations; additions; or change i sootblower type (€. 2;; utitize water; stegm, or air
as the sootblowing medium)

(5) air preheater modifications

(6) variable speed motor drives

(7) feedwater heater replacement performance specifications
(8) condenser tube replacement specifications

(9) air preheater modifications

(10) overfiring of a gas turbine in order to generate more steam o ‘aequire more power out|of the
stegm turbine cycle

(11) type and size of potential combustion turbine inlet air ¢onditioning equipment

(12) operation and setpoints of inlet air conditioning equipment when operating a combined cycle
plant in a cyclic condition

(13) reduction of condenser pressure by optimizing-cooling tower fan operation

1-3 DEFINITIONS AND DESCRIPTION OF TERMS

The intent of this subsection is to include terms used in these guidelines as well as additional t¢rms of a
general nature specific to performance monitoring designed to provide a basic understanding of the
terthinology used by the power industry.

acceptance test: a test conducted to determine if a piece of equipment meets the performance requirements of
the [purchase contract and is hence accepted.

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

air planketing: accumulation ofinoncondensible gases on the steam side of heat exchanger tubes resulting in a
redfiction in heat transfer.

air reater: device to transfer heat from the flue gas to the air entering the boiler (recuperative or regengrative).
air fheater effectiveness: the ratio of the gas side efficiency to the X-ratio.

air fheater gas.side efficiency: the ratio of the actual drop in flue gas temperature through the air heater|to the
maximum drop possible.

<

air featerleakage. leakage of air from the air side to the gas side expressed in percent of total gas flow
ent¢ring-air heater.

air preheater: device that controls the air temperature into the air heater so as to maintain the exit gas
temperature above a minimum level.

attemperation flow: see desuperheating flow.
auxiliary electrical power: power used to operate the generating unit’s auxiliary equipment.
auxiliary equipment: equipment needed to support the operation of the boiler, turbine, and condenser cycles.

availability: measure of a unit’s ability to provide power compared to its full load capacity.
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back pressure: see turbine exhaust pressure.

blowdown: quantity of water drained from a steam generator in a nuclear plant, the steam drum(s) in a
fossil-fuel boiler, or a wet FGD system for continuous removal of impurities and sludge.

boiler air in-leakage: uncontrolled infiltration of air into the boiler through the boiler enclosure.

boiler fuel efficiency: the ratio of energy output to energy input when input is defined as the total heat of
combustion available from the fuel.

boiler grpssefficiercy—theTatioof erergy output toenergy mput wherm mput s defied-as thetotatHeatof
combustjon available from the fuel plus heat credits.

boiling water reactor plant: type of nuclear plant that utilizes heat in the reactor directly as the sourcel 0f main
steam fof producing power in the main steam turbines.

capacityfactor: ratio of the average load on a machine for a period of time relative to the ratéd,capacity
of the machine.

cleanlindss factor: ratio of the actual thermal transmittance to the transmittance at 100%,clean condition.

cold leg temperature (T,,4): in a pressurized water reactor plant, the temperature 6fwater exiting the steam
generatof and entering the reactor.

combustibles in ash: see unburned carbon.

condensqte flow: flow of water from the condenser hotwell through th©low pressure heaters to the boiler
feed punjps.

condensdqr air in-leakage: leakage of air into the condenser steam side.

condensgr pressure: absolute pressure on the steam side of the condenser above the tube bundles. It is
sometimgs referred to as condenser vacuum when referenced to atmospheric pressure. It may not be the samfe
as turbing exhaust pressure.

condition-based maintenance (CBM): maintenance based on emerging failure, also known as on-condition, pr
condition-directed.

continuoys monitoring: monitoring condueted on a uniform continuous basis, using automated data collectign.
correctidn factors: factors to be applied-to test results to correct for off-design or nonstandard conditions.

cycle isofation or alignment: the-precedure used to minimize unaccounted-for flows entering, leaving, or
bypassing cycle components.

data valiflation: process toxensure that the collected data satisfies statistical criteria and complies with the
physical [laws (thermodynamics, fluid dynamics, etc.) of the process.

desuperHeating flow: feedwater used to control the final temperatures of the main and reheat steam flows.

economi¢ dispateh’: a method by which the loading of the units on a system is determined on a least
total cos{ basis:

enthalpy-drop 1e3Ta test Conducted 10 deteITIe e TUrbine et fIciency based ol te energy Temoved by a
turbine section.

entropy diagram. a diagram expressing entropy values corresponding to various locations in a heat balance
diagram.

excess air: the amount of air in excess of the stoichiometric requirements.

excess oxygen: the percentage of oxygen present in the products of combustion. This is often confused with the
term excess air. The terms represent different quantities and their values are not equal but are related.
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exhaust loss: those losses associated with the steam exiting the low pressure turbine as a result of kinetic
energy changes and pressure drops. They are usually characterized in the thermal kit provided by the turbine
manufacturer.

expansion line: the locus of points on a Mollier diagram that depicts the thermodynamic states of the steam as
it expands through the turbine.

feedwater flow: flow of water from the boiler feed pumps through the high pressure heaters to the boiler.

feedwater heater drain cooler approach (DCA): the difference between the shell side drain outlet and t

he tube
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inlet temperatures.
gas analysis: flue gas constituents as measured on a wet or dry volumetric basis (O,, CO,, €0} etc

ss generation: total electrical output from the generator terminals.

le for a given set of conditions.

t credits: the net sum of heat transferred to the system by flow streams enterifig,the envelope (excly
combustion energy) plus exothermic chemical reactions and motive powerenergy of auxiliary eqy
nin the steam generator envelope.

t loss method: calculation method to determine steam generator efficiency expressed in percent bas|
buntable losses from the boiler.

t rate, gross. the ratio of the total energy input to the unit to the gross electrical generation.

t rate, gross turbine: the ratio of the energy input to the turbine cycle to the gross electrical generat

t rate, net: the ratio of the total energy input to th¢'unit to the net electrical generation.

aporization of all moisture.

LIP turbine shaft leakage: the steam-leakage from the HP turbine to the IP turbine through the shaft
mbined HP-IP element, sometimes ¢alled N2 or dummy gland leakage.

leg temperature (Tj,,): in a pressurized water reactor plant, the temperature of water exiting the rea
bring the steam generator.

'emental cost: the costassociated with the generation of the next increment of load on a unit,

Lit—output methodsealculation method to determine steam generator efficiency expressed in percent
he ratio of heatoutput to heat input.

ii—output. test’ a test conducted to quantify the unit fuel usage versus electrical output.

mean.temperature difference (LMTD): often used in heat exchanger calculations because the temps
lientis not constant along the length of the exchanger. Let the temperature difference of the two fly

N

t balance diagram: a diagram expressing temperature, pressure, enthalpy, and flow walues throughgut the

ding
ipment

ed on

on.

t rate, incremental: the energy input change required'to produce the next increment of load on the ynit.

her heating value: the total energy released by the complete combustion of the fuel. This includes the heat

seals of

ctor and

based

rature
ids on

the

Side of a heat exchanger be represented by dTA, and let dTB represent the B side. The LMTD is

(dT

A — dTB)/In(dTA/dTB).

loss due to unburned carbon: heat loss expressed in Btu/lIb of as-fired fuel due to unburned carbon in the ash.

loss of ignition (LOI): percent weight change when ash sample is heated to oxidize combustibles.

lower heating value: total energy released by the fuel without condensation of the water vapor in the products
of combustion.

macrofouling: fouling of the cooling water flow paths caused by debris.
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water: water added to the cycle to replace the steam and water lost.

maximum continuous rating: the contractual maximum continuous rating (MCR) output from a steam
generator.

microfouling: fouling of the condenser tube surface due to microbiological growth, deposits, or corrosion. This
inhibits heat transfer through the tube walls.

moisture

removal zone (MRZ): provision in turbines of nuclear plants for removal of moisture.

moisture
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removal zone (MRZ) effectiveness curve: relationship of MRZ effectiveness at various MRZ|steam|

separator reheater (MSR): device used in nuclear units to decrease the moisturé€ content and raise
ire of the steam going to the LP turbine.

ation: difference between the electrical generator output and the auxiliary electrical power.

nce parameters: those variables in a cycle that can be measured-0f calculated that are indicative of
erformance of a component or system.

Ctor: the ratio of the true power (kW) to the apparent power (kVA).
. the closeness of agreement between repeated measur€ments.

e maintenance: maintenance activities that are performed based upon the prediction of failure

p in the future. This is usually based upon pastmtdintenance history, coupled with results from
nce monitoring programs and other indicaters of equipment condition. Predictive maintenance
predict satisfactory performance until the niext scheduled examination, or identify an emerging
ate.

ed water reactor plant: type of nucl€ar plant that utilizes heat generated in the reactor to indirectly
main steam in steam generators\for producing power in the main steam turbines.

urer recommendations( Preventive maintenance activities are all maintenance activities performed
ed basis.

ss method: a method by which boiler efficiency is determined by a measurement of the energy
n the flue gas,the combustible loss, and the boiler steam duty.

pressure drop: pressure drop encountered in the reheat section of the boiler including piping.

terminal difference: the difference between the saturation temperature of the heating steam and the
ire>0f the cycle steam exiting the reheater in a nuclear plant.

separator effectiveness: the ratio of moisture removed to the moisture entering the moisture separajor.

ssure condenser: condenser that is partitioned so as to operate at more than one steam side pressurg.

e maintenance: maintenafnce activities that are performed on a scheduled basis, sometimes following

he

the

b

resolution: the smallest observable increment of measurement.

sequential valve (partial arc control): the operational mode to change turbine loading by which the steam flow
into a turbine is governed by opening one or more control valves sequentially.

single valve (full arc control): the operational mode to change turbine loading by which the steam flow into a
turbine is governed by opening all control valves simultaneously.

sliding pressure: see variable pressure.
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special moisture removal zone: special provision in LP turbines of nuclear plants to remove moisture.

station electrical power: total electrical power used at the station. This includes auxiliary equipment electrical
power and power used by support facilities (e.g., office, lighting, tank farms, etc.).

steam path audit: an audit of the turbine steam path that is used to quantify associated performance losses for
each nonstandard condition. These performance losses are determined by taking detailed physical
measurements of the steam path during a turbine outage.

subcooling: the temperature reduction of the fluid below its saturation temperature.

surface area ratio: the ratio of boiler heating surface areas such as superheater to reheater.

terminal temperature difference (TTD): the difference between the saturation temperature of the|heating fluid
at shell inlet pressure and the outlet temperature of the heated fluid.

thermal kit: a compendium of performance information, generally provided by the turbifie-generator
manufacturer. These include heat balances of the turbine cycle and correction curves:to. heat rate and lgad for
dewvfiations from rated values of selected performance parameters. The thermal kit-is strictly intended far
ver]fication of turbine-generator contractual performance guarantees and contains'Several assumptions
regarding components outside the scope of the turbine-generator contract. However, it does yield usefy
infgrmation that very often serves as the basis for designing the other components in the turbine cycle.

—

throttle flow: steam flow at the turbine inlet.

turbine choke point: the operating condition at which further redGetions in pressure at the LP turbine exhaust
flarjge result in no increase in turbine output for a given set of upstream conditions. This condition is typically
cauped by attaining sonic (choked) flow conditions somewhére within the LP turbine.

turbine efficiency: the ratio of the actual enthalpy change.in the turbine to the isentropic enthalpy change
(se¢ enthalpy-drop test).

turbine exhaust pressure: the LP turbine exit pressure measured at the exhaust flange. This is sometimges
refgrred to as back pressure. It may not be thé&same as the condenser pressure.

unfurned carbon: carbon in the fuel thathias not changed to CO or CO, during the combustion process.

undertainty: the estimated error limit-of a measurement, comprised of both the random and bias (fixed
components.

unit thermal efficiency: the ratio of the net generator output to the total heat input to the boiler.
valye point: the valve position just before the succeeding valve starts to open.

valye point loading; thetechnique of loading a unit at its valve points to maximize its efficiency.
valyes wide open(¥WO): the valve setting that corresponds to all turbine control valves fully open.

varfable pressure operation: an operating method in which the load is changed by varying throttle pregsure in
liey of changing valve position (multiple combinations of valve position may be utilized).

X-ratio=the ratio of the heat capacity of the air passing through the air heater to the heat capacity of th¢ gas
passing through it.
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Section 2
Program Implementation

2-1 PROGRAM PLANNING
2-1.1 Introduction

Successful implementation of a performance monitoring project requires the development and
executioh of a well-defined program plan. The plan must identify operational objectives, constraints, scope,gnd
depth of coverage to be attempted, and the general technical approach. It must consider data acquisition,
instrumeptation, and equipment issues. It must identify resource needs and ensure the proper assignment of
those respurces, both financial and human. It must define and communicate roles, functions, and
responsibilities. It must establish reasonable and realistic goals and schedules. It must also be flexible and alple
to accommodate changes in direction or priorities and unforeseen circumstances without adversely affecting
progress [toward the primary objectives.

The purpose of this Section is to present items and activities that should be considered during the
developrhent of the program plan. The level of detail to which each item is to be implemented is specific to the
individual project. Existing organizational and corporate policy and guidelines,may dictate the initiation and
overall sfructure of the plan. Basic elements in planning a performance monitoring program should include the
following:

) objective

) organization

c) available information

d) review of unit historical data

le) construction of performance cause-and-effectdogic trees
f) monitoring requirements

o) data acquisition

1) general instrument considerations
i) uncertainty analysis

/) data archival and retrieval

) results reporting

/) budget allocation

n) cost-benefit analysis

1) personnel and-equipment safety

The plan needs to be carefully thought out in advance at both the general and detailed levels. The
program [plan must be geared towards accomplishing the identified objectives. The ultimate choice of approgch
that will pest-Serve the user is a function of the objectives, the user’s time frame and available resources, and
other rel¢vant-factors. Information contained in this subsection is intended to help the user define the most
appropridate program ptam for the circumstancesOme reedsto recogmize that the ptamr meedsto-befrexibteand
adaptive and that it will need reevaluation in the course of execution to maximize its effectiveness.

2-1.2 Objective

The first step of program planning is to establish a goal-oriented objective. Goals should be related to
specific performance parameters. Performance parameters are those measured or calculated plant parameters
that have a direct or indirect impact on performance and generating capacity. The goals should establish or
enhance one or more of the following activities:
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(a) efficient unit operation and high unit availability

(b) evaluation of component/cycle equipment for baseline, trending, and statistical record purp
(c) performance optimization

(d) development of input/output dispatch curves

(e) performance problem solving

(f) timely maintenance planning

(g) performance evaluation following maintenance activities

0SE€S

be

pro
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formulate realistic goals.
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goT can be quantified to be a specific value or percent improvement. This is needed because the'effort]

(h) minimization of emissions
Goals should be established for each performance parameter selected for monitoring. In\most ¢

esigned to meet those objectives. For example, do the objectives involve net optimization of total

Huction cost? Do they target a single unit, the units at one or more locations, or all tlie units in the s
they involve operational or mechanical optimization, or both? Are they aimed at-¢fficiency or avail
oth performance areas? Do they really seek improvement as opposed to optimization? Are they ges
ard achievement of specific performance levels and/or cost levels? Answers'to’these questions will

Safe operation of equipment needs to be a foremost concern at alktimes.
.3 Organization

A dedicated staff is required to carry out the objectives.of-the performance monitoring progran
sonnel need to be assigned specific responsibilities and previded with a means of reporting results t

ma

Thik depends on whether a centralized engineering staff.is in charge of overall plant activities. Two tyj
orghnizational formats are suggested: individual plantiteams, or an integrated corporate-wide program.
typ¢ should match existing plant organizational stfuctures. It may also be appropriate to use a combine
approach. A performance-monitoring team should be established to carry out the program plan, and stg
posijitions should be defined with respect to-areas of responsibility.
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a vital aspect of program success, and should be given full consideration in any serious monitoring end

agement. Staffing for performance monitoring can begin at either the plant level or the corporate I

A considerable amount of infofination analysis, field and office investigative work, corrective
ning and follow-up, and other functions are necessary to make the program effective. Sufficient tir
bt be allocated for the assignedipcople to properly cover these areas. If this time is not provided, and
formance-monitoring functions are treated simply as auxiliary duties to other large responsibility ar|
ay be expected that the-efforts may have reduced effectiveness and that program objectives may ng

Staffing to support the monitoring program may involve substantial cost to an organization. T}
Cific staffing needs.will vary from case to case, and should be carefully and objectively analyzed to
brmine approptiate assignments of people. The expected cost effectiveness of the entire monitoring
uld recognize these staffing requirements and evaluate them accordingly. In any case, appropriate §|

ases the
5 must

stem?
ability
red
help

n. Staff
D
vel [1].
es of
Either
ol
ff

action
he

|
bas, then
t be met.

e
program

taffing is
eavor.

There is a natural tendency in performance monitoring work to concentrate on mechanical matl:ers of

equipment and units. However, there are extremely important people-related issues that affect operatiop and

performance, and in fact, may even determine the ultimate outcome of the entire monitoring program. An in-
depth coverage of the fundamentals of motivation, industrial psychology, training requirements, transition
management, and the numerous other human aspects that are party to large-scope technical undertakings is not
attempted herein. However, certain key human elements that should be taken into consideration in the
planning, conducting, and managing of the program are included below.

(a) Upper Management Commitment. Management support must be clearly established, demonstrated,
and maintained if any lasting results are to be achieved.
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(b) Employee Involvement. Involving many groups, including operators, engineers, maintenance crews,
and managers, in all aspects of the program will not only produce better technical and economic results than an
individual or single group effort, it will also help to establish a unified team approach working toward common
and mutually understood objectives.

(c) Operator Knowledge and Experience. The plant operators are of paramount importance to the
monitoring program. They will strengthen the program, increase the benefits attained, and help in avoiding
pitfalls and traps that may not be recognized through only engineering evaluations and management
assessments.

d) Communications. Keeping all groups with either direct or indirect connection to the monitoring
program [informed, from the earliest conceptualization stages through and into ongoing operation, willcgreatly
assist unglerstanding of and support for the undertaking.

2-1.4 Available Information

The determination of what performance information is currently available should b¢ ‘aecomplished
early in the planning stage. All available historical information relative to performance needs to be collected
and centtally located. Typical sources of information include the following:

o) records review
h) design and as-built performance information
c) equipment modifications that affect performance

d) differences between design criteria and current parameters,such as fuel analysis, ambient
conditions, etc.

le) results of performance tests

f) observations of knowledgeable personnel
o) in-service tests

1) feed pump tests

i) circulating water pump tests
/) cooling tower capability

k) feedwater heater level

/) feedwater flow validation

m) secondary valve leakage

n) MSR TTD test

o) heat exchanger tube)plugging
p) steam generator

g) feedwater-héaters

) condensers

s) comiponient inspections

) MSR

S do s R | "N
(&) LUl ulIc stedlll paul dUtit

(v) flow nozzle

(w) vendor manuals

(x) published papers

(v) plant procedures

(z) power calculation
(aa) secondary plant ops
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(bb) relating to alternate feed flow measurement
(cc) pump curves

(dd) drain pump

(ee) circulating water pump

(ff) condensate pumps (booster pumps)

(gg) feed pumps
(hh) plant calculations

(ii) power calculations

() uncertainty calculations

(kk) pressure drop calculations

(1) heat balance calculations (from A&E)
(mm) program reports

(nn) steam generator

(00) erosion corrosion

(rr) AOV/MOV

(qq) system health reports

(rr) user manuals

(ss) plant modeling software

(tt) online monitoring software

(uu) special equipment manuals

(vv) ultrasonic flow meter

(ww) acoustic monitoring equipment

(xx) portable temperature indicators (RED, infrared, TC)
(vy) industry contacts

Sources of information should/inelude plant personnel interviews, design documents supplied py
equiipment vendors and architect-engingers, turbine thermal kit, equipment data sheets, acceptance test[reports,
annual test reports, routine performance testing, and industry-wide utility experience.

2-1.5 Review of Unit Historical Data

A comprehensiyereview of historical performance data should be conducted. The data gatherdd from
thig review should be Gised to establish as-built performance levels attained by the unit and associated
equipment after inifial startup. Determining the level of as-built performance may consist of reviewing|
accpptance test data, simplified baseline test data, operational startup data, and design heat balance datj.
Normally, mere dccurate baseline test data will be established following the startup period and be mor¢
repfesentative of current performance and supersede the earlier data. Data of reduced accuracy and valjdity
shopldnotbe used. Trending of historical data, if available, may serve as an aid in identifying problem areas.
Changes in modes of operation should be noted and given sufficient consideration when sources of
performance deviations are being identified. Modes of operation to be noted should include sequential valve or
single valve admission, variable pressure, control valve position loading, startup practices, etc.

2-1.6 Construction of Performance Cause-and-Effect Logic Trees

Parameters that contribute to performance deviations can be identified with the aid of performance
cause-and-effect logic tree diagrams [2, 3]. A logic tree is intended to be a diagnostic tool for identifying the
root cause of plant performance degradation (see subsection 2-3).
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The logic tree is structured to guide its user through a predetermined decision process to determine the
cause of a problem by successively narrowing the problem scope based on available information. For example,
a heat-rate logic tree begins with a description of the overall problem being investigated, in this case, heat rate
loss. The next level identifies major areas in the plant cycle (systems, major equipment, etc.) that are potential
contributors to the overall problem of heat rate loss. Typical examples are the boiler, turbine, circulating water
system, auxiliary steam system, and cycle isolation. Each successive level of the tree provides more detail as to
the source of the heat rate loss and is more specific than the preceding level. The tree continues until the root
cause of the heat rate problem is identified. There may be more than one cause for a given symptom.
Associatfd with cach potentiat cause or probicm of e 10giC Iree are deciSIion Criteria. 1hese are conditions fhat
must be ¢valuated to determine if the potential cause is the actual cause of the immediate problem. In somie
cases, degision criteria may be based on the value of a single parameter (e.g., throttle temperature <1;000°F) or
the valugs of multiple parameters. In other cases, the trend of one or more parameters may be appropriate
decision [criteria. Sometimes, more complex decision criteria are needed. These may be equatiofis or
calculatipns, tables or graphs of parameter values versus plant conditions, checklists of the status of various
equipment, or references to tests that can be used to verify postulated problem causes. Current levels of
performdnce for those identified contributors should be obtained from all available soutces, including plant
operating data, maintenance records, and outage reports. Contributors indicating deviations from expected
levels shpuld be determined using the expected levels of performance established ‘above. The user should be
aware of|the source of the logic tree used, to be certain that the diagram reflects the plant’s actual
as-built qonditions.

2-1.7 Monitoring Requirements

During the records review, information will be collected thatiidentifies specific areas within the plant
that are dausing the largest degradation to unit performance. This will include availability, reliability, capacity
factor, cgpacity, and heat rate. Deviations attributable to the fellowing major equipment or systems should b
developad, recorded, and evaluated:

) boiler or combustion turbine or nuclear steanf-supply system
b) cycle heat rejection

c) steam turbine

d) moisture separator(s)/reheater(s) (for nuclear)

le) feedwater system or heat recovery steam generator

f) auxiliary electric power

o) cycle alignment/isolation

1) other balance-of-plant equipment

The results of thistteview of performance information will prioritize the equipment or systems to be
monitorgd. Within eackimajor system, subsystems may be identified to further pinpoint the areas where the
nitoring effort should be concentrated.

.T.1 Cycle Interrelationships. There are dozens of operational interactions in effect at all times qn

unrealistiC T0 expect to include all p € CcyC ips in any p g program,
even the most sophisticated. Performance monitoring personnel are thus faced with the decision of which ones
to accommodate in their ongoing programs.

A monitoring envelope concept (see para. 2-3.14) is used to visualize the existence of cycle
interrelationships. The envelope involves imaginary but defined boundary lines that surround the equipment
component, system, or unit being monitored. Cycle interrelationships may be viewed as those interactions that
cross the boundaries of the monitoring envelope. If the monitoring envelope is such that external factors are
influencing performance (or indicated performance) within the envelope, then it is necessary to identify and
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quantitatively consider those factors and their effects in the performance monitoring processes. Applying this
concept in the design and conduct of the performance monitoring program will assist the user in better meeting
the monitoring objectives. It will also improve the accuracy, repeatability, and reliability of the monitoring
results, by ensuring that appropriate measurement of and compensation for any important interactive effects are
included in the monitoring approach.

2-1.7.2 Diagnostics. During the planning stage one must look ahead and consider how best to analyze
all the data that will be collected. The goal of diagnostics is to discover the root causes for performance
degradation, and to provide indications if a worsening or catastrophic performance problem is imminent. With
thelend in mind, the program planner can envision the inputs, instruments, software and hardware, and|data
acquisition equipment that are required.

2-1.7.3 Program Optimization. Optimization of resources for any endeavor requires planning. [This is
why the program planner must evaluate a performance monitoring program from its beingup.to
impjlementation during the planning stage. In addition to optimizing the overall program; it'is equally important
to donsider performance optimization during planning. The reader is encouraged to béeome familiar w]th

subpection 2-5 during the planning stage.

2-1.7.4 Planning-Stage Questions. Responses to the following group.of questions will lead the
program planner to informed conclusions on which factors to include in the p€rformance monitoring pfogram.
Thgre is no single set of correct answers, since they will vary greatly depending upon individual needs
objectives, and circumstances. Developing valid answers to these planning-stage questions requires a
reagonable understanding of performance monitoring precepts and.of cycle interrelational concepts. It also
reqpires a functional understanding of the design, operation, and‘general conditions of the specific equipment
to Ye included in the monitoring.

(a) What equipment components are included within the boundaries of each monitoring envelqpe?

(b) For each monitoring envelope, what interrelational factors may conceivably cross its boundaries to
influence the operation and performance of the equipnient being monitored?

(c) For each of the interrelational factors-identified, what degree of impact might it conceivably
intrpduce into results?

(d) What is the most technically practical and cost-effective way of quantifying and incorporating each
intdrrelational factor that could potentially have a significant impact on results?

These questions pertain to the‘ongoing program and to the interpretation of monitoring results,|as well
as tp the planning stages of newprograms. In either case, they provide a logical process to the considefation of
cycle interrelationships, and to the sorting out of those factors that need to be incorporated into the overall

mohitoring requirements.

2-1(.8 Data Acquisition

An important part of program planning includes determining the method(s) of data acquisition|that will
be yised. The data)acquisition method(s) chosen should allow for upgrading as new equipment and techniques
becpme available and should also be flexible enough to accommodate additions to the number of pararheters
acquiredsshotld increased detail become desirable.

Data acquisition can be manual or electronic, and on-line or periodic. The objectives of the
performarnce monitoring program may dictate the type ol System. For example, information 1ot the operators on
controllable parameters should be updated frequently and will probably require an electronic system
continually updating a display in the control center. However, information for the results person may be needed
only periodically and to a higher level of precision, so it can be obtained by installing instrumentation for each
test. Generally, use of as much electronic data acquisition as possible is recommended so that enough data is
acquired over time to indicate trends. Data acquisition requirements for each performance monitoring system
should be developed to meet the program objectives, and a cost-benefit analysis should be conducted to
determine the number of points to be measured and the method of data acquisition.
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An automated plant historian will result in gains in both plant efficiency and program effectiveness.
There are many commercial systems currently available. They lend themselves to performance monitoring,
problem identification, and problem resolution. The potential worth of a historian cannot be understated.

2-1.8.1 Using the Control System. The control system typically has a wealth of information useful for
monitoring performance of a unit. Therefore, it may be cost-effective and convenient to extract certain
performance signals from existing control system(s) for use in a performance monitoring system’s data
functions. Modern control systems and standardized data communication protocols have made extracting
control system data more convenient and cost-effective than in the past. However. some types of control
systems ¢r plant computer systems may require upgrades to system hardware and/or software in order to
provide :];)r a computer interface that may no longer be supported by the manufacturer.

a control system upgrade is conducted simultaneously with the implementation of a performance
monitorihg program, coordination of the two projects will be advantageous. When new performance
instrumepts and plant controls are simultaneously retrofitted, proper planning will allow some transmitters,
data acquisition systems, and computers to satisfy both functions in an optimum manner,The most critical
considergtion is that accuracy requirements be met at all points along the data acquisition chain.

2-1.8.2 Electronic Data Acquisition Components. Typical components-0f‘a data acquisition system
include 4 sensor, signal conditioner, A/D converter, and data processor. An exarfipl€ illustrating a data
acquisitipn system is temperature measurement with a thermocouple. The sensor is a thermocouple that
produced a low voltage signal. The low voltage signal is picked up by the §ignal conditioner. The selection df
the thernjocouple type and other sensors is considered in Section 5.

The signal conditioner serves as an electronic link between the sensor and the rest of the system. Signal
conditioners have three stages: input, processing, and output. The input stage can include amplification,

measurel‘lent error compensation, noise reduction, and sensor@xcitation. Signal conditioners can be used to
linearize|the signal generated by an inherently nonlinear sensing device. Signal conditioners can also have fjlter
circuits tp reduce electronic noise. Finally, the signal corditioner produces an output signal.

Ffor a more detailed description of data acquisition methods, the reader is referred to PTC 19.22 [4].

2-1.8.3 Installation Considerations. Consideration should be given to intermediate termination racks
for input|cabling to allow for future changedut'of A/D hardware and computer systems without disturbing field
terminations. This also affords an opportunity for test jacks, disconnect switches for calibration and
maintengnce, and a location for somepassive signal conditioning, RTD, or other miscellaneous power suppliies
and therthocouple cold reference junctions. In selecting A/D hardware, consideration should be given to renjote
systems Jocated in the plant nearseveral sensors. This A/D hardware can be “smart” (engineering units
conversipn in the remote) or direct (where conversion register count values only are transmitted to a central
CPU for [further processing). The smart versions can be processing nodes on a distributed system highway o
subsystems of a more traditional central CPU mainframe system.

a3

All forms of'remote systems offer the advantage of reduced cabling cost, reduced exposure to noise
and interferencegand unloading of the central CPU work load. PTC 19.22 discusses five types of converters
and asso¢iatedssignal conditioning, filtering, and low level amplification [4].

Dther factors to consider in selecting A/D hardware include

(a) number of inputs per A/D (one per input, one per relay card of 4 or 8, or one per input scanner
system). This decision impacts system speed and calibration complexity.

(b) scan frequency (number of points/sec).

(c) variable amplifier gains (affects resolution and compatibility with various voltage levels
and ranges).

(d) ease of use of on-line standards for voltage (standard cell) and resistance (precision resistor) for
detecting drift or failure.

28


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

(e) conversion register bit size for determining system resolution capability [5]. System resolution
should be established at the lowest operating value of a parameter.

Pressure and flow differential pressure transmitter accuracy, temperature drift, ease of calibration, and
physical protection are significantly enhanced by location of transmitters in an environmentally controlled
room. The added tubing expense is partially offset by reduced cabling expense. Cabling can be further reduced
if transmitter power supply and A/D hardware are located in the same area. Cabling, grounding, and shielding
practice should be in accordance with PTC-19.22 [4].

the
incteased and transient operations are monitored. Accurate timing is necessary to cut off pulse a¢cymulation or
intgdgration of analog rates over a fixed time period and for correct display of relationships in plots of data

collected in sets such as pressure/flow relationships.

2-1.9 General Instrument Considerations

The amount of plant data readily available and its format need to be determified [6]. The goal i to

accpmulate a list of plant data points currently available from the data acquisition‘system or plant infogmation
computer. An in-plant instrument survey should be conducted to confirm theZa¢curacy and repeatability of the
megsurement system.

The purpose of the instrument survey is to create and verify a current list of usable plant instruments.
Thip list will be the basis as the instruments are checked for calibration, accuracy, and location. The ;IRey also
inclrlldes checking the scaling conversions and data signal conditioning programmed into the existing slystem.
Primary flow pressure and temperature compensation methods\should also be checked to verify that the
prithary readings are being compensated and that the correet flow meter coefficients are being used in fhe
calgulation procedure.

Program planning in the area of instrumentation should also include development of an adequdte
calibration plan and/or the utilization of a data validation program. These should identify the extent angl
frei:rency of calibrations for all instruments used in the program, so as to maintain adequate data qualify. The
calibration plan will vary not only between parameters, but also between instruments. Resources shoulf be
allgcated in the form of technician andrengineering support, and adequate calibration equipment. In addlition,
dodqumentation of the calibrations should be maintained and periodically reviewed for recurring instrurhent
proplems.

Instrument installations)fieed to be checked for correct installation practices. Instrument maint¢nance
and| calibration practices should be reviewed. These issues are discussed in subsection 2-2.

2-1.10 Uncertainty/Analysis

An uncertainty analysis can be performed to determine the overall uncertainty of calculating
performance parameters using the existing instruments [7, 8, 9, 10, 11, 12, 13, 14]. Uncertainty analysis is a
method for,calculating the propagation of instrument error and data acquisition error into a calculated gesult to
det¢rming the quality of the result. Conducting an uncertainty analysis consists of determining the inflyence or
sen| >1t1V1ty coefficient and the accuracy of each 1nstrurnent The influence coefficient is a measure of the

senk
coefficient of generator output on net plant heat rate w111 be shghtly greater than one, dependmg on the relative
magnitudes of gross generator output and auxiliary power. For each percent error in measuring generator
output there is a corresponding error in calculating net plant heat rate.

Influence coefficients are determined by performing heat balance calculations with a heat balance
program. Each input parameter (temperature, pressure, flow, power, etc.) is indexed by a given amount one at a
time and the heat balance is rerun. The influence coefficient is the ratio of the change in the input parameter to
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the change in the calculated result. If a heat balance program is not available, one can use established influence
coefficients from turbine thermal kits or other publications.

Assigning accuracy values to each measurement is based on the instrument manufacturer’s published
data, current calibration records, and ASME Performance Test Codes and Standards such as PTC 4, PTC 19.1,
and PTC 6 and its associated Report, PTC 6R. Equating the error associated with a particular measurement to
instrument accuracy may be too much of a simplification. The real concern is the error in the measurement that
results from installation practices, location, sampling rate, and human error.

frerthe mfiuence coefficients amd accuracies rave beem determined; the product of these two
numbers| the effect, is calculated, squared, and summed with the other effects associated with the algorithm)]
The square root of the sum of the squares is the overall uncertainty.

.

'he most significant outcome of an uncertainty analysis is a ranking of the instruments ageording to
their effdct on uncertainty. Listing the instruments in order of descending effect shows which.instruments hdve
the greatpst effect on overall uncertainty. A rule of thumb for determining how many instruinents truly affec
uncertairjty is the 20% rule [15]. Those instruments having an effect of at least 20% of the’highest instrumer
should b¢ considered for improvement.

2-1.11 Data Archival and Retrieval

— T

ith an on-line system, enormous amounts of measured and calculated. data can be stored
electronifally. Historical data is used to troubleshoot problems and make decisions about plant improvements.
st be taken during program planning to ensure that historical data is being stored at an appropriate
frequency and is made readily accessible.

ost commercially available data historian software packages have automated archival procedures and
do not require user interaction. All measured and calculated data“should be saved at a user-defined frequency
and time|tagged. The data historian system should provide retrieval of discrete data points for plotting versug
time or any other variable. The system should also provide a means for off-loading stored data from the system
to backup media.

ata compression techniques can be utilized to reduce memory storage requirements. These techniques
often include assigning a deadband to variables.ahd only storing a value when the bandwidth is exceeded.
Howevet, data resolution will become somewhat diluted depending on the size of the deadband. Therefore the
deadband should be configured carefully:to‘suit needs of the performance monitoring program. Care should
also be taken when interpreting data from a discrete time in between times when data was actually stored
(i.e., interpolated versus previously.stored value).

2-1.12 Results Reporting

erformance monitoring typically generates a tremendous amount of quantitative and qualitative
informat{on. The effective monitoring program must reduce this information to a quantity and form suitable(for
decision making. The-form and type of information needed will vary widely between performance monitoring
objectivds, and alsowill vary among different people within a given performance monitoring program.

esults- from the data and recommendations stemming from it should be placed in the hands of the
people whosean act on it. Operations needs on-line data relative to operator controllable parameters. Enginegrs
need raw data and calculated performance parameters, primarily historical information. Maintenance needs
information to assist in setting priorities on maintenance activities, scheduling, and ordering parts.
Management needs reports with regard to the plant and its major system summaries, trends, estimated percent
improvement, efficiency recommendations, and their associated cost savings.

A team with representation from all of the above groups can be useful to communicate needs and
priorities and successfully resolve problems. For example, a given problem may require Operations support to
initially detect and characterize a problem, Operations and/or Engineering support to diagnose a problem to
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determine its root cause and solution, Maintenance support to plan and implement a solution, and Management
support to coordinate and allocate resources for all of the above.

2-1.12.1 Assembling Data Results. Results reporting needs to be focused on providing the
information necessary to effectively quantify those performance parameters identified in the objective.
Methods of quantifying performance parameters may include absolute values, target values, and deviation from
target values.

The program plan should determme whether reports are to be produced on demand automatlcally, or
ntion
arious

idal and
he

in the
general,

lowfer levels of exact detail but higher levels of qualitative summary analysis are‘aeeded for upper
mahagement. Reduced data and results should accompany recommendations-and cost-benefit analyses|for
operational and hardware changes. Ultimately this information may be redteed to fundamental assessmients of
wh¢ther the program objectives are being met, how effectively progress-toward them is being made, whether
the|defined approaches are working or need to be modified, what performance changes are occurring, yhat the
valgyies of those changes are, how much they are costing to achieye,.ahd how many people are being conmitted
to the process.

2-1.12.2 Feedback and Follow-Up. Management controls are also a fundamental element in sficcessful
programs, providing important feedback to those directly engaged in the work; injecting resources whdre
neefded in the forms of personnel, money, and equipmeént; demonstrating emphasis and priority assignmhent to
the work as warranted; and making corrections of personnel or organizational problems as necessary.
Performance monitoring programs even in the best of situations are not completely automatic, self-susfaining,
perpetually effective endeavors. They require“and benefit from management overview of their activitieg, their
needs, and their results. Such management controls, similarly to the need for upper management comnjitment,
are jessential elements in the successful monitoring program.

Feedback and follow-up are.control functions within the monitoring process that are essential fo its
sucgess. They are both technical and management responsibilities, and must be understood and executg¢d as
such by all involved parties if.optimization is to be achieved.

Feedback involyes €éxamining the results of actions taken to determine if the predicted outcom¢s were
actyally achieved. Without such feedback on results, the process is very much open-ended, and the possibility
exigts that movementwill actually be away from, rather than toward, the identified optimization objectiives.

Follow=up involves taking corrective actions to keep the entire process on course. Follow-up eptails a
wide rangedf levels of action. It may be initiated directly by those with hands-on roles in either the opgrational
or the meehanical optimization levels, or it may be directed by those with upper management responsilnilities to
the rocess or by anyone in between The 1mp0rtant pomt concermng follow-up 1S that it is everyone’

2-1.13 Budget Allocation

A budget should be prepared during the beginning planning stage to ensure that funding meets the
desired program requirements. These resources include the labor and equipment needed to perform the tasks
dictated by the objective. Equipment requirements include data acquisition systems, performance monitoring
hardware, additional test equipment, and plant instrumentation. Another category of items to be included in the
budget are software (purchased or developed in-house), heat balance programs, computerized steam tables, and
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other analytical software tools. In budget allocation, continued upkeep and maintenance should also be
included.

It is necessary to face the issue of program cost at the same time as anticipating savings in the form of
a cost-benefit analysis.

It is recommended that program costs be highlighted for management consideration in the early stages
of planning. This will prevent such costs from arising unexpectedly and will allow for them to be considered,
planned for, and allocated in advance of the actual need.

2-1.14 Cost-Benefit Analysis

cost-benefit analysis should be performed to provide justification for the project. This is the\most
important phase of program planning. It can be a challenge because prior estimates of performance
improveinents are not always quantifiable.

stablish as-built benchmark performance parameters such as heat rate and capacity.~Phis informatipn
will be uped as a base for comparing off-design plant values and from that, determining dvoidable cost
estimateg. The difference between current and best achievable performance is a measuré.of potential
improveimnent.

provements in performance can be accomplished by operational changes, equipment changes, or
both. Equipment changes can be further categorized as refurbishment to as-btilt condition or redesigned to few
specifications.

apital costs associated with equipment changes are then compared to economic gains attributable to
performgnce improvements. There is some uncertainty associated. with being able to credit potential gains i
performgnce to new equipment. It may be necessary to selectively perform a sensitivity analysis along with the
cost-beng¢fit analysis. Cost savings based on operational changes are harder to quantify. Usually, performande
improveinents resulting from operational changes have to:be estimated and the sensitivity of the parameter qn
overall operating costs has to be considered [16].

The final required element is the continued‘cost justification of the program itself. This is chiefly a
management function involving the continual reasSessment of how both human and financial resources are
being allpcated, weighed against the actual ne¢ds for and values from the allocation being done. Periodically, it
is warrar]ted to globally examine performance levels of the organization, to consider the general state and vdlue
of those performance levels, and to assess'the total cost of the program itself.

It is advisable to separate the cost-benefit analysis for the justification of the performance monitorinig
program [from those for the individual projects involving equipment upgrade of improvement. For the planning
stage, th¢ performance monitoring program will be justified on the expected benefits resulting from the
program fand from the possible changes to operational procedures. Subsequent to the implementation of the
program/ cost-benefit analysis will be performed to justify the individual improvement projects as they arisd.
Any addftional requirements of monitoring and maintenance to sustain the improvement projects will be
justified fogether’ with the projects.

rovided that these reviews indicate the program costs to be less than the total net value of the actiops
the progﬂ,am 1S initiating, then there is clear economic justification for the program’s continuation. If prograr
cost, however, appears to exceed net value, then the program itself needs to be closely examined. Many
different options may be appropriate, ranging from strengthening and reinforcing the program to make it more
effective, to minor adjustments in approach or structure to adapt it better to the current needs, to significant
curtailment of the monitoring and optimization efforts. The latter should be considered an extreme measure,
only appropriate under conditions of very low marginal gains that are hopefully tied to very high levels of
performance already being achieved.

=}
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A performance monitoring program requires instrumentation of appropriate repeatability and a

er performance indieos! The benefits afforded by a performance monitoring program are not obtaing
hout careful selection, installation, and diligent maintenance of instrumentation.

This subsection provides guidelines for the selection, use, and calibration of instrument equipn
formance monitoring. This subsection references Performance Test Code documents for readers wh
greater.detail about certain instruments. Because of the wide scope of this document, it is not poss
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usef onithe more important aspects, allowing the user to prioritize any instrumentation upgrades that njight
be needed.

Performance is rarely measured directly. Temperature, pressure, and flow differential pressure

arc

measured, and the required result is calculated as a function of the variables. Errors in measurements and data
acquisition are propagated into the uncertainty of the resulting answer. This is why instrument accuracy and
repeatability are critical to a performance monitoring program.
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2-2.1.1 Accuracy. The degree of accuracy appropriate for performance monitoring should be assessed on
a case-by-case basis, but the selection of instruments should be influenced by

(a) cost consequences of failure to detect performance deterioration

(b) cost to restore or improve unit performance

(c) sensitivity of results to small absolute change in measured parameter
(d) instrument cost relative to value of information

2-2.1.2 Repeatability. Repeatability is the ability of the measurement system to produce results of the
same output/input relationship over extended time periods. Repeatability 1s essential in periodic monitoring
so that vgriations in performance indicated by test results are true indications of the deterioration of the
equipmeht tested.

ncertainty for various measurement systems, such as those described in para. 2-1.10, isygenerally
expressefl as a single value including both the random repeatability (scatter) and bias (fixed) uncertainty
compongnts. For long-term trending, the random component or repeatability is of interest./Bias errors will
affect ovprall uncertainty but have little effect on repeatability. Increasing the calibration‘accuracy of an
instrumeht will reduce the bias component and instrument uncertainty but may not improve its repeatability
Caution $hould be used in applying any statistical techniques without sufficient kiioyvledge of the relative
importance of the bias and random error components. A thorough description of\incertainty analysis is beydnd
the scop¢ of this document, and the reader is encouraged to consult the references listed for subsection 2-1 apd
for this spbsection.

2-2.1.3 Data Validation. In addition to regular periodic calibration of all instruments, particularly thope
providing numerical values for key parameters, a process should be\in place to ensure valid data. Several
methods [exist for data validation, but the automated systems arg-preferred over the manual or batch
methodo]ogy. Vendor-based software packages can be installéd*to periodically or continuously monitor the
reasonabijlity of the data. The actions of these calibration menitors include identifying the instruments
supplying erroneous or inconsistent data up to and including substitution of temporary “more valid” data.

2-2.2 easurement of Electrical Output

lectrical output level can be determinéd by measuring the power generated using wattmeters or
electrical energy generated using watthour raeters. The most common uses for this measurement are in
ng turbine cycle heat rate, unitteat rate, incremental heat rate, steam rate, and unit capacity
verificatijon. The gross electrical output'and auxiliary power consumption are usually measured separately. The
net outpyt is then determined by difference.

lectrical power meagurement involves much more than selection and installation of meters or
transduc¢rs. The power medsurément involves a system that includes the generator, instrument transformers
connectifg wires, all other\devices in the same circuit, and the wattmeter. All of these elements can affect the
indicated power, thus-greatly complicating power measurement. In addition, there are two different methodq of
connectipns for a thre¢e-phase generation system that can generally be described as three-phase, three-wire
with de’neutral, and three-phase, four-wire connector with neutral (see Fig. 4.1, ASME PTC 6
nfortunately, these different connection methods require different measurement approaches.

, fer"economic reasons, instrument transformers are omitted from one phase. The power measuremlent
is theoretically correct iT the phasc voltages are balanced.

2-2.2.1 Unit Watthour Meters. Three-clement watthour meters used for unit generation accounting
generally have a £0.50% to +1.0% uncertainty (see Table 4.4, PTC 6R). This type of device is intended to sum
large quantities of energy over long periods of time, so its indications change very slowly. Seemingly small
integrator reading errors (for total energy) or small timing mistakes (for rate) can cause very large errors in
power measurement. Great care must be exercised if data is manually collected. One very effective manual
method is to photograph the time and integrator together at the beginning and end of each test. Often this type
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of meter can be fitted with a photoelectric pickup so that data can be collected with an automated system.
Resolution with this approach can be as little as one-sixth of a disk rotation.

2-2.2.2 Power Transducers. High accuracy two-phase and three-phase transducers that indicate
kilowatts or integrate kilowatt-hours are available with uncertainties of =0.2%. These devices use the same
signals as the typical panel watthour meters. In fact, many are designed to replace the electromechanical
measuring devices and will fit within the existing case. These transducers can have both analog and pulse
output, which allows easy automation. This device generally adds an insignificant burden to the circuits.

2-2.2.3 Indicated Electrical Output. This type of electrical output measurement is usually the least
accpirate (approximately +5%). Indicated readings are tempting to use because of their convenience;thgwever,
most are intended to allow plant operators to approximate the load on the unit. These indicators may -b¢ used in
performance monitoring only when more accurate measurements are not available or accessible in a cqnvenient
manner.

2-2.2.4 Power Factor. Power factor is needed along with hydrogen pressure and/purity to calculate
elegtrical losses in the generator. Power factor has a measurable effect on heat rate if‘it.deviates far from
desjgn.
2-2.2.5 Other Considerations. Electric power is not measured in the pritary circuit because of high
curfent and voltage levels. Instrument transformers are typically used to step-down maximum currentsto 5 A
and maximum voltages to 120 Vac. Note that typical secondary voltages‘are 120/ 3 Vac. The use of
insfrument transformers unfortunately introduces additional unknowas ifto the power measurement. The
complex impedance of the secondary circuit and resulting phase angle shift affect the output of the
trarjsformers. PTC 6 requires calibration of the instrument transformers for high accuracy. This is not rlecessary
for performance monitoring if the transformers have been installed properly. However, knowledge of the
cirquit is required. If the complex impedance has changed on the secondary circuit, the apparent readinjg
can|be affected.

2-2.2.6 Calibration. All power measuring deyices should be bench checked. Some electronic trapsducers
are [standards, which means that they may be better'than standard bench instruments. For high-accuracy power

megsurements, all three phases should be measured independently with dedicated calibrated instrument
trarjsformers. The secondary circuit burden'should be measured so that full correction can be applied (3ee PTC
19.6 or IEEE 120).

The following potential transformer (PT) and current transformer (CT) correction should be agplied to
the [power output for each phase-asimeasured on the secondary side of the transformer:
(a) PT secondary voltage drop from the transformer to the metering instrument

(b) PT ratio correction factor as obtained from the Farber plot using PT secondary burden powgr factor
(PH) and volt amps (VA)

(c) PT phase-angle correction factor, calculated using the phase angle w (in minutes) obtained from the
Farper plot withthe above values of PF and VA

(d) €T radio correction factor (FCF) as obtained from the manufacturer-supplied CT ratio
corfection‘enfve

(¢) CT phase angle correction factor as obtained using the CT phase angle correction curve

Sicethe measurenent of €T secomdary burdens s Tisky (potentratumittrip)and-€ T, REFamd phase
angle curves are not always available, it is recommended that a value of 1.0000 be used for the CT correction
factors. The error introduced using this value is negligible.

After the above corrections have been applied to each phase, the generator outputs are summed and the
total test generation (primary side) is computed by multiplying the PT and CT turns ratio times the total
secondary side generation.

2-2.3 Measurement of Steam and Water Flow
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Flow calculation should be based on the average of the square roots of the differential pressures. There
are additional calculations in flow measurements that are not linear. It is common error to combine flow
element corrections to create a constant that, when multiplied by the square root of the differential pressure,
produces a flow rate. Area corrections, viscosity, compressibility, and the discharge coefficient (which is a
function of the Reynolds number) should be calculated individually for the temperature and pressure at the
time of each differential pressure measurement. The uncertainty in the resultant flow calculation should be
considered if these corrections are not performed.

Unfortunately, most installed plant flow metering devices are not sufficiently accurate to serve as th
primary flow measurements. Accurate and precise flow measurement requires the flow element to be install
in a location where the flow is free of swirl and other disturbances. To ensure necessary flow measurement
repeatablility, the element must be installed in a straight section of undisturbed pipe. Long radius elements afe
preferred due to their tendency to be less affected by fouling. In addition, a flow straightener is alse
recommgnded at the inlet of the flow section to minimize nonuniform flow profiles arising from‘nonideal
upstrean] pipe configurations. Also, high accuracy flow elements generally produce large differential pressufes
due to low beta ratios.

a

493
o.

To install a new primary flow meter into an existing header, several factorsmust be considered to
ensure the accuracy of measurements and not interfere with plant operation. The requirement of a straight
section off pipe with flow straighteners, and a low beta ratio element, means that Significant net head loss mdy
result. Uge of recently developed low loss flow straighteners and recovery,cones may minimize head loss. Iffa
new elenpent is built to replace an existing plant element, its design shoutd ‘include multiple tap sets to
accommg@date all required services. ASME PTC 19.5 contains an extension discussion of flow measurement]
techniques and calculation methods.

Differential pressure measurements shall be made with@ne instrument. Utilizing two separate pressjire
gages dopbles the uncertainty and usually entirely masks the*expected value, while often causing negative
(physically impossible) results. The water leg correction for differential pressure measurements is only applied
when thd process connection taps are located at different-€levations. The water leg correction applied in this
case is equal to the difference in elevation between, the taps.

2-2.3.1 Primary Condensate or Feedwater Flow Measurement. The Performance Test Code PTC
6 requires very accurate determination of primary flow to the turbine. The surface finish of the nozzle, flow
straightener, thirty diameter length, inspection requirements, and consistency of the discharge coefficient with
code lim]ts make this type of elementvery expensive. This expense is easy to justify for acceptance testing
or for an|effective performance testing’program. Remember that a 1% error in flow causes a 1% error in
calculated heat rate and/or NSS§-thermal power.

ost of the strict requirements of Performance Test Codes are to ensure precision and accuracy.
Unforturately, when costs aré cut on the primary flow measurement installation, the accuracy and precision|jare
lowered.|For performafnce monitoring, the straight pipe section and flow straightener are the most important
factors that will ensure’repeatability of the flow indication. The effect of insufficient straight lengths can be
estimated from RFC 6R.

ocation can have a significant effect on the cost of the flow section and the additional instrumentation
required fto\Calculate heat rate and/or NSSS thermal power. If the primary flow element (see Fig. 2-2.3.1-1) s
located at the boiler inlet (final feed), generally only a few instruments around the last feedwater heater are
required to calculate feedwater flow. However, at final feedwater temperature and pressure, the element must
be made with heavy walled, welded pipe section. This makes inspection impossible unless the nozzle is built
with an inspection port, as described in Fig. 2-2.3.1-2.

Locating the primary flow element in the condensate line permits the use of flanges, allowing easy
removal for inspection. However, it is also necessary to collect additional heat balance data around every
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feedwater heater downstream of the flow element, to calculate throttle flow. For a detailed discussion of the
advantages of condensate flow versus final feedwater flow, see ASME PTC 6S.

The location of the primary flow measurement should be carefully chosen. The best location requires
the least number of additional flow measurements. Any other flows that are used with the primary flow should
be additions to this flow (such as reheat or superheat sprays) and not redundant measurements. For example, if

Fig. 2-2.3.1-1 Primary Flow Section for Welded Assembly

Upstream pressure taps Throat taps
Plate-type flow straightener |/_
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Fig. 2-2.3.1-2 Inspection.Port
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. +0.031
0in. —p'000

GENERAL NOTE: The orientation of the nozzle on the pipe is determined by the designer.

two-boiter feed pumps tave their ow flow eternemnts; these easurenents would ot beexpected to be as
accurate as the primary flow measurement. It is doubtful that the sum of the flows measured at the feed pumps
will equal the primary flow measurement. These indications could be used carefully to bias the percent of the
primary flow through each pump, but not as an actual pump flow.

Nuclear plants typically rely upon differential pressure devices to measure feedwater flow. The most
common is a venturi meter chosen because of relatively low head loss as the fluid passes through the device. A
major disadvantage, however, is the susceptibility of this device to fouling of the throat area causing the meter
to register a higher differential pressure and, consequently, a higher flow rate than actually expected. This in
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turn leads to calibrating the nuclear instrumentation high, and while this is conservative with respect to reactor
safety, it results in lower electrical output and loss of capacity.

To address the fouling issues as well as reduce the flow measurement uncertainties, significant efforts
have been made in recent years by the power industry to find alternative means of flow measurement. One
device that has been approved by the Nuclear Regulatory Commission (NRC) is an ultrasonic flow
measurement device consisting of an electronic transducer that is controlled by a computer and is not
susceptible to fouling due to the lack of differential pressure elements. With ultrasonic flow measurement
devices, the uncertainty in feedwater flow measurement is approximately 0.5%. but the actual value is plant-
specific.

2-2.3.2 Secondary Steam-Water Flow Measurements. PTC 19.5 contains discussion of preper
installatipn of secondary flow elements. A straight pipe section and a low beta ratio are still important. In cages
where the secondary flow has a significant impact on calculated heat rate (i.e., desuperheating sGperheat sprity
or steam|heating coils), flow element calibration should be considered.

2-2.3.3 Valve and Packing Leak-Off Measurements. Forward reverse tubes and orifice plates arg
sometimes included in turbine piping by vendors. The possible influence on the calculated result should be
consider¢d before these measurements are pursued. Note that most small diameter lines have low choked flqw
limits; thlerefore, the maximum worst leak scenario will most likely have a very small effect on heat rate.

2-2.3.4 Indicated Flow Measurements. This type of flow indication-s.the least accurate. These
devices gre installed to allow plant operators to know approximate flow rate.

2-2.3.5 Circulating Water Flow Measurements. Pitot tubes«Can’be used to accurately measure
circulating water flow, provided there is a straight accessible sectionof circulating water pipe (typically foupd
in power|plants using cooling towers) that has been fitted with proper traverse valves. The valves should be
installedso that two multipoint traverses can be performed. A multipoint traverse is essential to obtain a godqd
flow megsurement. Dye dilution and tracer techniques can alse provide good flow measurements. A circulafing
water flow measurement can provide a good independent:check of unit energy streams. However, it requireq
skilled lgbor, is time consuming, and is not reasonably-automated.

Another method is flow calculated with the differential pressure drop measured from the condenser
tube shegt outlet to the circulating water pipe.This measurement can be calibrated in situ with pitot tube or
tracer mgthod, and can then be used as an on-line relative water flow measurement. This flow can be used tq
determing total heat rejection from the turbine cycle combined with circulating water temperature rise.

for power plants with once-through cooling, circulating water flow rates may not be measured
accurately due to lack of instrumentation. The flows may be determined by calculating the condenser heat
rejection|from an energy balapee-in the turbine cycle in conjunction with the circulating water temperature rjse.

2-2.3.6 Other Technologies. Relatively new technologies offer other flow measurement options.
Ultrasonjc flow meters(offer a nonintrusive and portable flow measurement method. Laser-based flow
measurefents offer. another method.

Coriolisitype meters represent a relatively new technology compared with positive displacement and
differentfal pressure liquid flow measurement equipment. They operate on the principle of torsional strain
being induced on a vibrating tube (or tubes) as liquid flows through it. The degree of torsional movement is
directly proportional to the mass 1low rate o1 liquid passing through the tubes. Electronic sensors measure the
torsional displacement continually, and generate proportional signals that are then converted to indication of
instantaneous mass flow. These indications may be applied directly as instantaneous, real-time flow
measurements and may be integrated to determine total mass flow over periods of time.

2-2.3.7 Additional Considerations. Because of the inherent pressure pulsation and normal flow
variation, a greater frequency of differential pressure measurements is required. For instance, PTC 6 requires
differential pressure readings every minute of a 2-hr test period, while all other temperature and pressure
readings are required only at 5-min intervals. Remember that most flow calculations are based on pounds per
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square inch differential (psid), not inches of water. Great care must be exercised when using water
manometers. The pounds per square inch value of an inch of water is a function of that water temperature. With
transmitters, use the manufacturer’s conversion in inches of water to pounds per square inch differential.

superheated, the slightest spray water impingement upon the outlet thermo-well can a cause a large err

While properly instrumented heat balances around feedwater heaters provide excellent calculated mass
flow determination, it should not be assumed that the same is true for balances around boiler steam
attemperator spray stations. It is recommended that superheat and reheat spray flows be measured with
calibrated flow elements. While heat balances around attemperators can work well when the steam is
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uncertainty of uncalibrated flow elements, refer to PTC 6R, parad4.15.

ulation.

m extraction, and others.

ations in diameter, surface finish, and pressure tap construction. Because of thisi it 1s very importar]

igh Reynolds numbers. Because of this, it is necessary to extrapolate the ealibration curve to obtain
harge coefficient for the range of use. The extrapolation must be basedipnthe expected nature of th
industry experience. PTC 19.5 and PTC 6 describe methods of extrapelation. For a detailed discus

In some nuclear power plants, ultrasonic flow meters aréused for primary feedwater flow
isurements and to calculate NSSS thermal power. These meters are also used to validate the indicat|

feedwater flow nozzles. Ultrasonic flow meters therefore can be used to continuously measure
water flow.

.4 Measurement of Pressure

Pressure is customarily selected as one of-the properties measured to determine thermodynami
nple fluid. Pressure is also used as an indirect means of measuring velocity and flow rate. PTC 19.

bsure reference used may be the same,fluid as in a differential pressure measurement, ambient press
e pressure, or zero pressure as in absolute pressure. Figure 2-2.4-1 graphically displays different pr
rence methods.

Selection of the proper pressure measurement instrumentation is highly dependent on the type
isurement and accuracy.desired. Figure 2-2.4-2 displays the general accuracy of commonly used

power requirements in performance monitoring programs. These instruments are available in varig
ps: strairi\gage, variable inductance, force balance, diaphragm, Bourdon tube, and optical sensors. T
onstructed to measure differential, gages, or absolute pressure. All are easy to use, but their accura

r in the

Some flow measurements are often not available as a measured value and must either be'‘estimpted,
negllected, or isolated. These include steam drum blowdown, sootblowing extraction steam flow, auxili

ary

2-2.3.8 Calibration. Unfortunately, nozzles and venturi discharge coefficients ate-very sensitive to small

t that all

or flow meters be calibrated before installation. Generally, it is not possible ¢e/calibrate large flow glements

the
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nes pressure as a force per unit area exerted by a fluid on a containing wall with respect to a referemce. The
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2-2.4.1 Transducers. A pressure transducer converts pressure to an electrical signal, making it yseful for
cor]:inuous performance monitoring applications. A high-accuracy transducer is ideal for minimizing

us
hey can

Cy may

iffected by the prevailing ambient conditions (see PTC 6R, Table 4.16, for uncertainty discussion).

2-2.4.2 Manometers. Manometers are typically used on low to subatmospheric pressure measur

ements

and differential measurements across flow elements. They have an inherent high accuracy and are considered
primary standards. As with the deadweight gage, the manometer requires the data taker to take readings
directly and is not easily automated.
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Fig. 2-2.4-1 Basic Pressure Terms From ASME PTC 19.2
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Fig. 2-2.4-2 General Uncertainties of Pressure-Measuring
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2-2.4.3 Pressure Gages. Direct reading pressure gages are commonly used by plant operators to
monitor power plant equipment. These gages may be of the Bourdon tube, diaphragm, or bellows type, with the
Bourdon tube being the most common. These instruments are also commonly used in performance
measurements where the £1.0% accuracy readings are acceptable; however, they must be calibrated in place to
obtain this uncertainty.

2-2.4.4 Deadweight Gages. The deadweight gage is an accurate pressure measurement device that is
goqd-forsteady state measurements—Thisisan-excellent calibration or check-devicetis not practealfor use
on measurements where pressure fluctuates appreciably or in a dirty environment that could cause the)piston to
stick. Its main advantage over other instruments is its accuracy of up to £0.1% uncertainty. A disadvantage is
tha{ the data taker must adjust the instrument to take the desired reading, thus requiring more qnaripowgr and a
longer test period.

2-2.4.5 Considerations in Pressure Measurements. Adding new pressure, measurements t¢ an
exigting system is expensive when penetration of high pressure and temperature piping:is necessary. (?}iten,
exigting pressure taps with new tubing run to new transmitters can serve dual needs with proper precautions.
Rogt valves at the pressure taps plus separate shutoff and blowdown valves for.each branch in the line pre
reqpired.

Regardless of the pressure measurement instrument selected, attention must be given to how the
insfrument is installed and operated. Particular attention must be paid.to elevation differences in the sopirce of
the [pressure and the instrument. Except for low pressure measuremenits, the instrument should be located below
thecenterline of the process. The line connecting the pressure.sensing instrument is usually filled with [fluid,
cauping the instrument to read high or low depending on theirelative location of the instrument to the spurce.
When measuring steam pressure, a column of liquid (watef) will form in the sensor tubing outside the process,
abave the instrument. This water leg must be accounted‘for when determining absolute pressure used fpr the
calgulations.

To minimize the possible errors contributed by water legs

(a) minimize the length of sensor tubing between the process and the instrument.

(b) ensure the water leg is periodically blown down to ensure that no air or bubbles exist in thd sensor
tubing.

(c) measure the difference-in elevation between the process connection and the instrument.

(d) consistently and correctly apply the water leg correction to all steam pressure measurements (i.c.,
subfract the pressure equivalent of the water leg from the measured pressure). (In practice, since all instruments
should be placed at or bélow the process, the water leg is applying additional pressure to the instrumen}t causing
a falsely high reading?)
If the medsured pressure is below atmospheric, as is the case for some LP turbine extractions and
exhaust, ensurglthat the sensor tubing is sloped toward the process and periodically vented to remove trapped
molsture. No water leg correction is applied to the measurement of pressure below atmospheric.

[isummary, liquid-filled lines should be routed from the source to the instrument in such a mgnner
tha{ the-line continuously slopes downward, and a low point drain should be available for purging the !Iine. The
OppOsIte 15 truc for gas-1illed lines. Gas-Tilled lines should be routed from the source stoping upward, with a

vent located near the top of the line, just before the instrument.

Pressure transducers are generally quite sensitive to ambient temperature changes. Because of this it
has been necessary to either control transducer temperature through careful location or environmental control.
However, with new technology, transducers are now available with accurate onboard corrections for
temperature and static pressures. Pressure measurement on a condensing turbine exhaust must be carefully
placed and use basket tips. The steam velocities in a condensing turbine exhaust annulus can affect the
static pressure reading. To prevent this, cages or baskets are put on the tip of the pressure line to prevent
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velocity-caused static pressure errors. Unpredictable water legs may collect in exhaust pressure instrument-
sensing lines that necessitate frequent manual or automated purging.

Consideration of the goals of the monitoring program will yield useful pressure values. Often pressure
data alone provides little useful information when working with incompressible flowing fluids. A good
example of this is multiple pumps operating in parallel between common inlet and outlet headers.
Instrumenting the inlet and outlet of each pump will provide no more information than instrumenting the
headers, unless pump speed, flow, and shaft horsepower measurements are also taken (and with high energy
pumps, temperature rise). The largest pressure rise is not necessarily associated with the best performin mp.
A lower flow rate can yield a larger rise in pressure.

ressure accuracy requirements should be analyzed on a case-by-case basis. The influence of pressure
errors and bias on turbine isentropic efficiency is not constant. To demonstrate this point, a theoretical’bias gnd
error plof of a high pressure (HP) turbine with a base efficiency of 83% at VWO is shown in Fig)2-2.4.5-1.
The bias|lines are examples of efficiency change due to a 10 psi shift in both throttle and cold reheat pressurgs.
The errof lines are for shifts in the cold reheat pressure only. Note that a 10 psi bias causes about a £0.8% shjift
while a 410 psi error causes a £1.2% change.

Fig. 2-2.4.5-2 there is a similar analysis of an intermediate pressure (IP)-tutbine. Notice that for the
amount, =10 psi is now worth £3%, while the £10 psi error in exhaustptessure is now worth £4.6%.
This indicates that identical pressure measurement errors and bias can have triple the influence on IP turbing
isentropif efficiencies as they do on an HP turbine.

2-2.4.6 Calibration. It is critical that all the pressure transmitter§/ar¢ calibrated and that they are also
maintaingd on a routine basis. The ideal calibration is done in a calibration lab. However, this introduces
environnpental effects and would not include the field signal cable ot electronic measuring element in the
calibratign. In addition, removal and reinstallation of the transducer can subject the device to undesired
stresses. [Therefore, in place, source to indication is the recommended calibration method.

Fig. 2-2.4.5-1 Effect of Pressure and Bias Errors on HP Turbine Efficiency
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Fig. 2-2.4.5-2 Effect of Pressure and Bias Errors on IP Turbine Efficiency
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Pressure transducers typically have zero and span adjustments. Traditional calibrations employ manual

adjpistments that actually change the output signal of the transducer. An alternative approach may be
considered instead. As-found or correction curves should bedeveloped for each transducer. Correction| curves
can|be as simple as a linear offset to as complicated as a high order polynomial curve-fit (see PTC 19.32). This
approach places correction responsibility on the software instead of in the unquantifiable adjustment of the
sigmal transducer. This approach allows close numerical evaluation of drift and necessary calibration
cycle times.

2-25 Measurement of Temperature

The selection of the appropriate t¢mperature measurement instruments for performance monitgring is

notl|difficult if the requirements for the measurement are known. All types of temperature instrumentatjon have
inhgrent advantages. The summary 0f instruments below covers most of the temperature instrumentatign
commonly used in power plants for performance monitoring.

2-2.5.1 Thermocouples. The thermocouple is a temperature sensing element consisting of dissimilar
elegtrical conductors electrically insulated from each other except where joined to form junctions. Thefe are
twd junctions at the extremities of a thermocouple. The measuring junction is that which is subjected tp the
tenjperature to be/measured, and the reference junction is that which is at a known temperature, usually an ice
poiht or ambierit temperature. Factors affecting thermocouples are the reference junction, the thermocduple
extg¢nsion lgad wires, the method of manufacture, and the long-term stability of the thermocouple.

The accuracy of a thermocouple depends on the type, the temperature at which it will be used, |and its
ibration. Continuous lead thermocouples offer the most accurate readings because they are not subjgct to

[11C dpPP dllo , CXIC OI1 ICAdsS OIICT a IC O V d allve W OU Sncing

accuracy. Multiple readout systems where thermocouple signals are jumped or paralleled can be done with care
but are not recommended. Some types of thermocouples corrode in certain environments, and some
thermocouples have very low or no signal at low temperatures. Type E or Type K are preferred because of their
higher signals in the temperature ranges typically experienced in power plants.

Thermocouples can be used over a very wide range of temperatures and can withstand more abuse than
resistance temperature detectors. They can even be spotwelded to boiler tubes or a turbine case and still
function correctly. Thermocouples are excellent for flue gas temperature measurement grids. Spools of wire
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can be obtained with leads inside a heavy stainless steel sheath that ¢an*withstand high gas temperatures.

Installed

to the rapge and variation of temperature to which the couple.is‘exposed (see Fig. 2-2.5.1-1).
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Fig. 2-2.5.1-1 TC Drift Study of Six Thermocouples Cycled 210 days to 300 days
(Courtesy ISA Services, Inc.)
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thermocouples drift as they age, necessitating recalibration/or replacement. The rate of drift is relat

p.2 Resistance Temperature Devices. A resistance temperature detector (RTD) is a conducto
resistance that should be subjected to a constant@urrent. Since the resistance of most metals varies
perature, the resistance of an RTD can be directly correlated to a temperature with a mathematical

of

uples and are more subject to failure; but are more accurate and linear, and operate at a higher sign|
h thermocouples. RTDs are available in three types of material: copper, nickel, and platinum, with

hg the most precise. They are also made with two, three, and four lead wires. The four-wire method
s the effects of extension leads. Figure 2-2.5.2-1 displays results of a cycling drift study.

\ thermistor is also a temperature sensitive resistor. Thermistors are extremely nonlinear. The
ire resistivity curve for a’‘thermistor is exponential in shape and has a negative temperature

ht. PTC 19.3-1974ndicates that a 20% resistance variation is possible from device to device.
, thermistors are:niow available that usually match manufacturers’ calibration curves with operating

ermistorsare-very sensitive and typically have temperature coefficients of —2 Q/°F.

5.3 Considerations in Temperature Measurements. The cost of additional thermowells can
by the use of dual or triple element sensors, such that existing indicators or controls can have separg

signals.

Unlike a thermocouple, an RTD does not require a reference junction. RTDs generally cost more Ean

1
e

be

evices can be built with different types of thermocouples or RTDs, or an RTD-and-thermocouple

combination can be combined in a single sensor. Thermocouples can be joined in series to form what is
generally called a thermopile. Thermopiles can produce larger signals than a single thermocouple at

the same

temperature.

Many plant flow streams exhibit stratification in temperature, velocity, or chemical composition.

Example

s include condenser cooling water, boiler gas outlet, and air heater outlet. Unfortunately this

stratification is not constant, may be significant, and varies with changes in unit operating conditions. Ideally,
flow should be measured at each temperature point and used to weight the temperature; however, this is not
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Fig. 2-2.5.2-1 Drift of Ice Point Resistance of 102 RTDs Cycled 810 days
(Courtesy ISA Services, Inc.)
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pragtical for continuous systems. The most cost-effective measurement solution is to use a grid of sens

PIS

locgted to provide a representative average of the cross section. Where possible, selection of a mixed point

downstream would require fewer sensors to measure a representative value.

Terpperatures should be measured at both exhaust\ends of a double flow turbine, if the steam is superh
Somnetimes a significant change in turbine performance will be shown by a change of only a few degre
timg that can be obscured when temperatures-are combined.

The influence of temperature €rrors and bias on turbine isentropic efficiency is not constant. T

de
efficiency of 83% at VWO. The-bias lines are examples of efficiency change due to a 10°F shift in bot

High accuracy temperature measurements in-major inlets and outlets of turbines are very impoftant.

bated.
bS Over

D

onstrate this point, a theoretical bias and error plot of an HP turbine is shown in Fig. 2-2.5.3-1 with a base

h throttle

and cold reheat temperatures.The error lines are for shifts in the cold reheat temperatures only. Note that a

bias causes about a +0.5% shift while a 10°F error causes a £3% change.

Figure 2-2.5.3<2 displays similar analysis of an IP turbine. Notice that the same bias of about 4
renfains worth £0.5%,while the +10°F error in exhaust temperature is now worth +4%. This indicates
idemtical temperature measurement errors increase about 1% from high pressure to intermediate press
in this example,-a consistent shift in inlet and outlet temperatures (bias) does not appear to be very ha
accpiracy while device-to-device differences (errors) can have a significant effect.

Jemperature measurements of compressed water (feedwater) or superheated steam (throttle) a1

10°F

hat

e. Also,
ful to

e very

useful; however, wet steam or mixed phase data can be very misleading. For instance, condensing turb

Inc

exhaust and lowest pressure feedwater heater extraction temperatures are of little or no use.

The method of signal measurement is also very important. The ability of the power supply to provide
constant current or voltage for an RTD is critical. Likewise, stable reference junction temperature is critical for

accurate temperature measurement with thermocouples (see ASME PTC 19.22).

2-2.5.4 Calibrations. All temperature measuring devices should be checked. If high accuracy is

desired,

detailed calibration should be performed. Calibration cycles should be based on experience and the need for

accuracy.
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Fig. 2-2.5.3-1 Effect of Temperature Bias and Error on HP Turbine Efficiency
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Fig. 2-2.5.3-2 Effect of Temperature Bias and Erroron IP Turbine Efficiency
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2-2.5.4.1 Thermocouple Calibration. It is reccommended that sample thermocouples from ea¢h
lot be chbelked-asainstreference-tables{seePTC19.3) The-averase-error-or-deviation-should-then-be-apslied to

TIRCO T SOt TO T o oot oo (Ooo T T TTIT Ty ST S O O T O O G oV Tt o S o ur Ot S o T p Pt e

the whole lot. When the highest accuracy is desired, every thermocouple should have its own correction table
developed.

2-2.5.4.2 Resistance Temperature Device Calibration. All RTDs and thermistors should be
calibrated. If the application does not require high accuracy, a simple check of the ice point resistance can
determine if the device has drifted from its expected value. For high accuracy applications, a multipoint
calibration should be run on each RTD. For some applications, a linear fit is acceptable. For ranges within the
calibration range, a third order polynomial works very well. For the highest accuracy, the RTD should be
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calibrated with melting point standards. The data from the calibration run should be used to develop the
calendar coefficients with the International Temperature Scale of 1968 (IPTS-68) corrections. For more details
on the calendar equation see PTC 19.3. For temperature measurements that are read through the control system,
it is good practice to compare the reading in the control system or data acquisition system with the local
reading at the instrument by disconnecting the thermocouple from the DAS and connecting it to a portable
reading device, then comparing the two readings at steady load. Errors and offsets may be found that

should be corrected.

2-2.6 Measurement of Air and Flue Gas Flow

Air or flue gas flow rates are needed for stack loss, air mover acceptance tests, air heater tests,
pulyerizer tuning, and routine operations. In each case, the flow is measured by a different method) Some
accpirate methods involve no actual measurement of gas flow but depend on calculations that ‘are’functions of
other flow measurements. The most accurate methods require multiple-point, three-dimensjonal traverges of
dugtwork as outlined in PTC 11. Some plant controls utilize gas flow elements; howeyeér, these are generally
not|concerned with actual gas flow rates but with relative or percent of total design,Regardless of the method,
accprate gas flow is very difficult to obtain quickly.

Gas or air flow rates would allow continuous fan power analysis and-betler efficiency calculatjons
without fuel flow or heating value measurements.

2-2.6.1 Permanent Direct Measurements. Some air and flue gas measurements are made dirpctly
with a flow element. The elements can be as simple as a fixed pitottube or a full duct air foil or ventur.
Sorhetimes these devices have been calibrated, or a simple duct modification will allow an in-service
calipration with a pitot traverse (para. 2-2.6.2).

2-2.6.2 Direct Manual Measurements. Manual flow'measurements are required for ASME PTC 11
fan|acceptance testing. This method provides the most aécurate gas flow measurement possible. A fivethole
prope can resolve the total velocity vector.

2-2.6.3 Inferred Measurements. ASME boiler heat loss method as described in PTC 4 can be fised to
make an inferred gas flow calculation. The method uses lab analysis of fuel burned and flue gas analysjis
appllied to stoichiometric combustion calculations. This method depends on an accurate fuel chemical gnalysis
and determination of heat absorption. PFC34 describes an additional method to measure boiler perforfnance

ess¢ntially using the boiler as a calorimeter.

2-2.6.4 Measurement of Gas Turbine Exhaust/HRSG Flue Gas Flow Rate. Gas turbine pxhaust
gas|flow is required to support-gas turbine and heat recovery steam generator diagnostics. Several methods are
avajlable to measure or calculate this flow. These include
(a) use of the calibrated gas turbine inlet scroll as a flow element for air flow to the machine. Hlows
calgulated on this basis are often reported by the gas turbine control system. Exhaust flow then is the sgm of
thi air flow, gas furbine fuel flow, and any steam or water injection flows.

(b) enctgy balance around the gas turbine as described in PTC 4.4, Gas Turbine Heat Recovery Steam
Gerperators,

(chenergy balance around the heat recovery steam generator.

Very often, the uncertainty of this measurement can be reduced by utilizing more than one of the above
mentioned methods (€.g., use ol botl gas turbine and HRSG energy balances).

2-2.7 Measurement of Fuel Flow

Accurate fuel flow measurement is important, but not always achievable. Whether the fuel is gaseous,
liquid, or solid, the measurement of each type of fuel is vastly different.

2-2.7.1 Liquid Fuels Flow Measurement. Positive displacement meters are often used in the
measurement of totalized liquid fuel flow. Their principle is quite simple. Usually, this device consists of a
meter body with a rotating vane mechanism inside. This mechanism inside the body accepts and discharges a
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predetermined volume of liquid for every incremental turn of the rotating shaft, resulting in a positive
displacement of fuel. A totalizer connected to the rotating shaft counts the total number of units of liquid that
pass through the meter.

Manufacturer-stated accuracy is in the range of 0.5%. Calibrations are usually performed using either a
volume tank or a prover meter. Unless the installed metering run has those features built into it, calibrations are
conducted at a calibration facility, typically using a fluid other than the one being metered. Besides calibrating
the basic meter cahbratlons are also performed on any addltlonal features such as temperature and spec1ﬁc

determinption of mass flow. They are a viable alternative for new or retrofit installations where©Operational,
accounting, or performance purpose fuel measurement is required.

Some boiler operators have identified a link between the viscosity of fuel oil thatis both temperatur
and oil-specific and the stack opacity. Instruments exist to continuously monitor fuel0il viscosity. For those]oil
boilers with the viscosity/opacity link, continuous monitoring is recommended.

U

2-2.7.2 Gaseous Fuels. Gaseous fuels add an additional problem to the flow measurement. First the gas
is comprgssible. At very low pressures perfect gas equations will work well; however, at pressures above
300 psia, supercompressibility becomes a significant factor that must be-corrected. With steam flow
calculatipns this supercompressibility factor can be calculated with thé st€am tables; however, with compregsed
hydrocarpons the required information is not as easy to determine. The best reference for this calculation is the
AGA mdthod of calculation of supercompressibility of hydrocarbons. This method requires knowledge of th
specific gravity of the flowing fluid.

[¢)

There are well documented means of determining-compressibility and densities. Some online contrql
systems perform approximations of the standard methods:"Most online performance monitoring systems off¢r
sophisticpted flow measurement formulations that cah increase the accuracy of all the flow measurements. The
instrumeptation needs to be programmed to send\the raw data (in terms of pressure, differential pressure,
temperatpire, or flow) as well as the calculated-flow such as returned by a transducer in order for the monitoring
system t¢ do the independent calculations.

2-2.7.3 Coal Flow Measuremehnts. There are four predominant types of scales used to determine copl
flow megsurement in utility boilers:static scales (e.g., truck scales), conveyor belt scales, batch scales, and ¢oal
feeders (pravimetric and volumetric). Each type of measurement system is discussed in this subsection.

IDevices are availablethat provide relative pulverized coal flow in the transport pipes. These deviceq
rely on npicrowave, acoustics; or electrostatics. As the coal flow is neither steady nor evenly distributed within
the transport pipes, the‘measurements fluctuate and contain significant uncertainty. Typically these devices
require ah absolute value determined via manual extractive methods to establish the range for relative flow fate
readings

2-2.7.3.1 Static Scales. Static scales, both truck and rail, are high-accuracy devices to weigh
received [codl in power plants. Static truck and rail scales should be calibrated using a standard railroad test ¢ar
or test truck with a weight traceable to the National Institute of Standards and Technology (NIST). The test
weight shall be at least 25% of the scale’s rating, but it is recommended that the test weight be close to the
scale’s normal operating range. Rail test cars are available from the railroad company serving the plant, and
test trucks are available from scale service companies and government agencies.

Prior to calibration, the scale should be inspected for wear, approach deterioration, inadequate scale pit
drainage, physical damage, proper rail alignment with approach (rail scales), severe rusting and corrosion, load
cell foundation deterioration, and any devices or obstructions that inhibit scale motion. If any of the above
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conditions are noted, they should be corrected prior to calibration. Scale zero should be checked and adjusted
prior to calibration. Scale zero should also be checked between calibration runs and after the calibration is
complete. If the scale zero has drifted £1 scale division, the scale zero should be adjusted and calibration
rechecked. A scale division is defined as the smallest weight the scale will indicate. Acceptable tolerances of
scale error are identified in NIST Handbook 44, Section 2.20.T.N.3.1.

The scale should be checked and calibrated using three test procedures: the increasing load test, the
decreasing load test, and the shift test. These tests should be performed with test weights and procedures in
accordance with NIST Handbook 44. Two test runs should be made to check tolerances. A zero check should
als@ be run prior to making adjustments to the scale.

Once adjustments are made, three repeatability runs should be made. The results shouldyagree within
the [value of the scale tolerance. Specific calibration and adjustment instructions for each individual scgle
manufacturer and model should be obtained from the manufacturer’s instruction handbook for the scalg.

The requirements listed in this subsection for the calibration testing of static s¢ales is general i nature

and will be suitable for a scale whose purpose is inventory control. Should the statiésScale be used as a|basis-of-
payjment scale, the scale design, calibration test procedures, tolerances, and userréquirements shall be jn
accprdance with NIST Handbook 44, Section 2.20.

2-2.7.3.2 Conveyor Belt Scales. Conveyor belt scales are uséd to measure both received and
consumed coal for utility boilers, and are often the primary source for determining the official utility h¢at rate
and book value of fuel inventory. The types of scales used in thesetwo services are generally of the highest
accpracy offered by a particular scale manufacturer. The best reportéd uncertainty for a conveyor belt gcale is
+0.1125% where the scales most commonly used have uncertainties from +0.50%. Conveyor belt scaleq systems
falllinto one of two categories of service: certified for basis-of-payment or noncertified.

Weighing accuracies for belt scales in both catégories of service may be the same; however, the
installation and calibration of a certified scale and its-associated conveyor must be in accordance with the
reqpirements of NIST Handbook 44. All conveyor belt scales should be calibrated using a weighed majerial
loagl test whenever possible. However, this method of calibration is required by NIST Handbook 44 for
cerjiiﬁed conveyor belt scale systems (NIST/Handbook 44, Section 2.21. N.II). A material test consists jof pre-
weighing or post-weighing a quantity of\material to be passed across the belt scale on a certified static
refgrence scale (NIST Handbook 44, Seetions 2.21. N.2 and N.3.2 through N.3.2.1). This weight is the
coTpared to the integrator reading te give the scale error in percent. Percent error = [(integrator weighf — actual
weight)/actual weight] x 100.

=

An adjustment is then'made to the scale electronics or the mechanical linkages to correct for afy error
foupd. On initial calibration of the system, at least three individual tests should be conducted. On subsq
ver|fications, at leastfwo individual tests should be conducted (NIST Handbook 44, Section 2.21. N.3.
resylts of all tests,should be within tolerances.

estdblish théAactor that will relate the results of the simulated load test to the results of the material tesf (NIST
Handbook44, Section 2.21. N.3.3b). The belt scale should be warmed up for a minimum of 30 min prijor to

Hanrdbeo —Seetton 22N Beforeanysealeeatibration; : o-shotd-b ed-witH the
conveyor running empty. The variation between the beginning and ending indication of the totalizer should not
be more than +1 scale division after the required test duration. At no time during the zero load test should the
totalizer change more than three scale divisions from its initial indication (NIST Handbook 44, Section 2.21.
N.3.1).

If the integrator does change more than the allowable number of scale divisions during the test
duration, the cause for the zero drift error should be investigated and the zero recalibrated. A scale division is
defined as the smallest weight unit the scale will register.
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At any time between material tests, or in the case of noncertified scale systems where a material test is
not feasible, simulated load tests should be conducted. Simulated load tests can be conducted with a test chain,
with static weights, or electronically, depending on the scale manufacturer’s recommendations and user
preference (NIST Handbook 44, Section 2.21. N.3.3).

For all simulated load tests, a known weight (Ibm/ft®), either physical or electronic, is applied to the
scale for a specific number of whole belt revolutions (ft). At the end of this time the totalizer should register a
specific, known, total weight. Percent error, if any, is calculated as shown above. In the case of noncertified
scales, a calibration adjustment is generally made after the first simulated load test, if required, and then
repeatability tests are run.

,_

'hree consecutive simulated tests should be conducted to check repeatability. The results of the
simulateql load tests that repeat within 0.1% (the difference between the greatest and least percent sgal€ errof)
for these[three tests should be less than 0.1%. One of the three repeatable checks may be the as<left check of
the scalelafter making any adjustment to the scale. Errors of 0.01%, 0.02%, and -0.01% are acceptable,

whereas prrors of 0.1%, 0.2%, and 0.22% are not acceptable. In the case of certified scale-systems, simulategl
test results should be interpreted and acted upon as follows (NIST Handbook 44, Section 2.21. UR3.2b):

) error less than 0.25%: no adjustment
h) error between 0.25% and 0.6%: adjustment can be made if the certifying authority is notified

c) error between 0.6% and 0.75%: adjustment can be made by a comipetent service person if the
certifying authority is notified. If the results of a subsequent test require adjustment in the same direction, a
material fest is required.

l) error greater than 0.75%: a material test is required.

Plotting as-found calibration errors as a function of time,will give the user an idea as to the scale
system’s|condition. Calibration records can indicate scale system problems. Since the conveyor is a major
compongnt of a belt scale system, the following items can be checked in the effort to identify a problem: idl¢r
alignmert, belt take-up mechanism, worn scale mechanism, worn test chain, changes in belt length due to
splicing, [and test chain/weight certification.

2-2.7.3.3 Coal Feeders. Two types-af feeders are used to measure fuel flow to the boiler:
gravimetfic and volumetric. Coal feeders are-an‘integral part of a boiler’s combustion control system, and in
some cases, can be used for coal inventory determination.

jamy

ravimetric feeders use conyeyor belt scales to determine coal fuel flow rate. These belt scales shoyld
be calibrfited at the same frequency and with the same methods as other belt scales whenever possible.

Accuracies of gravimetric feedefsjvary with age and maintenance practices, but can achieve values of +0.59
under opfimal conditions. Morereasonable assumptions for feeder accuracies may be closer to 5%. The usef

may needl to run tests to détermine as-found accuracy levels.

olumetric feedets, sometimes referred to as table feeders, do not provide a direct measurement of
rate to the.boiler. Instead, the output is a volumetric flow rate that must be converted to mass flow
rates baspd on périedic calibration. Obviously, coal bulk density has a major impact on the conversion;
consequgntly; the mass flow rate can vary. Volumetric feeders should only be used for combustion control, gnd
not for fyetinventory determination.

2-2.8 Measurement of Flue Gas

Flue gas analysis is used in boiler performance, air heater performance, and stack gaseous emissions
determination. The three gases traditionally tested for are CO, O,, and CO,. In the past, Orsat analyzers were
the main method available to determine flue gas composition. Orsats generally absorb (remove) CO, from the
sample first because it would interfere with later reagents. However, with the development of accurate single
gas electronic analyzers, CO, measurements are not required. CO, is not as useful as CO or O, for boiler tuning
or control because CO, concentration can indicate either an excess or a deficiency of combustion air.
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Flue gas flows are prone to very high degrees of both temperature and constituent stratification.

It is

very rare that a single sample of a gas stream will indicate the true average value. A multipoint grid must be

used to obtain good flue gas measurements. Maintaining constant flow through all of the sampling port
such grids on a continuous basis is very difficult. Instead, it is recommended that such sampling be con

s of
ducted

on both a periodic schedule, and also on an event-driven schedule (for example, a known or suspected change
in fuel composition). The reading of the installed single point sensor can then be compared to and correlated

with the average composition or temperature of the grid.

replaced on a routine basis. The paramagnetic sensor is a very delicate device thatimakes it best suited [for fixed

n

methods used to measure CO concentrations. The wet electrochemical method for CO has the same adyantages

and disadvantages as the oxygen electrochemical cell. The catalytic sensor is temperature sensitive and
usuplly combined with an in situ method. This method also deteéts Hydrogen which means that it is ma

1S
re

appropriate for the monitoring of total combustibles. Infrared absorption analyzers must have dried and cooled

sanpples.

2-2.8.2 Orsat Analyzer. Another instrument for flue gas analysis is the Orsat analyzer. The Orsat

conpsists of a measuring burette and three reagent pipettes that are used to successively absorb carbon djioxide,

er in the
s are

obtpined on a dry basis. Some limitations oflOrsat analysis are that it is a slow process, the reagents bepcome

insfruments that are not in commeniuse. Improved measurement accuracy is avallable using more rece
anallyzer technology.

drygr, then the analysis willbe on a dry basis. The concentrations measured by an in situ system woul
and would need to beConverted for comparison with dry values. See para. 2-2.9.8 for a wet-to-dry cald
method.

The desired range of measurement and highest resolution is an important decision that should |
early in theselection process. Infrared analyzers are constructed for the specific gas and concentration
reqpired-Be‘aware that some gases interfere with the desired measurement (e.g., CO; is read as CO). A
consider that expanding the range of a CO analyzer to include upset conditions (>1,000 ppm) will dimf

dults may
older
Nt

2-2.8.3 Other Considerations. If the gas sample is passed through an external sampling systenh with a

l be wet
ulation

be made
range
L1so
nish the

accuracy of the analvzer in lower useful range (50 ppm to 400 ppm\ where the hich resolution is needdd.

Some instruments calculate constituents instead of measuring them. Careful review of actual
measurements is recommended.

2-2.8.4 Calibration. Electronic gas analyzers require calibration with zero and span gases. The n

ecessary

recalibration cycle should be based on experience with a given instrument. If Orsats are used, careful tracking

of age of the reagents is required due to short useful life.
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2-2.9 Fuel Characteristics

Normally, fuel characteristics are determined by an independent laboratory using standard test
methods. However, these characteristics can be verified by the customer if sufficient facilities exist.

The characteristics of coals may be reported on an as-received basis that includes all of the
constituents of the coal, including the moisture and ash. It may also be reported on an ash-free basis, or
on a moisture-and-ash-free basis. The sum of each of these measurements should always equal 100%.

2-2.9.1 Heating Value. The heating value of fuel is one of the basic factors in determining boiler or gas

turbine performance and overall plant performance. Since fuel is measured by unit of volume or weight, it
essential[to know what the Btu content is per unit of volume or weight. Standard test methods for determini
heat values can be found in ASTM D 5865 for coal, ASTM D 3588 for gaseous fuels, and ASTM D 3523 fo
liquids apd solids.

.

[he higher heating value (HHV) of a fuel includes the total energy released by the complete
combuston of the fuel. This includes the heat of vaporization of all moisture. The lower heating value (LHY
includes [the total energy released by the fuel without condensation of the water vapor in the products of
combust{on.

2-2.
primary ir (transport) system. The units are normally the percent of a sample-that will pass through a speci
mesh scrgen (i.e., 70% through a 200 mesh screen). Fineness testing is disCussed in more detail in para.
2-3.8.4.1| of this document, in ASME PTC 4.2, and in ASTM D 197.

esults of fineness tests can be compared to historical data and the pulverizer manufacturer’s
specification to determine the level of pulverizer performance. A chiange in fineness may be the result of
deterioraed pulverizer performance, or may indicate a changeifrthe grindability of the coal. Pulverizer
capacity [is inversely proportional to fineness, with about 1,5% capacity reduction per 1.0% increase in
fineness.
finer thap necessary at the expense of pulverizer capacity. Excessive amounts of coarse particles are thought
be respomsible for excessive convective section fouling, especially when firing poorer grades of coal such asg
PRB coals.

2-2.9.3 Grindability. The grindability'ef coal is a relative measure of how well the coal responds to
pulverizdtion. A coal grindability index has‘been developed to measure the ease of pulverization. Grindabili
should n¢t be confused with the hardness of a coal. A prepared sample of a specified weight is put into a
miniatur¢ pulverizer called a Hardgrove grindability machine. After running the machine for the specified
amount ¢f time, the sample is sieved and weighed. The Hardgrove grindability index (HGI) is determined by
plotting fhese results on the-calibration chart for the test machine. This test procedure is detailed in ASTM
Standard| Test Method D409 The proximate and ultimate analysis of a coal does not indicate the grindabilit
of a coal| The grindability test is a mechanical measurement that cannot be predicted using the chemical
composifion of the coal.

The Hardgrove index is one factor used to determine the mechanical grinding capacity of a pulveriz
A higher|Hafdgrove value means that the coal is easier to pulverize. Pulverizer mechanical capacity is

.2 Fineness. Fineness of pulverized coal is a measure of the performance of the pulverizer and tEe

C

It is recommended that periodic fineness testing’be performed to determine if the coal is being groyind

to

y

<

<

CT.

somewhat proportional to the grindability index. However, pulverizer capacity is also a function of the requ

red

fineness of the pulverized coal, as well as the moisture content of the entering coal. Pulverizer thermal capacity

is based on having sufficient heated air to dry the coal to the desired pulverizer outlet temperature.
Consequently, a higher raw coal moisture level requires more drying, resulting in a reduction of pulverizer
capacity. Refer to para. 2-3.8.4.1 for a discussion of pulverizer testing and capacity.
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2-2.9.4 Ash Content and Analysis. Ash analysis can provide information on the effects that ash can
have on the boiler (fouling) as well as giving insight to the efficiency of the combustion process.

The percentage of ash, along with the composition of the ash, in fuels has a major impact on boiler
performance and emissions. Lower ash content will generally allow the boiler to remain cleaner and operate
more efficiently. Higher ash content may cause increased slagging and fouling, reduced boiler efficiency, and
increased wear on boiler components and pulverizers. This behavior is very dependent on the chemical
composition of the ash in the fuel, and the design of the boiler and heat transfer surfaces. The ash content of
coal is determined as part of the proximate analysis using ASTM D 3174.

Ash composition can also be an environmental concern. The percentage of sulfur, various mietals, and
pergent unburned carbon can determine the disposal method of the ash or its suitability for resalesStanflard test
method ASTM D 3174 specifies the test for ash composition. Elemental analysis permits a bégter
understanding of how to collect and handle the ash. Ash resistivity is directly related to ashicollection in
elegtrostatic precipitators. The knowledge of particle size distribution is important in d€signing and
majntaining an optimal flyash collection system.

2-2.9.5 Fuel Composition and Analysis. Fuel composition is a primaryfactor in the design of a
boiler, as well as a concern for environmental compliance. Sulfur, mercury, ehlorine, and metals conteft are
oftgn specified in air permits and monitored by the EPA. ASTM D 3176 céntains standard test method for
det¢rmining the more common elements of coal. There are other test methods for specific elements and fuels.

2-2.9.6 Loss on Ignition. Loss on ignition (LOI) is an approxithate measure of the percentage df
unburned carbon in the ash leaving a boiler, and is expressed in pereent by weight. It is an indication of how
completely the fuel has been burned in the boiler. Typical pereent unburned carbon values for coal-firgd boilers
range from as low as 0.1% for PRB and lignite coals, to as much as 30% for eastern bituminous coals in a short
furpace, poorly operating, or highly staged boiler. For mestash disposal applications, there is a maximpm
spefification for LOIL. LOI represents unburned combustibles, therefore lower numbers are desirable sipce they
repfesent improved boiler efficiency.

LOI results can vary widely depending-on the constituents in the ash. For example, an ash sanpple with
easured 2% unburned carbon may have an LOI number ranging from 2% to 9%. The LOI analysis |s an
empirical method that employs the weighing of a sample before and after an ignition temperature of
approximately 1,400°F. In this process, several weight changes occur: hydrates are driven off, reduced|iron
oxifle is brought to its highest oxidation state (Fe,0Os), decomposition reactions as well as combining rdactions
can|occur, and any residual carbonis burned. Although the LOI analysis can provide some approximation of
carbon remaining in an ash of a)known mineral matrix, it is generally not a very reliable figure for an ynknown
ash| The only accurate detérmination for unburned carbon is a specific analysis for carbon, where the garbon is
cormpbusted in an atmogphete of oxygen and the resulting CO, gas is measured very precisely by a thermal
detgctor.

2-2.9.7 Fusibility. Ash fusibility of coal ash is a temperature measurement at which ash charactefistics
chapge. There-are four different temperatures specified as the ash goes through its initial deformation stage to
fluid stageThe test method for ash fusibility is specified in ASTM D 1857. Ash fusibility is a functior] of the
coal and varies with the coal origin. Ash fusion temperature is a commonly used term in the utility indystry;
however, the deformation stage should also be specified, as well as whether the temperature was measl:red ina
reducing or an oxidizing atmosphere.

2-2.9.8 Conversion of Wet to Dry O, Measurements
Wet O, readings on a percent by volume basis are obtained from in situ oxygen probes, where the
weight of the water in the flue gas is included in the overall O, percentage calculation. Extractive oxygen

analyzer systems give oxygen concentrations by volume on a dry basis. The following example illustrates how
to calculate O, on both a wet and dry basis by developing a relationship between wet and dry O, readings.
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(a) Obtain the ultimate analysis of fuel being fired, percent by weight.

Carbon 72.0
Hydrogen 4.4
Sulfur 1.6
Nitrogen 1.4
Oxygen 3.6
Water H,O 8.0
Ash 9.0
Total 100.0

(b) Assuming 100 1b of fuel, calculate the number of moles of each constituent of fuel by Idividi
each per¢entage by each molecular weight.

Carbon 72.0/12 = 6.00 moles
Hydrogen 4.4/2 = 2.20 moles
Sulfur 1.6/32 = 0.05 moles
Nitrogen 1.4/28 = 0.05 moles
Oxygen 3.6/32 =0.11 moles
Water H,O 8.0/18 = 0.44 moles
Ash (not used)

(c) Calculate the moles of O, required to oxidize the moles-ofeach constituent of the fuel.
Carbon C+0,=C0O, 6.00-1.000= 6.00 moles
Hydrogen H,+ 1/20, = H,O 2.20-05" = 1.10 moles
Sulfur S+0,=S0, 0.05<1.0 = 0.05moles
Oxygen 0,=0, Qlr-(-1) = -0.11 moles

(d) Calculate the theoretical O, requirement; which equals the total moles of oxygen required o
stoichiorhetric combustion of the fuel (zero excess ait).

6.00 + 1.10. 4005 — 0.11 = 7.04 moles O, required

(e) Calculate the moles of N, in‘the air used for combustion.
N,=7.04:3.76 = 26.47

where
3.76 = moles of\N, per mole of O, in air
(f) Calculate the€ total moles of dry air required for stoichiometric combustion.

Total = 7.04 + 26.47 =33.51
(g) Calculate a factor for the moisture in the air used for combustion.

_ molesH,0
mole dry air
RH
m ¢ 1)saturation
7 =

RH
E)arometric - (100 * [:aturationJ
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where
RH = relative humidity; %
Pauration = saturation pressure of H,O in air (at 7= ambient temperature); psia, in. Hg, or in. H,O
Praromeric = barometric pressure; psia, in. Hg, or in.

H,O (consistent units required) or use:

RH = 60%

Praromeme — T4 70psta
Ambient
temperature = 80°F
Paturation = 0.5073 psia, using steam tables

00, 0.5073
0

=0.0211

z= 60
14.70 -
(100

. 0.5073)

(h) Calculate the moles of H,O in the theoretical air.
Moles H,O =33.51:00211 =0.71

(i) Calculate the total moles of flue gas, with zero-excess air.
Reaction:
6.00 C +2.20 Hy+ 0.05 N+ 0.05 S + 0.11"Q,+ 0.44 H,O + 7.04 O+ 26.47 N, + 0.71 Hy(

— 6.00 CO,+ 0.05 N, (fuel) + 0.05 SO,
+2.20 H,0 + 0.44 H,O + 0.71 H,O (air) + 26.47 N, (air)

Total moles = CO, + N (fuel) 4SO, + H,O (from H; in fuel)
+ H,0 (from'H;0 in fuel) + H,O (air) + N, (air)

=6.00 +0.05 +0.05 +2.20 + 0.44 + 0.71 + 26.47
=35.92
(j) Calculate wet(@nd dry O, with 10% excess air.

Theoretical O3 tequirement = 1.10-7.04 = 7.74

Moles ofiNy/= 7.74:3.76 = 29.12

Totakmeles of dry air = Moles of O, + Moles of N,
=7.74+29.12 =36.86

Moisture in air = 0.0211-36.86 = 0.78

Total moles flue gas = CO,+ N, (fuel) + SO, + H,O (from H; in fuel) + H,O (from H,O in fuel)
+ H>0 (air) +N, (air) + O, (excess)

=6.00+0.05+0.05+2.20+0.44+0.78 +29.12 + (7.74 - 7.04)
=39.34
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%0, by volume, wet = moles O, x 100
total moles of wet flue gas
_(7.74-7.04) + 100
- 39.34
=1.78%
%0, by volume, dry = moles O, x100

totalmolesot diy flucpas

_ (7.74-7.04) + 100
39.34—(2.20+0.44 +0.78)
=1.95%

(k) Repeat the calculation of wet and dry O, using 20% excess air.
Theoretical O, requirement = 1.20*7.04 = 8.45
Moles of N, = 8.45*3.76 = 31.77

Total moles of dry air = Moles of O, + Moles of N,
=8.45+31.77=40.22

Moisture in air = 40.22*0.0211 = 0.85

Total moles flue gas = CO, + N, (fuel) + SO, + H,O {from H, in fuel)
+ H,O (from H,O in fuel) +H,0 (air) + N, (air) + O, (excess)

=6.00+0.05+0.05+2.20+0.44+0.85+31.77 + (8.45 - 7.04)

=42.77
%0, by volumey wet = moles O, x 100
total moles of wet flue gas
~ (8.45-7.04) + 100
42.77
=3.30%
%0, by volume, dry = moles O, x 100
total moles of dry flue gas

_ (8.45-7.04) + 100
42.77-(2.20+0.44 +0.85)
=3.59%

wet Oz%

(1)'Repeat these calculations using a number of different excess air levels, and produce a graph ¢f
versus dry O,%. This graph may then be used to convert back and forth between wet and dry O,%

new graph may need to be developed based on Tuel analysis changes.
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2-3 PERFORMANCE MONITORING IMPLEMENTATION AND DIAGNOSTICS
2-3.1 General

Subsection 1-2 describes the needs and benefits of a well defined and well executed performance
monitoring and diagnostic program. This subsection addresses the processes necessary to obtain the desired
answers about plant condition. These processes are

(a) instrumentation to provide specific information at important locations around the power generation
cycle (seg subsection 2-2)

h) use of data recording, computational, and archiving equipment to display and calculate importag:
derived gperating parameters, and to archive for future recovery and redisplay the information obtained fro
the basicmeasurements and calculated parameters

c) correction of measured data to standardized conditions or comparison with expected current valyes
) trending of parameters that provide significant information about the operation of the plant

le) periodic testing to validate the accuracy of the continuously recorded inforimation and to provide
additiongl information about specific problems

f) performance calculations and diagnostics to extract the meaning and Sighificance of the
monitored data

o) performance calculations and diagnostics for major portions efthe power generation
facility, including

(1) turbine cycle

(2) steam generator equipment

(3) balance of plant (condensers, cooling towers,hieaters, and pumps)
(4) combined cycle plants

2-3.2 Data Recording, Computational, and Archiving Equipment

addition to those of direct interest, parameters such as turbine cycle and/or plant heat rate must bg
calculatefd from directly measured values. Standard practice is to use computational equipment to display th¢
current measured value, calculate derived parameters, and archive both directly measured and derived
parametdrs for future recall, trending, and diagnostic activities. When a parameter of interest is not
incorporgted into the data management/system it may be necessary to keep a manual record until the system
can be updated.

2-3.3 orrection of Measured Data to Standardized Conditions or
omparison With.Expected Current Values

significantproblem in the analysis of measured data is to know what the value should be. This is
difficult pecause powet generation facilities rarely run at constant load, and when they do, externally impos¢d
parametdrs affecting performance (air temperature, condenser cooling water temperature, etc.) change

the two sets of readings are taken, then the pressure reading should be expected to differ as well.

The constantly varying nature of power plant operation requires that data be corrected to a
predetermined standard, usually the conditions specified for the design of the plant.

Correction of test conditions to specified design conditions is a problem that arises in all turbine
acceptance tests and is dealt with in Performance Test Code PTC 6-1996. Group 1 corrections to heat rate and
generation apply to variables that primarily affect the regenerative feedwater cycle, and are discussed in detail
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in PTC 6. Although a typical set of Group 1 correction curves is contained in PTC 6, it is recommended that,
where possible, curves specific to the cycle under evaluation be established.

Group 2 corrections to heat rate and generation apply to variables affecting turbine performance and
are supplied by the turbine manufacturer in the thermal kit. The thermal kit is provided by the turbine
manufacturer as part of the turbine-generator contract. It contains several assumptions regarding the equipment
and components in the turbine cycle outside the scope of the turbine-generator contract. When a turbine
acceptance test is conducted Group 1 and Group 2 corrections are made to the data to verify that the turbine-

on plant

The thermal kit is a compendium of performance information, including heat balances.of the t'\llrbine
afjce
parameters. Thermal kits are generally developed for new equipment contract guarante€ purposes. Inadcuracies
may exist if the interactions between the boiler and turbine are incorrect. For example, piping pressure|drops
from the turbine to the boiler may be based upon an assumed value in the thermal kit instead of their trpe value.
Values of zero superheater and reheater spray flows are generally assumed forthe'turbine, while the bgiler may
reqpire spray flows for temperature control. The thermal kit values should be<arefully compared to th¢
megsured turbine performance. The steam tables used in the thermal kit should be specified. Depending on the
dat¢ of calculations in the thermal kit, the steam functions may be based-ipon printed steam tables, 19¢7 IFC
stegm tables, or 1997 IFC steam tables. The calculation of turbine efficiency must be done using the same
stegm properties used in establishing the thermal kit. Section 6 0cf/ASME Performance Test Code PTC|6S
Report-1988 provides a thorough discussion of the equationgs useful for correcting measured parameterg to
starjdard conditions.

An alternate approach to correcting test results to-standard conditions is to have a computerizefl model
of the plant predict how a new-and-clean installatiom-would respond to current operating conditions. The values
of dertain key measurements that define the conditions under which the plant is currently being operatgd, such
as fieedwater flow, turbine throttle and reheat.conditions, condenser cooling water temperature, air temperature,
etc), are entered into a computer with an installed model of the plant. The model then predicts the experted
valyies for all parameters being measured,-and reports the difference between the measured and expect¢d
Vallies. These differences can immediately indicate unexpected conditions indicative of possible operafing
proplems. This is a relatively new.concept that is available on some of the performance monitoring eqyipment
curfently being offered to the industry.

2-34 Trending

Trending consists-of plotting a parameter of interest against time and presenting the result as ajcurve to
conjvey important diagnostic information. As an example, measurements of HP turbine efficiency mad¢ 2 mo
apart may show a\drop of 7%. If this change occurred quickly, it could be an indication of a blade failure or
another type of mechanical deterioration that has severely damaged the steam path. If the change occugred
slowly over the 2 mo period, it would be a strong indication of deposits, possibly copper, that accumulate
sloywly but\continuously.

To maximize the ease of use and minimize the possibility of drawing incorrect conclusions, it |s highly
recommended that continuously trended parameters include software algorithms necessary to perform the
required normalizations.

The selection of parameters to trend is left to the user’s discretion. Later sections of this document are
devoted to specific portions of the power plant cycle and contain suggested lists of parameters for trending.

Load and heat rate are important basic parameters. Due to seasonal fluctuations in heat rate and
generator output, plant engineers may find that an accumulative year-to-date weighted average of these indices
is sometimes more meaningful than the instantaneous value.
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Operators at consoles should be able to trend parameters such as calculated heat rate, turbine
backpressure, and cooling water inlet, outlet, and delta temperature. Plants are complex and use many trend
points (sensor inputs to data logging systems) to display data. Many plants have operations monitoring screens
and protocols that allow operators to set user-defined warning alarm limits for arbitrarily trended points in the
DCS or Data Historian. These points should be established based on logical analysis of the sensitivities and
change probabilities that will make the trended information useful. Insensitive points that have low trend value
should be avoided. Historically sensitive points should be used to trigger limit alarms to warn of undesirable
conditions.

2-3.4.1 Data Validation. Data processes should ensure that measurements provide an adequate

engineer|ng basis for their intended use. To obtain accurate data, use instruments with a design and quality
level that have demonstrated an ability to accurately track the parameter being measured. Next in importancg is
to propeily calibrate the specific instrument being used. The applicable equipment Performance, Test Code
(PTC) specifies equipment calibration requirements to verify contractual commitments on power, efficiency},
and heatrate. While the Performance Monitoring Guideline does not require the same leveKof-calibration
nts as the PTC, by intent, good engineering practice should prevail. Where calibration is not feasiple
or requirpd following installation based upon the sensitivities of the measured parametets, calibration shoulg
not be pdrformed. An explanation should provide the basis for calibration. For example, the calibration of
thermocq@uples used to measure boiler tube metal temperatures is not normally réguired. But for thermocouplles
used for the purpose of heat rate calculations for nuclear steam generators, the-lack of calibration prevents
absolute comparison with the calculated results. Sometimes equipment is provided with measurements that
provide insight into performance, but do not lend themselves to calibratien. Relative trend information may
still be valuable. The current levels of large induction motors are anexample.

If trend data is available from an acceptance test, it can be'used to help identify observed data trend
that appdar suspiciously high or low. Automated calibration y€rification is now commercially available, and
can be uged for data validation. These software systems meonitor the output of all primary instruments and
compare(the indications on a high frequency. The software “learns” how the values are correlated and when
one strayfs too far from expected, specific actions can.be taken. Measurement data can be noted as suspect o1
even renoved from service. The expected value can-be substituted for the suspect value until checked and
either reqtored or manually overridden.

2-3.5 Periodic Testing

Performance testing of plant eycles and component equipment should be performed to determine how
accurately plant instrumentation isddentifying plant degradation, and to obtain more detailed information abjout
an identified serious degradatiomproblem. Testing may range from contractual acceptance/baseline testing fpr
indexing|expected levels of pérformance (new equipment, rebuild, or overhaul) to routine testing under norrhal
operating conditions.

.

[esting should'\be performed at regularly scheduled intervals. Good engineering judgment should bg
used wh¢n determining frequency, bearing in mind the need to increase frequency when sudden or abrupt
performdnce detérigration is suspected. Tests conducted prior to and immediately following outages providd
insight oh theeffect of repairs or modifications done during that outage.

ASME Performance Test Code PTC 6S Report-1988 provides an excellent description of the
appropriate procedures for routine performance testing of an operating power plant. The procedures
recommended in that publication are recommended for use in any performance monitoring program.

2-3.6 Performance Calculations and Diagnostics to Extract the Meaning
and Significance of the Monitored Data

2-3.6.1 Introduction. The purpose of this subsection is to provide guidance on converting performance
results into an understanding of equipment physical condition. This information is intended to be used by
operations and maintenance personnel in performance optimization.
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(a) The key to an effective performance monitoring program is to obtain results that are comprehensive
and adequate to make specific recommendations on

(1) operational changes
(2) maintenance actions
(3) system or equipment modifications
(4) new or replacement equipment
(b) Further benefits of a proactive, rather than reactive, detection and diagnostic process include

(1) correcting problems sooner, in order to reduce fuel costs, maintain capacity, and sometjmes to
redfice the cost and effort of the corrective action itself

(2) correcting problems that would have otherwise gone undetected, but would incurteal
performance costs

2-3.6.2 Diagnostic Methodologies. The energy conversion process is complex and involves npany
ind{vidual components, all of which operate as part of a system, meaning they are all;affected to some Hegree
by the performance of other components in the system. To simplify the diagnostie process, a number of logical
profedures have been developed. Several of them are discussed in this subsection.

The diagnostic techniques presented in this subsection use the resulfs-of a performance monitofring
program to seek out the root causes for changes in performance. The emphasis in diagnostic testing is ¢n
identification of the cause of performance changes. Often the cause ¢an be determined from relative changes in
varjous component parameters.

Therefore, it is desirable to monitor the various compaénent parameters in a way that differentigtes
proplems from normal changes that do not indicate problems: Further, the parameters monitored and djagnostic
methods employed should help localize the source of prablem changes, to more rapidly diagnose root ¢ause
and determine corrective action.

For example, when monitoring the heat transfer performance of the condenser, one should momitor
chapges in measured condenser shell pressure.dn addition, it is desirable to monitor the deviation from| the

expected backpressure that should be achievable at current operating conditions, i.e. taking into accour|t the
varying cold water temperature and flow-rate into the condenser and the heat duty being imposed on the
condenser from the turbine exhaust and-the rest of the cycle. This would help differentiate a problem wWith the
performance of that component from d problem in another component, or from a normal variation.

2-3.6.2.1 Generic-Performance Curves or Diagrams. Performance curves provide a means
of developing target values-of performance over an operating range. Target and as-operating curves mgy then
be plotted and compared to identify operation outside of typical design or expected conditions. Off-target
ditions may be caused by changes in the operating mode, equipment malfunctions, or equipment fajlures.
Figpire 2-3.6.2.1-1-8%an example of a generic performance curve. Performance curves are usually qualitative
is

2-3.6.2.2 Performance Diagnostic Tables. As compared with performance curves, diagnostic

ide a more direct way of identifving the root cause of problem he problems, their causes)and
resulting effects are usually clearly delineated, thus requiring less interpretation. Tables 2-3.6.2.2-1 and
2-3.6.2.2-2 [10] are examples of diagnostic tables for different types of equipment with different levels of
information provided. Diagnostic tables usually provide sufficient guidance so that the observed symptoms can
be matched with those listed in the tables, thus leading to the identification of the problem and its cause. In
some cases, special actions, such as suggested testing, may be required to isolate the root cause.
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Table 2-3.6.2.2-1 Diagnostic Chart of Turbine Loss Characteristics

(Courtesy Electric Power Research Institute)

Rubbing Damage on Spillstrips and Packing

Mode of appearance:

Local effects:

Happens suddenly — more likely on a first startup

Increases flow capacity (this effect highest in HP section)
Decreases section efficiency (worst on low volume flow stages)

May cause IP enthalpy-drop efficiency to appear higher (opposed-flow units only)

Side effedts: Worsens flow temperature segregation
Normally has little effect on thrust
Shape effpcts: Ratio of % A efficiency/% A flow usually greater than 1 (absolute values)
Special dangers:
Solid Particle Erosion
Mode of gppearance: Usually appears gradually
Local effgcts: Increases flow capacity
Decreases efficiency
Worst effects usually at turbine inlets; at first stage, eresion magnitude may be worst aff the
inlet fed by the first value
Side effeqts: Changed thrust; changed +/ p/v distribution; changed flow distribution
Shape effcts: \Jp/v effects may be greatest at light load
Efficiency loss compared to guarantee may, be greatest at light load; thrust increase may Qe in
the same direction as flow
Special dangers: Overloaded buckets; weakened tenohs
Deposits
Mode of gppearance: Usually gradual; may reach a-self-limiting magnitude, then not increase further; may appegr to
decrease following a shutdown or major temperature swing
Local effgcts: Decreased efficiency; decreased flow capacity
Side effedts: Changed thrust;tehanged +/ p/v distribution
Shape effpcts: Section efficiency may decrease 3—4 times as much as flow capacity
Thrust changes may be opposite to the direction of flow
Special dgngers: Excessjve thrust
Internal Damage
Mode of gppearance: Usually abrupt — may have subsequent symptoms
Local effgcts: Decreased efficiency; decreased flow capacity
Side effedts: Increased vibration; changed / p/v distributions; changed thrust
Shape effpcts; No consistent pattern
Special dangers: Weakened or loosened mechanical structures

62


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

Table 2-3.6.2.2-2 Steam Surface Condenser Diagnostics
(Courtesy Electric Power Research Institute)

Cause/Measured Parameter

Condenser
Pressure

Cooling Water Terminal
Temperature Rise or Temperature
Pressure Drop Difference

Reduced Cooling Water Flow

Debris-otrtubesheet/tubes

(4) Deficient siphon loop vacuum
pump

(d) Throttled CW valves

Reduced Surface Area

(4) Tube plugging

(#) Debris on tubesheet

(4) Low waterbox level

Tube Fouling

(4) Deposits/growth on tubes

(@

@

Air in-leakage/inadequate air
removal

Increase dependent on
severity

Increase dependent on
severity

Increase dependent on
severity

Increase proportional to CW
flow reduction

Increase dependent on
severity

Increase proportional to CW
flow reduction

Increase dependent on
severjity

Slight increase-due to
increased condition duty

Increase dependent on
severty

Boiler Losses, %

Fig. 2-3.6.2.1-1 Performance Curves to0 Characterize Boiler
Losses — Example for a.Coal-Fired Unit

Total Joss

Unburned carbon

Au;\;:;a‘fy powet

Excess Air, %
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2-3.6.2.3 Performance Logic Trees. Logic trees present successive levels of information with
increasing detail as the tree expands [35]. Figure 2-3.6.2.3-1 is an example of a typical heat rate logic diagram.
Beginning with the initiating events of the logic tree and progressing through to the other events, a set of
performance parameters is identified at each branch that acts as a roadmap for the user. The set of performance
parameters selected should be measured to significant accuracy in order to ensure unambiguous interpretation

based on the logic tree.

In close association with logic trees are decision trees. Whereas the logic tree gives multiple choices at

branch p

ints, the decision tree requires information to make decisions on which way to proceed [35, 36]. T

1§

structure|of decision trees enhances the efficiency of identification of the potential cause of performance
deviationfs. Their design should maximize the use of past history of a unit and allow future experiencete be
factored [nto the decision process. Figure 2-3.6.2.3-2 is an example of the decision tree concept for
investigating deviations of main steam temperatures from target values.

that may|be helpful to the station performance engineer.

A\ search of the Internet will identify commercial sources of logic tree and/or decisiof tree software

Fig. 2-3.6.2.3-1 Heat Rate Logic Tree — Main Diagram
(Courtesy Electric Power Research Institute)

Heat rate
losses
%% — Performance factor
Boiler Turbine cycle Cooling water Turbine
losses losses cycle losses losses
- Boiler efficiency - Feedwater - Condenser backpressure - HP/IP/LP efficiencies
- Exit gas temperature tempegrature - Circulating water inlet — Steam flow
— Air heater difference temperature — Generator output
temperature difference - wl/PIV
- Excess air
Elg Ct"_(l;_al Stean’_'!_ Fuel handling Heat Cycle
LKy Buxitiary losses losses isolation
losses losses
- Staftion load — Boiler feedpump — System walkdown — System walkdown — System walkdown

efficiency

- Vacuum pump flow

- Fuel inventory
checks

- Pyrometer

- High pipe wall
temperatures

downstream of
—— |
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Fig. 2-3.6.2.3-2 lllustration of Decision Tree Concept for Investigating Performance

Parameter Deviations
(Courtesy Electric Power Research Institute)
Maintenance Maintenance

not requiring requiring
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2-3.6.3 Diagnostic Process. The diagnostic methodologies discussed in para. 2-3.6.2 should be
incorporated into a formal process for tracing the root cause of an equipment or system performance problem.
This paragraph describes such a generic process. The diagnostic process presented here is a simple yet formal
procedure for isolating the root cause of a problem. The process presented entails the following criteria
necessary for the development of an efficient diagnostic process [23]. The process should

(a) be deductive, calling for a step-by-step approach
(b) encourage the diagnostician to focus on the observed symptoms

(e)-beflexible-in the type of symptoms-itmay address

Oy THPTOTHS T Tty Ty

d) provide for establishing testing and analysis programs to facilitate efficient diagnostics
le) provide for making periodic judgments as to the cost-effective pursuit of the root cause

The root cause analysis should be carried out either to a level of detail that permits defining the

corrective action necessary to prevent further occurrences of the failure, or to a level of detail-atwhich it is
judged that further analysis would not be cost effective. The following suggested diagnosti€ process, consisting
of seven [steps, represents a gradually narrowing scope of the problem [23]:

§tep 1:  Identify the components that are the source of the problem. In some-cases this will be fairly
obvious (e.g., feedwater heater out of service, condenser tube léak). In other cases, the
responsible component may not be easy to identify (e.g., boilef losses can be caused by
many different factors).

72

§tep 2:  Identify symptoms: for example, steam temperature of ©3 level cannot be maintained. Th
could be done by listing the functions of the components and determining which of these
functions was impaired.

§tep 3:  As an extension of Step 2, describe the symptoms in as much detail as possible. For
example, O, level is high or steam temperature is low, including under certain conditions,
§tep 4. Postulate the deterioration or failure mechanisms. A deterioration or failure mechanism is

defined as the physical process (eleetrical, mechanical, chemical, or metallurgical) or
operating process that results in the' occurrence of the specified problem and its symptomg.

§tep 5:  Define the features or characteristics of the problem that distinguish it from what it is not,

§tep 6:  Define scenarios that would result in the observed symptoms and postulate the root cause
The proposed scenarios could involve deviations from normal operating conditions in the
plant. The most effieciént way to isolate the scenario that produced the exact set of observ¢d
symptoms would beto analyze the features and characteristics defined in Step 5.

§tep 7: Verify the conclusion reached in Step 6.

2-3.6.4 Plant Diagngstics. Diagnostics should proceed from a macroscopic to a microscopic view arnd
in an orderly and logical«ashion. At each step, the observed control volume becomes smaller, and key
performgnce parameters.that describe the control volume are evaluated. The following paragraphs follow this
procedurg, first loeking at the plant as a whole, then proceeding to evaluate cycles, and then to the component
level.

2-3.6.4.1 Unit Level Diagnostics. Unit level diagnostics should focus on variations in unit het
rate and maximum generator output. Investigations into the causes of an increase in heat rate are often initiafed
by a query from plant management simply stating that the routinely reported unit heat rate numbers have
shown either an increasing trend or a sudden jump. The following discussion begins with suggested ways to
logically approach the problem with no more than this minimal information.

Initial investigations of an unexplained increase in unit heat rate should focus on the behavior of the
input (numerator of the equation defining heat rate) and output (denominator of the heat rate equation), keeping
in mind that both of these parameters may be derived from calculation procedures incorporating many inputs
and that the problem being investigated may ultimately start with one of these subsidiary inputs.
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Many plants average heat rate data over periods ranging from several days to a month. This long-term
averaging is useful from an accounting or business operation standpoint, but it tends to dilute equipment-
specific performance information. Shorter time periods are also recommended for averaging, such as over a
few hours or even minutes.

(a) Unit Generation. A review of the data should look for both changes in the level and pattern of
generation. Heat rate is typically higher when operating at part load. At a minimum, the instantaneous data
should be examined to determine whether there have been changes in the loading of the unit that may have
contributed to the observed rise in the heat rate.

Note also that it is important to determine if the maximum load capability of the cycle has cha]lged.
Duting periods when the system will purchase all the power the unit can produce, maximum generating
cappbility is an important determinant of income to the plant.

(b) Auxiliary Electric Power. Minimization of auxiliary electric power requirements means sequring
equipment when not in use, and optimizing the operating combination of equipment so @s, to minimize [the
auxiiliary electric power requirements. This includes determining which pair of feed pumps to run if onlly two
of three pumps are required for the existing load condition. Likewise, monitoring,thé percent auxiliary|electric
power (auxiliary electric power/generated load) may indicate undesirable changes$«in the operational
conffiguration of some of the auxiliary equipment.

(¢) Fuel Characteristics. Examination of fuel characteristics andwsage during the period in qugstion is
alsg in order. If the fuel usage reporting requires periodic estimations; changes in the fraction of the fug¢l usage
being estimated should be noted. The magnitude of any required periodic fuel adjustments will providg insight
intq the accuracy of the fuel usage accounting techniques.

Inherent in the calculation of the energy supplied by the fuel is the determination of the heating value
of gs-fired fuel. The difficulties in determining the real-time heating value are many. On-line techniqugs for
detgrmining heating value fall into one of the following:categories:

(1) lab-type techniques that can provide;gilasi-real-time measurement of the heating value jof small
sanjples of fuel. The resulting problem is the implementation of a sampling technique that would ensuge
repfesentative samples of the fuel as it enters the boiler.

a3

(2) on-line elemental or constituent analysis techniques that are capable of analyzing large
sanjples, but in which the heating valug-of‘the fuel is calculated, rather than measured.

Two problems dominate the consideration of as-fired fuel heating value. The first is concerned with
det¢rmining a representative heating value for the period over which the heat rate is averaged. If the fugl usage
has|not been uniform over theperiod, the calculated heating value that is representative of that period ghould be
mags weighted with regardto the fuel usage rate. A second problem is that often the fuel heating valuelis
det¢rmined prior to the storage of the fuel in a holding facility (coal bunker or oil storage tank). To accurately
det¢rmine the as-burned’heating value as a function of time, an estimate must then be made of when th fuel
actyally enters the-beiler.

Sampling’errors, measurement errors, or part of both could sometimes appear as a very high o1 very
lowf HHV when reported by a lab. It is desirable to verify that the reported HHV is within 1.5% or 2% pf
cortesponding HHV correlation (Dulong’s for moderate oxygen fuels, Vondracek’s for higher oxygen [fuels).

Consideration of varying moisture content is important. Heating value may not be varying on 4 dry,
ash-free basis, but a higher ratio of fuel moisture for the same heating value results in lower boiler efficiency.
Also, in the case of CFB Boilers, varying sulfur content will impact boiler efficiency over a measurement
period.

2-3.6.4.2 Unit Cycle Diagnostics. The energy conversion cycle for a fossil plant typically
consists of a boiler, turbine, condenser, feedwater heaters, pumps, and miscellaneous small heat transfer
devices. Of these, it is relatively easy to analyze the boiler separately because it has only two or three principal
interfaces with the rest of the cycle. These are the economizer and evaporator, the reheater, and second
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reheater, if it exists. It is important to recognize that the boiler may extract small quantities of hot water and/or

steam from the main cycle for air preheating and supplying turbine-driven combustion air fans.

A common industry practice when preparing unit heat balances is to consider only the steam and water
side of the boiler. These diagrams do include the energy used by the boiler for such things as air preheating and
steam extractions, but would not include the fuel, air, and gas flows entering and exiting the boiler. These items

are often available as heat balances originally prepared by the turbine manufacturer or the designers of the

plant. They may also be referred to as “turbine cycle heat balances” or “steam/feedwater cycle heat balances.”

rate calcpilated from measured parameters) to expected values. Once an increase in the heat rate is determingd
to represent a legitimate degradation in the unit performance, the evaluation should turn its focus to analyzirg
the boilef and the steam/feedwater cycle. The influence of these items on unit heat rate is examingd\thfough

use of the boiler efficiency and the turbine cycle heat rate.

(1) the energy supplied to feedwater

(2) the energy supplied as superheat attemperation

(3) the energy supplied to cold reheat steam

(4) the energy supplied to reheat attemperation

(5) the energy supplied for auxiliary requirements

h) The energy rejected by the turbine cycle to the condenser is)composed of
(1) LP turbine energy rejected to the condenser

(2) energy rejected from all the drains dumping to the condenser

(1) throttle steam temperature
(2) throttle steam pressure

(3) reheat steam temperature
(4) reheat pressure drop

(5) final feedwater flow

(6) generator output

(7) condenser pressure

(8) station electrical power
(9) excess air

(10) exit gasttemperature

(11) supérheat spray flow
(12)seheat spray flow

(I3) steam and water loss from cycle

,_

o) For a reheat unit, the primary transfers of energy from the boiler to the feedwater/steam cycle ar

c) Some of the more commonly monitored controllable parameters for unit level diagnostics are

'herdifference between the as-operated heat rate and the target heat rate under the same conditions 1

S

known as the heat rafe deviation. A portion of this deviation is the sum of all accountable heat rate deviafions,
and the remainder is known as the unaccountable heat rate deviation. Note that if the unaccountable losses are

larger than the sum of the accountable losses, the performance monitoring program is deficient in scope and

instrumentation. Through continued probing, the size of the unaccountable losses can be reduced by

continually identifying new accountable losses. It is important to recognize that being truly effective in a heat

rate enhancement effort requires the attainment of a good understanding of one’s plant and its operation.

Note that with regard to all components in the cycle, operating practices, as compared to degradation in

equipment performance, can and routinely do influence cycle efficiency.
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2-3.7 Steam Turbine Monitoring and Diagnostics

sec
ind

2-3.7.1 Turbine Measured Parameters

(a) HP/IP turbine steam temperatures and pressures (inlet, exhaust, and extractions)
(b) control valve (governor valve) position

(c) turbine exhaust pressure (see condenser section below for more information)

(d) reheater pressure drop

o) glamdscatsteanrteakagefrows

(f) desuperheating flows

(g) feedwater and condensate flows

(h) throttle and reheat steam flows

(i) extraction flows to auxiliary equipment (BFP turbine, FD fan turbine, etc.)
(j) makeup flow to hotwell

(k) gross generator output

(1) auxiliary power

(m) turbine shaft bearing vibration

(n) turbine bearing oil drain temperatures

(o) thrust bearing metal temperatures

(p) oil cooler temperatures (inlet/outlet)

(q) pressure of generator cooling fluid (i.e., hydrogen or water)
(r) power factor

2-3.7.2 Turbine Calculated Parameters

(a) turbine cycle heat rate

(b) HP turbine efficiency

(¢) 1P turbine efficiency

(d) LP turbine efficiency

(e) turbine stage flow factots

(f) generator power factor

(g) corrected throttle steam flow

(h) corrected throttle steam pressures
(i) corrected. stage pressures

(j) turbine{section pressure ratios

(k) reduction gear box efficiency, if required

2-3.7.3 Performance Degradation Identification. Periodic monitoring of superheated turbin
ionis’Should be accomplished through enthalpy-drop testing. Data should be thoroughly evaluated f
cations of degraded turbine performance. Condition of HP to IP packing leakage glands in combin

29
~

s

pd HP/IP

machines should be determined or estimated using HP to IP leakage procedures. Turbine condition should be
quantified by conducting a steam path audit during outages. Results of the audit should be used to dictate type
of repairs to be made. Upgrade of turbine design should be considered where justified.

All steam-water cycle leakages into and out of the cycle and leakages/bypasses within the cycle should

be eliminated as much as possible. Sources of leaks to be investigated and corrected should include the
following:
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(a) feedwater heater drain system

(1) HP feedwater heater alternate drains, including emergency dump drains
(2) LP feedwater heater alternate drains
(3) deaerator auxiliary overflow to condenser

(b) extraction steam line drain system

(1) steam traps
(2) bypass orifice and drain valves

2-3.1
efficienc
200 instr]
instrume
for a thol
requirem

identified initially so the appropriate level of instrumentation can be selected to meet the goal.

c) steam line and turbine drain system

) boiler feed pump minimum flow system
le) high pressure steam to BFP turbine system
/) gland sealing steam system

o) turbine water induction protection (TWIP) drain orifices

1) safety valves

i) steam sootblower system

/) auxiliary steam system

) boiler blowdown system and sampling lines

/) manual valves seat leakage and valve flange/packing leakage

in) cross connect lines from adjacent units

1) steam generator start-up pump

) boiler drain valves

p) house heating steam supply from main steam onauxiliary steam

) main steam dump valves to condenser (nuclear and fossil)

) heater drain tank alternate drains to condenser (nuclear and fossil)

) reheater drain tank alternate drains to~éondenser (nuclear)

) steam generator pump recirculationdrains to condenser (nuclear)

i) MSR steam scavenging vent.chamber drains to condenser (nuclear)
v) long-path recirculation valves or warm-up valves (nuclear)

w) steam supply to condensér spargers

.4 Turbine Cycle Heat Rate. Turbine cycle heat rate testing is performed to determine the

y of the turbine cy¢le. The turbine cycle scope may range from the PTC 6 test requiring approximately

pments (temperature, pressure, differential pressure, etc.) to the PTC 6.1 test requiring only 50
hts. A combindtion of the two test methods may also be used. A review of PTC 6 should be conduc
ough undetstanding of the number and type of instruments required, measurement accuracy, isolati

fed
on

ents, and_pertinent calculations. The objective of a turbine cycle heat rate evaluation should be cleafly

.

[hée PTC 6 fill scale test method prnvidpq the most diﬂgnnqﬁr‘ information about the turbine cycle

Based on a primary flow measurement of the condensate to the deaerator, turbine cycle heat rate; HP, IP, and
LP turbine efficiencies; the performance of all feedwater heaters; and generator output capacity are determined.

The alternative test method (described in PTC 6) produces a smaller set of results, ensures minimal
uncertainty by employing an inspection port on the final feedwater nozzle for primary flow, and determines
turbine cycle heat rate, HP turbine efficiency, top high pressure heater performance, and generator output

capacity.
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Another approach, using either a condensate flow nozzle or feedwater nozzle as the primary flow,
determines turbine cycle heat rate, HP and IP turbine efficiencies, generator output capacity, and a combination
of parameters in PTC 6 determined by the user, depending on the scope of the test. Required measurements for
each method are contained in each respective performance test code.

Steam turbine performance should be benchmarked after every major overhaul or modification.
Parameters of interest include maximum steam flow, section efficiencies, a pressure profile consisting of all
extraction pressures, maximum capacity, and heat rate.

=37 i = i : = ' i d steam
turbine sections of noncondensing turbines is conducted to detect performance deterioration in these'sdctions of
the jmain turbine. Required measurements include pressure and temperature data at the inlet and-outlet pf the
HPJand IP sections, the first stage pressure, and control valve stem travel for determination ofivalve pdints.
Testing at valves-wide-open and at lower load valve point positions should be conducted to’locate areas of
degradation in the HP turbine section. For combined HP-IP turbine sections, estimates of true IP turbirje
efficiency and HP to IP leakage flow should be determined [1]. For double flow IP turbine sections, it |s also
recpmmended that state point conditions at both IP exhaust locations be collected in addition to the required LP
crogsover state point. This will ensure detection of performance problems relating'to IP turbine imbalance.

The PTC 6S document should be consulted for recommended procedures when conducting thi} test.

2-3.7.6 Isolation Assessment. Assessment of the tightness of a'turbine cycle is determined by
appllying the previously developed isolation criteria to the cycle andheasuring the subsequent change n
hotvell and deaerator storage tank level (given a constant drum level). After converting the level changes to
mags flow rates, the net change is then divided by the throttle steam flow to obtain a percent leakage. Her PTC
6 rdquirements, the unaccounted-for leakage should be less than 0.1% of full load throttle steam flow fpr an
accpptance test and 0.5% for a routine heat rate test. It isd¢commended that the 0.5% criterion be applied for
performance monitoring purposes.

For nuclear-steam cycles, the same procedure should be applied to water storage in heater draih tanks,
stegm generators, hotwell, and condensate storage tanks.

Periodic water loss tests should beconducted to identify the magnitude of losses, and to take
appropriate action to reduce their effect on unit performance.
2-3.7.7 Turbine Cycle Test'Data Validation

2-3.7.7.1 Expected Relationships

(a) Extraction pressures are linear as a function of flow to the following stage (for a constant
temperature) and must b€ zero for a zero flow.

(b) Section efficiency and pressure ratio are both constant as a function of flow except for the first and
last| stages.

(c) Flow_factor is constant as a function of flow to the following stage.
(d)Negative temperature and pressure drops are inconsistent with basic laws of thermodynamics.

(¢) Changes in enthalpy when none are expected, such as differences between enthalpy at a turpine
extraction and heater inlet, should be suspect.

2-3.7.7.2 Power. Turbine shaft work as calculated by flow multiplied by tested enthalpy drop
should equal measured shaft generation given proper accounting for the losses of the respective components.

On the HP shafts of cross-compound units where low pressure sections are not included, this
comparison is direct, and any difference is indicative of data error. On turbine shafts including LP sections, an
energy equation can be written to solve for LP section performance. The degree to which LP section efficiency
falls outside expected bounds is indicative of data error.
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2-3.7.7.3 Enthalpy—Drop Concerns. Turbine section expansion lines on enthalpy—entropy (h-s)
diagrams must indicate less than isentropic expansion. The accuracy of extraction line pressure and
temperature measurement can be displayed, in part, by variations introduced in expansion lines drawn between
inlet and exit of major turbine sections. The determination of actual internal turbine enthalpy is compounded by
the physical geometry of the turbine and the fact that the measurements are made remotely in the extraction
piping downstream of the turbine proper. Relative to pressure, it is necessary to calculate a pressure drop from
the turbine to the pressure tap in the extraction line. Relative to temperature, it must be noted that extraction
pockets are located in the shell adjacent to the radial tip spill strip packing discharge point, such that the steam
extractedand T S higher in enthalpy than that flowing 1o the fottowing stage in proportion 1o the 3pill
strip lealdage flow.

(siven the above corrections, remaining irregularities in the expected shape of the expansion'line arg
indicativp of the errors in the total measurement correction process.

2-3.7.7.4 Reheater Pressure Drop. Reheater pressure drop as a percent of cold reheat pressuge
should b¢ constant across the load range, and dismissing any reheater section modification, should be constgnt
versus tifne. Otherwise, a change in this parameter is a result of an erroneous cold and/or hot reheat pressurg or
a signifidant change in N2 packing leakage or IP dummy flow on combined HP/IP turbihe rotors (“N2
packing’]is a term for the second endpacking counting from the front standard; ‘IP"dummy” is a term for laige
diameter|packing, which is also used to balance rotor thrust). The total reheater pressure drop from the HP
turbine ekhaust to the IP turbine inlet should be measured and not assumed. Turbines were often designed wjith
a total reheater pressure drop typically ranging from 6% to 10% of the cold"RH pressure. The true reheater
pressure drop may be lower than these assumed design values.

2-3.7.7.5 Turbine Cycle Performance Calculations: Turbine cycle heat rate is the measure| of
efficiency of a steam turbine cycle. Defined as heat supplied to the'cycle minus heat returned to the cycle
divided By gross generator output, it is the standard by which{performance is measured. Test turbine cycle hpat
rate is calculated using the enthalpy at the throttle steam, r¢heat steam, cold reheat, and final feedwater
locationd; measurement of boiler and reheat steam flows 0 the turbine; and measurement of electrical
generatof output. PTC 6A contains an example of how test turbine cycle heat rate is calculated.

[¢]

HP turbine efficiency is calculated by dividing the used energy of the turbine section by the availabl
energy. An example of this computation is found in PTC 6S. A plot of this efficiency versus throttle flow
should b¢ constructed to help determine areas of degradation. First stage pressure and control valve pressure
drop are plso recommended for use in evaluating degradation of this turbine section.

turbine efficiency is als¢ calculated by dividing used energy by available energy. Although constpnt
over the Joad range, the measuréd IP turbine efficiency for combined HP/IP turbine elements is often falsely
higher thian expected due to,excessive N2 (IP dummy) packing gland leakage. Mixing high pressure leakage]
with the feheat bowl steamiflow results in a higher pressure, but lower enthalpy steam condition, and therefgre
a falsely higher calculaféd-value of IP efficiency. It is recommended that an estimate of the true efficiency apd
N2 packing leakage be)calculated using published procedures [4].

he comyputation of LP turbine efficiency is performed only after the used energy end point has beefp
determinfed from a total turbine cycle mass and energy balance, and the expansion line end point is determinjed
by accounting for exhaust losses. PTC 6A provides an example for this calculation procedure. For turbine cycle
heat rate fests in which the tofal cycle 1s not instrumented, an estimation of LP turbine efficiency 1s determined
using the procedure found in ASME Paper No. 82-JPGC-PTC-6 [7]. Since the accuracy of LP turbine
efficiency is dependent on the measurement of primary flow, it is recommended that a PTC 6 calibrated flow
nozzle be used when LP turbine efficiency is to be determined.

Turbine shaft gland leakoff flows are measured and/or calculated. If measured, high pressure gland
leakoffs (HP turbine inner glands) are determined using flanged union orifice plates, and low pressure gland
leakoffs (HP turbine outer glands, IP turbine glands, etc.) are determined using forward-reverse pitot tubes. For
calculated leakoff flows, the turbine vendor’s thermal kit should be consulted.
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Measurement of these flows (versus calculation) will give an indication of seal wear and will result in a
more accurate computation of heat rate and LP turbine efficiency.

2-3.7.8 Turbine Cycle Effect on Unit Performance

2-3.7.8.1 HP Turbine Efficiency. A change in HP turbine efficiency results in a change in
reheater duty (for constant reheat temperature) and generator output, resulting in a change in turbine cycle heat
rate. The change in generator output is counteracted by the change in reheater duty such that the heat rate is
poorer with lower HP efficiency but improves from the lower reheater duty. The net effect on heat rate and

generation-is-determined-according-to-the-equation-contained-n-PTCHS

A good estimate of performance change is —0.16% change in heat rate and +0.25% change'int
generation for a +1% change in HP turbine efficiency at full load.

2-3.7.8.2 IP Turbine Efficiency. Although a change in IP turbine efficiency directly affe¢ts a
chapge in generator output, the resultant energy change of the steam exiting this turbine-seétion invers¢ly
affgcts the performance of the LP turbine.

A good estimate of performance change is —0.16% change in heat rate and +0.16% change in
generation for a +1% change in IP turbine efficiency at full load.

2-3.7.8.3 LP Turbine Efficiency. ASME Paper No. 60-WA-139{6] contains a method tq
calgulate the effect on performance for a change in reheat turbine efficiefcy (IP and LP turbine section)). Using
thi§ method, the contribution by the LP turbine efficiency is found by subtracting the IP turbine effect from the
reheat turbine effect.

A good estimate of the effect on performance is —0.50%.change in heat rate and +0.50% change in
generation for a +1% change in LP efficiency.

2-3.7.8.4 Steam Seal Packing Flows. Extessive packing gland clearances result in an ipcrease
in lpakoff flows, thus robbing the turbine steam path of motive steam to produce electrical energy. The effect
on heat rate and generation can be significant, depending upon their location in the turbine cycle.

Measurement of these leakages should\be performed using orifice plates and forward-reverse gjitot
tubgs, the application of which is dependention the location of the leakoff. For example, the use of a forward-
reverse tube may not be possible if thedeakoff flow path is entirely within the turbine casing, such as tfte
lealkage between the turbine first stage shell and the IP inlet on a combined HP/IP turbine in a single oyter
casing. Determination of excessive or less than expected flow effects on heat rate and generation should be
performed using appropriate mass and energy balances per accepted engineering practice. Computer njodel
senfpitivity runs are recommended over hand calculations due to their expediency of execution and low
risi of error.

Increased seal'clearances in the N2 packing (or I[P dummy) gland on a combined HP/IP turbing element
resylt in a loss ofSteam flow through the HP turbine (downstream of the first stage blading). The net effect of

the [lower HP turbine output coupled with a lower reheater duty from the lower reheat flow is a lower generator
output and thus a higher heat rate.

The loss in generator capacity is equal to the excess leakage flow multiplied by the difference |n
ing for

For noncombined HP/IP turbine elements, the change in this leakage flow results in a change in HP
turbine output only, since it mixes with cold reheat flow rather than hot reheat bowl flow.

2-3.7.8.5 Throttle Steam Temperature. A change in throttle steam temperature at constant
throttle pressure and control valve position results in a corresponding change in throttle flow. As throttle
temperature increases, the specific volume of the steam increases resulting in a lower mass flow rate. The
subsequent effect on performance is a better turbine cycle heat rate and a decrease in gross generator output.
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Similarly, a decrease in throttle steam temperature results in a poorer heat rate and an increase in generator
output. Quantification of these effects is found in the turbine vendor’s thermal kit.

2-3.7.8.6 Throttle Steam Pressure. A change in throttle steam pressure at a constant control
valve setting results in a directly proportional change in throttle flow. An increase in throttle pressure results in
a corresponding increase in mass flow rate from the decrease in specific volume of the steam and vice versa.
The effect on performance is an increase in generator output and a decrease in heat rate. The turbine vendor’s
thermal kit should be consulted for determination of this contribution to performance.

Simce T tear poweT piarts operate at @ Constant (HTtensed ) Teactor pOWET, aIT ITICIease 1T throttie
pressure [for a single stage reheat nuclear unit will result in a slight reduction in throttle flow, an increase.in
reheater heating steam flow, an increase in generator output, and decrease in heat rate. For example, @,5%
increase |n throttle pressure for a nominal 1,000 MWe pressurized water reactor nuclear power plaht will reqult
in an incfease of about 6.3% in reheater heating steam flow, an increase of approximately 0.7%¢n generator
output, ahd a like reduction in heat rate.

2-3.7.8.7 Hot Reheat Steam Temperature. An increase in hot reheat stedm temperature at
constant [throttle steam conditions results in a corresponding increase in reheat enthalpy.,/The result on
performgnce is an increase in generator output and a better heat rate. Refer to the gyele thermal kit for
quantifying the effect on performance.

For a nuclear power plant with a single stage of reheat, an increase inecheat temperature will result in
an incregse in reheater heating steam flow, a reduction in throttle steam flow, an increase in generator outpul,
and a deg¢rease in heat rate. For example, an increase in reheat steam témperature of 5.0°F for a nominal 1,000
MWe pr¢ssurized water reactor nuclear power plant will result in an‘increase of about 4.7% in reheater heat{ng
steam fldw, an increase of approximately 0.12% in generator output, and a like reduction in heat rate.

2-3.7.8.8 Reheater Pressure Drop. The reheater pressure drop (expressed as a percent of HP
exhaust pressure), defined as the percent pressure drop from'cold reheat at the HP turbine exhaust to hot rehgat
at the IP [turbine inlet, is usually stated in the turbine OEM thermal kit as 6% to 10%. However, most fossil
units opdrate below this level, depending on the rehéater design. Modifications to reheater surface area may
change the reheater pressure drop and thus impagt-both the heat rate and generator output. A decrease in
pressure [drop will result in a better heat rate and-a corresponding increase in generator output.

The reheater pressure drop is also used as a data validation technique for detecting measurement errprs.
Although this parameter should be conStant over the load range, changes in operating conditions such as exdess
N2 packing (IP dummy) flows canchange the percent reheater pressure drop by changing the flow through the

reheater pt constant steam conditions. Also, the addition of temporary fine mesh screens following an outagg
where work has been performed on the reheater will likely increase the reheater pressure drop until the scregns
are remojped.

2-3.7.8.9 Auxiliary Turbine Steam Flow. A change in auxiliary turbine steam flow of 1% of
main unif throttle flew-has a corresponding 0.5% to 0.75% effect on turbine cycle heat rate and load. The exfact
value of fhe contfibution is dependent on the source of the extraction steam (cold reheat or extraction after the
reheater)} the pressure at the source, and the percent of VWO throttle flow.

2-377.8.10 Superheater Desuperheating Water Flow. Superheater desuperheating water flpw
is used to control outlet steam temperature. INormally, this source ol water s from the boiler feed pump and has
only 0.01% to 0.02% effect on heat rate for a spray flow of 1% of throttle flow, depending on the throttle
pressure of the turbine. The effect on generation is somewhat more at 0.07%. If the desuperheater flow
originates downstream of the highest pressure feedwater heater (final feedwater), there is no effect on
performance (heat rate or generation).

2-3.7.8.11 Reheater Desuperheating Water Flow. Reheater desuperheating water flow is used
to control reheater outlet steam temperature. Originating from the boiler feed pump intermediate stage, the
effect on performance of a spray flow of 1% of throttle flow is a 0.6% to 0.7% change in heat rate and
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generation, depending on cycle pressures and number of reheat stages. It is recommended that this flow be
accounted for or isolated, if possible, during performance monitoring tests, since it has a direct effect on
pressures at the reheat turbine and downstream, making turbine diagnostics more difficult.

2-3.7.8.12 Cycle Isolation. The following performance effects of cycle isolation are intended to
aid the performance engineer’s awareness of the impact that poor cycle isolation can have on the operation of a
unit. It is recommended that a computer model of the specific unit be established for simulating different
modes and degrees of isolation. Results of these effects should be used as feedback into the design of retrofit
projects and new plants, to economically justify improvements in drain system and control logic design and in
the [specifications for valves, heater drain controls, etc.

2-3.7.8.12.1 HP Feedwater Heaters Emergency Drains to Condenser. When alternate
high-pressure feedwater heater and deaerator drain systems are activated, or leakages occur through th¢se
systems, a loss in cycle efficiency occurs. The subsequent effect is an increase in condensaté:flow to the
deaprator, resulting in increased extraction flows to the low pressure heaters as well as the heater immgdiately
upstream (next lowest pressure heater) of the affected heater. The consequential decrease’in steam flow through
the [downstream turbine stages results in less generator power output and thus a poorer heat rate.

For the top heater of a typical 300 MW fossil unit with reheat, a heat rate‘increase of 0.5% and a
generator output decrease of 0.5% are realized for a 50% diversion of normal-drain flow to the condenser. This
sanje performance effect also holds true for the second highest pressure heater diverting 50% of its normal
drajn flow to the condenser. Diversion of 5% of these same drain flows @esults in a performance penalty of
0.1% in heat rate and generator output for the same type unit.

2-3.7.8.12.2 HP Steam to Auxiliary Turbines .. On most steam-driven auxiliary turbjnes such
as the boiler feed pump (BFP), an auxiliary source of high pressure steam is supplied for start-up purp¢ses and
low load operation. This steam source is most likely from main steam, but CRH or IP outlet can also He a
source. However, HP stop valve leakage and the misconception that the normal low pressure steam supply is
notladequate at higher loads often leads to the frequent,supplemental use of this high pressure steam. Tlhe result
is pporer cycle performance and sometimes sacrifided long term reliability of the auxiliary turbine (from
simultaneous HP/LP steam admission).

For a typical 300 MW fossil unit with reheat, a 1% intentional use of main steam flow or equiyalent
lealtage will result in a heat rate increase\0f0.3% with a corresponding decrease in generator output 0f|0.3%.

2-3.7.8.12.3 Extraction Steam Leakage to Condenser. Leakage of high energy stpam to
the [condenser usually occurs via-Cold reheat and extraction line piping drain lines used in the turbine water
indfiction protection system.

Most drain lines,are routed to a steam trap or bypass orifice/drain valve arrangement, and then(to the
condenser. Improperly-operating steam traps and wide-open bypass drain valves (air regulator problents, etc.)
allgw passage of high'témperature extraction steam to the condenser, thus robbing the turbine steam pdth of
high energy motiv¢steam and causing a decrease in power output.

Typiealperformance effects are a 0.2% change in heat rate and power output for a 5% extractipn steam
lealkage ofithe second highest pressure feedwater heater, and a 0.3% change in heat rate and power output for a
5%]|highest pressure heater, deaerator, and BFP turbine extraction steam leakage. The performance effgct for
the highest pressure low pressure feedwater heater extraction is 0.1% (5% extraction leakage) with
insignificant performance effects for the remaining low pressure feedwater heaters.

2-3.7.8.12.4 Out-of-Service Feedwater Heaters. A feedwater heater with tube leaks can be
taken out of service using the bypass arrangement designed for such modes of operation. Though cost-effective
in keeping the unit on-line and sometimes at a higher generator output, a performance penalty is incurred due
to the lower final temperature of the feedwater to the boiler.

The performance effect for a 7-heater reheat cycle ranges from a 1% increase in heat rate for removal
of the highest pressure feedwater heater to a +0.4% effect for removal of the lowest pressure heater. In a
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S-heater reheat cycle arrangement, these effects increase to +1.3% (highest pressure heater) and +0.7% (lowest
pressure heater).

In addition to poorer thermal performance, higher blade path flow will cause additional stress in certain
parts of the turbine, such that removal of more than one heater from service is discouraged by the turbine
manufacturer without a load reduction. The applicable turbine vendor instruction book should be consulted

before pr

oceeding with this mode of operation.

Most fossil-fueled utility boilers are not designed to generate rated steam flow with one or more HP
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e, the rate of fuel ﬁrng, would increase significantly. Such overfiring could result in highr spray-{]

attemperators, higher metal temperatures especially in the primary SH, and higher loadingen_the ir

ns. Unless a boiler is specifically designed for rated steam generation with HP feedwatertheater(s),
'vice, this operating condition can be detrimental to the boiler equipment, and represen{s an off-des
condition for the boiler. The boiler vendor should be consulted about possible boilér pperating

hs under these conditions.

2-3.7.8.12.5 Manual Valves Seat Leakage and Valve Flange/Packing Leakage. The
a unit turbine cycle of leaking manual valve seats and flange/packing leakage will vary, but all wil
hn increase in condenser makeup flow and thus a poorer heat rate and réduced power output. For
heater bypass valve leakage for the final feedwater heater in a nuclear.power plant will result in a
] final feedwater temperature and an increase in core thermal power, thus resulting in a decrease in
v and electric power to maintain constant core power.

Any combination of these and/or other sources of leakage out-of the cycle can be quantified using a
Jcacrator storage tank level change test. With condenser makeup and all wasted boiler outputs
vn and sootblower steam) shut, a level drop in the condenser hotwell or deaerator will occur over a

alculated using the dimensions of the deaeratortand hotwell storage tanks and converting the level
o mass flow rates. Expressed as a percentage of throttle steam flow and assumed to have occurred

and a —0.2% change in power output:

[he throttle steam flow for a test of this type can be approximated using the turbine first stage

a nuclear power plant, leakage though the top heater bypass valve will lower the final feedwater
ire. To maintain reactor-core power at the licensed limit, the result is a decrease in feedwater flow i
butput.

.9 Turbine Cycle’Diagnostics

t rate to,expected values. The following diagnostic techniques are discussed in more detail in
[6].
2-3.7.9.1 Flow Capacity (VWO) Check. A comparison to target of the turbine valves-wide-of
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corrected to reference (design) conditions (see PTC 6S Report-1988) before comparing to a target condition,

Wit

The following are possible problems associated with the different findings:
(@) W,:> W,

(1) first stage nozzle erosion
(2) low first stage pressure due to excessive packing clearance or enlarged second stage
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(3) excess leakage and/or bypass in bell seals (piston rings), start-up drain valves, etc.

(4) valves for high-pressure steam to auxiliary turbines and steam seal systems are leaking or open

(5) flow measurement is in error
b) W< W,
(1) first stage nozzle area is reduced

(2) restriction in high pressure turbine reaction stages, indicated by a high first stage pressure
relative to downstream pressures

(3) flow measurement is in error
It is prudent to check the flow measurement transmitters first.

2-3.7.9.2 HP Turbine Efficiency Across Load Range. HP efficiency should'be plotted against
cent valve position, throttle flow, or pressure ratio. If the difference between design anddiest is greafer at
imum load than at VWO, it would indicate that the first stage performance has detetiorated more than the

br stages. Conversely, if the difference is less at part load, it usually indicates the latter stages are mpre
affgcted than the first stage. Note that poor section efficiency and low first stage$hell pressure may be

the

resyilt of excessive leakage through the internal packing, provided that leakagesis returned to the main flow

—_

pr

addjitional factor that can affect the apparent HP section efficiency deperiding on which rings leak and

valy

cormpmon causes of the HP deterioration are rubbed seals, excessive leakage, and solid particle erosion.

of s

equ
that
ind
co¢)
tem

calg

r to where the HP turbine exhaust temperature is measured. Main steam.piston ring leakage is an

yes are open.

In general, the HP section performance will deteriorate nmueh more than other sections. The m

tage nozzle area changes when plotted against throttle flow.
K= w/Ph)"
where

K = flow constant

P = pressure (absolute) to the following stage
v = specific volume to the following stage

W = flow to following stage

Information pertinent-to the internal conditions of the turbine is provided using the flow factor

cator of test comsistency, serving as a check on testing errors. The absence of scatter in the plot of
fficient versus)throttle flow (test data lying on the same curve as design data) signifies accurate pre
perature-measurements.

In-addition, it can also be used to calculate shaft-packing and valve stem leakoff flows. The co

ulated from acceptance or design data, and the calculated flow may be compared against the actual

what

st

2-3.7.9.3 Turbine Flow Function Across Load Range. The flow constant, K, is an infdicator

ation. Although this telationship is not accurate if changes in local areas occur, it can be used to redognize
a change has occurred and to help estimate the magnitude of that change. The stage flow coefﬁcietﬁt is an

oW
sure and

hstant is

me
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2-3.7.9.4 First Stage Pressure Versus VWO Flow. Turbine first stage shell pressure, although
not providing an accurate determination of throttle flow, is a good indicator of short-term changes in throttle
flow when used in conjunction with other turbine performance monitoring measurements. A comparison of
design versus first stage pressure plotted against throttle flow is used to determine whether the first stage
pressure is high, low, or at design. After correcting first stage pressure to reference steam conditions, the
following can be considered as possible causes for a deviation from the design value:
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(a) test first stage pressure is high

(1) throttle flow measurement is in error on the low side
(2) second stage nozzle area is restricted

(b) test first stage pressure is low

(1) throttle flow measurement is in error on the high side
(2) second stage nozzle area is enlarged

/2) Q{']I.Qf‘Pﬂf I’\Qf‘l(“ﬂﬂ DA\ I’\P ]’\Q(‘]‘I Yll]’\]’\PF]
\ J r t=J J J

(4) other leakages or bypasses may exist
2-3.7.9.5 IP Turbine Efficiency Across the Load Range. For units consisting of cambined

HP/IP tupbine elements, cooler steam leaking from the HP to the IP turbine section cools the steam'entering [the

IP turbing. As a result, the measurement of the IP turbine efficiency will be calculated erroneously high if n
properly [compensated. When this cooler steam mixes with hot reheat steam, the amount of P_efficiency err¢r
approximately as the difference in enthalpy between the leakage steam and the diot reheat steam. This
thus decrease as the initial (main steam) temperature is raised and/or reheat temperature is lowered.

will vary
error wil
Conversg
Utilizatid

2-3.8 Boiler Monitoring and Diagnostics
2-3.8.1 Measured Boiler Performance Parameters

High IP section efficiency and low first stage pressure are usually‘indicative of high leakage rates.

WNote that in addition to leakage in the packing between the HP<and IP inlets, additional leakage flow
from the|HP inlet to the IP inlet may also be attributed to leakage frem the HP inner cylinder joint or the pis
ring seal$.

ly, this error will increase if initial temperature is lowered and/or reheat temperature is raised.

2-3.8.1.1 Boiler Measured Performance Parameters
1) steam and water temperatures, pressures, and flows at
(1) economizer inlet

(2) economizer outlet

(3) waterwall inlet and outlet (supercritical unit)

(4) intermediate SH-and’"RH sections

(5) SH and RH désuperheater inlet and outlet

(6) main steari\(SH outlet)

(7) cold reheat (RH inlet)

(8) hotreheat (RH outlet)

h) auxiliary, extraction, and sootblowing steam flows

c) SH and RH tube metal temperatures

(

v AWSE |
/ esgesssg PLUDDUIL/

(e) drum level

() boiler circulation pumps amps, differential pressure

(g) blowdown flow from the steam drum(s)

(h) sample conditioning water

(i) fuel analysis (HHV with ultimate and proximate analysis)
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n of this phenomenon has resulted in a procedure described in a paper by-Booth and Kautzmann [4]
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—

2

on


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

FD

ASME PTC PM-2010

2-3.8.1.2 Pulverizers and Burner Equipment Measured Performance Parameters

(a) number and location of mills in service
(b) fuel flow

(c) mill outlet temperatures

(d) mill motor amps

(e) primary and tempering air flow

(f) burner register settings

(g) fuel nozzle tilt position
(h) number and location of gas and oil burners
(i) auxiliary fuel flow
(j) atomizing steam flow
(k) windbox/furnace differential pressure
(1) windbox air damper positions
(m) overfire, underfire, and arch air damper positions and nozzle tilt
(n) mill fineness
(o) mill differential pressure
2-3.8.1.3 Air Heaters Measured Performance Parameters
(a) gas inlet/outlet temperature, pressure
(b) primary air inlet/outlet temperature, pressure
(c) secondary air inlet/outlet temperature, pressuré
(d) air preheating coils inlet/outlet temperatures
(e) flue gas inlet/outlet analysis, wet or dry©, as a minimum
(f) primary and secondary air outlet flows, if available
(g) air and gas pressure differentials
(h) unburned carbon in ash
(i) furnace gas pressures and ‘differential pressures
(j) boiler exit gas temperature
2-3.8.1.4 Fans Measured Performance Parameters. Measured performance paramet

PA/ID/GR fans are inletand outlet pressures; temperatures; flows, if available; damper positions; h

anglles (variable pitch fans); motor amps; ambient air temperature; barometric pressure; and humidity.

2-3.8.2 Steam-Generator Calculated Parameters

(a) excess air
(b)boiler efficiency
(chflue gas flow

(d) air flows

brs for
lade

(e) air heater performance parameters (leakage, gas side efficiency, air-side and gas-side differential
pressures, X-ratio)

(f) air heater exit gas temperature corrected to the zero leakage condition
(g) SH and RH spray flows
() boiler surface cleanliness
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2-3.8.3 Steam Generator Equipment Performance Degradation

2-3.8.3.1 Pulverizers and Burner Equipment. Combustible unburned carbon data (preferred to
loss-on-ignition data) from fly ash, loss-on-ignition (LOI) data should be collected, and causes of excess
carbon carryover identified. If high moisture-containing fuels, such as powder river basin (PRB) and lignite are
burned, testing in addition to LOI testing may be required. Air flows at mill inlets and outlets should be
initially checked to ensure proper flows and distributions, and to eliminate pulverizer spillage. Mill
performance should be monitored using mill fineness, mill amps, measured air and coal flows, coal spillage,
coal grindability, raw fuel size, and moisture in coal. Secondary air flow distribution should be checked where
practicalfto ensure proper air flow distribution, and to maintain the proper stoichiometry in the
combustion zone.

2-3.8.3.2 Boiler. Oxygen (0O,) analyzer systems should be investigated for proper location,and
accuracy] Boiler casing leaks should be identified by safe available methods. All ductwork and ekxpansion
joints sheuld be inspected for possible leakage. Excessive boiler air in-leakage can also result-in‘changes in fir
heater pgrformance, reduced boiler efficiency, and higher ID fan power.

2-3.8.3.3 Air Heaters. Levels of air heater leakage should be determined. Exéessive leakage wi
result in jncreased fan power consumption, greater potential for cold end corrosion, and/potential load
curtailmgnts due to insufficient combustion air or induced draft capacity. MinimiZation of air heater leakage
should b¢ implemented through regular seal maintenance or repair and review,ofiavailable sealing system
improveinents or upgrades. Tubular and heat pipe air heaters should also be checked for leaks due to corrosion,
erosion, pr mechanical damage.

—_

2-3.8.3.4 Fans. The actual physical position of damper blades should be checked against contro
room or fictuator readings. A partially closed damper will reduce fancapacity, potentially affecting unit output,
and will fvaste energy.

2-3.8.4 Steam Generator Equipment Testing

2-3.8.4.1 Pulverizer Testing. Pulverizers areselected to provide a required grinding capacity
based uppn a set of design criteria that include the required coal particle fineness and coal characteristics. The
required [pulverizer capacity is determined by the boiler heat input requirements, with some additional
added to account for wear of the mechanical parts. The required fineness is a function of specific
coal properties such as the volatiles in coal, raw-fuel feed size, and the rank of the coal. It is also a function ¢f
the type pf burners, firing system, and furnace’size. Coal characteristics that determine mill performance are
the grindability of the coal and the moisture in the coal.

ulverizer capacity will vary;according to the current operating conditions. Figure 2-3.8.4.1-1 show}
typical r¢lationships between mill mechanical capacity, coal grindability, and coal particle fineness. As an
example) assume that the coal Hardgrove grindability increases (which means that the coal is easier to grind).
This figure would show that.the mill would either be able to grind an increased amount of coal to the same
fineness,|or it could grind\the same amount of coal to a greater fineness.

ulverizer thermal capacity is affected by such factors as the moisture in the coal and the available
primary 4ir inletdemperature and flow. To a lesser extent, ambient air temperature and raw coal temperaturej
will alsolaffectimill thermal performance.

higher-than-design moisture content of a coal has a negative effect on both pulverizer and boiler
performance. The additional moisture, either removed from the coal in the mill and transported in the primary
air, or remaining with the coal particles entering the furnace, carries heat away from the combustion process.
This becomes part of the moisture heat loss that impacts boiler efficiency. The added moisture also requires
additional drying and grinding time in the mill, utilizing more mill motor power for each ton processed. On
average, the heat rate is impacted by 0.10% for each 1% increase of coal moisture in a typical Eastern
Bituminous coal, and 0.17% for each 1% increase of coal moisture in a typical high moisture Western Sub-
bituminous coal.
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Fig. 2-3.8.4.1-1 Pulverizer Capacity Curve

17 =
60%
16 - 65%
70%
75%
80%

C, Grindability Factor

l | l | | |
20 30 40 50 60 70 80 90
Grindability, % (Hardgrove Grindability Index)

An increase i coal moisture content can be attributed to any of the following:
(a) change)insource at the mine.

(b) seasonal or isolated moisture addition from rain or snow during transport and storage. Notd that a
raw| coal confaining a high percentage of fines (greater surface area) will retain more surface moisture.

(chinadequate coal pile drainage.
{d) change in coal blending practices.

Clean air curves are a plot of mill differential versus stationary pitot tube differential with no coal flow.
They represent the pressure drop through the mill due to its internal components. As such, they give an
indication of wear by comparing clean air curves over time. These curves are typically used to establish the
mill-airflow calibration and to verify proper primary airflow balance to the burners. The number of hours of
operation of a pulverizer, tons of coal processed, or increased pulverizer spillage are generally used to
determine mill maintenance requirements.
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Stationary pitot tube calibration is done to obtain the K factor of the pitot tube for use in pulverizer
calibration. Individual burner lines are traversed at several different flow rates, such as minimum mill load,
50% mill load, and 100% mill load, while the corresponding pitot tube differential is measured. Based on the
mass flow rate of air through the mill, a flow rate versus pressure drop relationship is determined that enables
the calculation of a pitot tube calibration factor. This information is then used to establish the mill loading
curve and the relationship between fuel and air mass flow rates as a function of pitot tube differential pressure.

Pulverized coal fineness is determined from pulverized coal samples taken every 30 min from mills

that are tested within the guidelines of PTC 4.2. There are two methods of collecting the pulverized coal
sample: {he ASME PTC 4.2 method and the International Organization for Standardization (ISO) method;

Figure 2;
dustless
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maintain
air strear
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3.8.4.1-2 shows the PTC 4.2 arrangement for sampling pulverized coal in a direct-fired system using a
ampling connection with an aspirator and a cyclone collector. In collecting the sample, the

ed air is turned on to the dustless connection and adjusted to give a balanced pressure atithe
n. The sampling tip is inserted in the dustless connection, and the compressed air is,again adjusted|to
a balanced pressure. Then the fuel transport line is traversed holding the sampling(tip’facing the copl-
h at predetermined positions for equal periods of time. Samples should be obtained from two taps i
plane, located at 90 deg to each other. Each fuel transport line leaving the mill should be tested.

Fig. 2-3.8.4.1-2 Arrangement for Sampling Pulverized Coal
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The second method of obtaining a pulverized coal sample, which is being used more frequently, is the
ISO method. This method uses a transport pipe tap for probe insertion. The probe has a rotating head that
allows for more sampling points than are available with the PTC 4.2 method. Additional sampling points can
be an advantage when there is roping of the coal in the pipe [43, 44].

With collection complete, the pulverized coal samples from each mill are first dried then thoroughly
mixed. Fifty grams of the sample is then placed in the top sieve of a nested stack of 50-mesh, 100-mesh, and
200-mesh sieves. The nest is then shaken either by hand or machine until the procedure has separated the coal
particles by size. The results of the percentages of coal passing through the different mesh sizes should plot as
a rdasonably straight line on a Rosin and Rammler Probability Chart, Fig. 2-3.8.4.1-3. If the percentag¢s do not
fall|on a straight line, either a computational error or improper sampling has occurred, or this may-indi¢ate
me¢hanical problems within the mill. Investigation should continue until the results fall on a reasenably
stralight line.

Fig. 2-3.8.4.1-3 Graphical Form for Representing Distribution of Sizes of Broken Cpal
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From: Landers, W. S., and Reid, W. T., A Graphical Form for Applying the Rosin and Rammler Equation
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NOTES:
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2-3.8.4.2 Steam Generator Testing. Boiler efficiency testing should be done periodically,
preferably before and after unit outages, to monitor performance relative to design conditions. Also, a
comparison can be made between expected performance and original design if significant modifications to the
boiler, either from an equipment or operations point of view, have been made.

For rigorous performance test work, PTC 4 should be consulted for the proper procedures and
calculations for the input—output and heat loss boiler efficiency tests. The heat loss method is preferred for
performance monitoring.

ypically, for boiler performance testing, the control volume 1s from the air heater air inlet to air hegter
. Air heater performance testing and boiler efficiency tests should be run concurrently to effectivelly

analyzers, CO, analyzers, or Orsat analysis. Again, for performance monitoring, the O, entering the air heatgr
can be obtained from in situ oxygen analyzers, provided they have been calibrated and a sufficient number df
them have been properly located to give a representative O, reading in the economizer,outlet ductwork. Moie

boiler. The air heater gas outlet ductwork needs to be traversed to obtain a flue gasanalysis because many upits

averaging apparatus can be used, where multiple gas samples can be simultaneously fed into the apparatus, $o
that only|one point needs to be evaluated. Based on the results of this typeof performance monitoring, more
rigorous [testing (multipoint duct traverses) may be warranted, at which)time the appropriate PTC should be
consulted.

uring the test, steady state conditions should be maintained at rated steam conditions. Air heater
bypass dhmpers should be closed for the duration of the test and gas flows held constant. Typically, steam
generatof output should be stabilized for 30 min to 60 minprior to taking data. The data necessary to evaluate
performdnce of the boiler and heater can then be taken dufing the next 30 min, at 5-min intervals, provided
conditions are reasonably constant. The duration and-frequency of data collection is dependent on the goal of
the test and the accuracy of results required. See. ASME PTC 4-1998 for figures illustrating the boiler testing
procedurgs.

hen calculating air heater leakage, it is important that the performance engineer use results from the
flue gas qnalysis consistently on the air:he¢ater inlet to outlet, either both on a dry basis or wet basis. If O,
analyzer$ are used at the inlet, and £O,/is measured at the outlet either by CO, analyzer or Orsat analysis, it
will be npcessary to convert CO,-t0~0, on a volumetric combustion chart.

Boiler efficiency, defined generically as the ratio of the heat absorbed by the working fluid or fluids|to
the heat Input, can be detetiined by either the input—output method or the heat loss method. A third method,
which w]ll be described briefly, can also be used to obtain boiler efficiency. Each test requires obtaining
specific Ijata. A reviéw)of PTC 4 should be conducted for a thorough understanding of the procedure,
measureiment aceuracy, and efficiency calculations for the input—output and heat loss methods.

Altheugh PTC 4 was written to provide a rigorous analysis of efficiency, alternative methods of
analysis gdan-be employed for performance monitoring that is less costly and time consuming without
sacrificing a great deal of accuracy. For the purpose ol performance monitoring as opposed to a
guarantee/acceptance type test prescribed in PTC 4, the list of measurement and calculation parameters can be
reduced to include only the major losses. Referring to PTC 4 Figs. 1.4-1 through 1.4-7, a review of steam
generator boundaries, heat inputs, and heat outputs can be made to establish specific monitoring goals. For
example, it may be that the immediate need is only to monitor air heater performance, or another specific
portion of the boiler circuit.

The input—output method requires accurate measurements for fuel flow, fuel higher heating value,
feedwater flow, steam flow, and reheater flow. This method may be best applied to boilers using gas or liquid
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fuel that have calibrated fuel flow meters. The steam/water flow measurements can be obtained from station
flow meters or calculated from a PTC 6 Steam Turbine Test. Since this method only calculates boiler
efficiency without giving a breakdown of the boiler efficiency components and is primarily used for gas and
liquid fuels, it is not recommended for monitoring purposes.

The heat loss method determines the losses from the boiler. The calculated boiler efficiency resulting
from the heat loss method is not as sensitive to measurement errors as the input—output method. Refer to PTC 4
for the effect of measurement errors on efficiency. In addltlon the losses are quantified under loss categorles

themajor losses are the dry gas loss, the hydrogen and moisture in the fuel loss, unbumed combustible]loss,

mojsture in the air loss, radiation loss, and unaccountable loss. The unaccountable loss is a constant amount to
accpunt for losses that are too difficult or too small to measure. The heat loss method is best suited for
pulyerized coal units when coal flow cannot be accurately measured and the higher heating value vari

The third method for determining boiler efficiency is called the output loss method. Boiler efficiency
calg¢ulated by the output loss method is a function of boiler heat duty (energy transfesred to the steam in the
boiler), mass flow rate of gas leaving the stack, and fan and pulverizer power. It is, independent of the higher
heafing value of fuel and fuel mass flow rate. This method has potential for contintious on-line performpance
monitoring of steam generators, but it has not been accepted as a standard in“gnarantee testing becauselit yields
lesq accurate results, compared to the heat loss method.

PTC 4 calculation sheets may be used to facilitate the calculation of results. In an effort to redyce the
cost of the monitoring program, the user may wish to eliminate seing of the measurements that account for the
mirfor heat losses and credits. The values of the unmeasured losses and credits can be estimated from historical
datj. It is also important to note that the value of as-tested efficiency is not as important a diagnostic tqol as is
the [trend of losses and credits corrected to reference condifions.

The major heat losses are generally heat in dry, gas, moisture from fuel, and moisture from the
combustion of H,. The major losses and many of thessmaller losses are all dependent on the measurempnt of
flug gas temperature and composition at the air heater gas inlet and outlet. It is essential that a represenftative
megsurement of flue gas O, and temperature beobtained from a multipoint grid entering the air heater where
stratification is likely to occur. It is also essential that an accurate determination of air heater exit gas
temperature, excluding leakage, be made,

(a) Losses to accurately determine on a regular basis are as follows:
(1) dry gas loss
(2) water from.combustion of H, in fuel loss
(3) water from H,O in fuel loss
(4) unbutned carbon in ash
(b) Otherlosses to calculate or estimate are as follows:
(Dmoisture in air loss — use typical percent moisture in air or actual values if available
(2) sensible heat of refuse — use typical bottom/economizer/air heater ash splits and estimjate
(3) radiation loss from hot-side precipitators — estimate from historical data

(d) radiotion loca actimanta radiati o Toccoc ac dataematnad 100 A Q]\ﬂ: D’T‘P /I
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2-3.8.4.3 Air Heater Testing. Performance testing of an air heater is conducted to determine gas
side effectiveness, air leakage, and air/gas side pressure differentials. Other related operating characteristics of
significant importance are X-ratio and air and gas temperatures.

During unit outages, air heaters should be inspected. On regenerative air heaters, a check for proper
seal clearances and tight shut-off of all bypass and/or recirculation dampers should be conducted. If necessary,
all heat-transfer surfaces should be washed in accordance with the manufacturer’s recommendation to
eliminate any pluggage. Care should be taken to give a thorough washdown so that wet ash does not lay out
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between layers of baskets (hot, cold, and intermediate), which will accelerate corrosion and significantly
reduce the life of the baskets.

Temperature, pressure, and oxygen sampling instruments should be located in the air and gas ducts
upstream and downstream of the air heaters. The number of points to sample during a traverse will be
dependent on the location of the test connections and the severity of stratification at that location.

Entering air temperature affects air heater performance. Changes in entering air temperature will result
in a change in temperature head, which directly affects outlet gas temperature. A 10°F increase in air-heater
inlet-gastemperature witt fncrease the exit gas temperature by T0°F times (60— gasside efficiency )

Higher-than-design gas mass flow rates will increase exit gas temperature. A common error made by
performgnce engineers is to assume the air heater’s poor performance is based on temperature measurementy
alone; hgwever, the ratio of air to gas flow and its effect on performance must be known beforehand: The
manufacfurer should be consulted for the appropriate correction curves. For trisector air heaters,‘deviation fijom
design inf mass flow rates of primary air, secondary air, and gas must also be accounted fordn-air heater
performdnce analysis. Excessive boiler air in-leakage can also result in changes in air heater performance and
reduced boiler efficiency. Air and gas flow pressure drop, trended over time, will give'the engineer and
operator jan idea of the degree of air heater pluggage. PTC 4.3 should be consulted-for' recommended
procedurps in conducting an air heater test.

Some applications of performance monitoring systems will require that minimal instrumentation be

added to[implement an air heater leakage program. As noted previously /G5 analyzers typically need to be
added to|the ductwork downstream of air heaters in order to monitor air hi¢ater leakage on a continual basis.
Due to tHe same data needs as a boiler efficiency test, air heater and:beiler efficiency tests are usually
conducted simultaneously.

Regenerative air heaters with seals in good conditiontshould have leakage rates between 6% and 8% on
pulverizgd coal fired units, and 10% to 12% for cyclone fired units. The reason for the greater leakage rate dn
cyclone fired boilers compared to pulverized coal firedboilers is that cyclone fired boilers have greater air-tp-
gas side flifferential pressures. The leakage rate willdepend on the differential pressure between the air and gas
sides of the air heater, the degree of air heater pluggage, and the seal condition.

2-3.8.4.4 Fan Performance Testing. PTC 11 provides methods for rigorous analysis of fan
performgnce but may not be practical for a performance monitoring program. For routine performance
monitoripg, simplified assumptions and:test methods may be employed.

TC 11 should be consulted for the recommended procedures to conduct rigorous fan tests. An
approxinpation of fan efficiency(can be made by simply measuring fan power and static pressure rise across fhe
fan and recording the inlet vane/position. A combustion calculation using fuel flow rate, typical ultimate
analysis pf fuel, and back-end O, will yield flow rate that can be plotted on a manufacturer’s curve to deternjine
if there 1§ a problem thapneeds to be investigated further through more accurate testing. Note that measured
pressure fand horsepower should be adjusted by the following density ratio before plotting: peurve/ Pmeasured-

FFor themgasurement of fan flow, a grid of probes designed to measure the fluid total pressure and
static prgssure are required, preferably removed from obstructions. The probes can be designed such that thdy
are sealefl at-the end inside the flue, pressure sensing holes are drilled along the length, and they are inserted so
that the pressure sensing noles are aligned in the direction of oncoming 110w.

The pressure sensing holes should be equally spaced along the length of the probe and should be sized
so that the cross-sectional area of the pipe is at least § times the total area of the sensing holes. PTC 11 calls for
elemental areas for sensing pressure not to exceed 2 ft*, but for the purposes of performance monitoring, this
requirement may be relaxed to every 3 ft* to 4 ft*. When measuring the flow of particulate laden gas, sensing
hole pluggage is a concern, and periodic purging of the probes may be required.
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Static pressure measurement at the location of the grid is also required. The velocity pressure is the
total pressure measured by the grid, less the static pressure. Fan flow, from the flow grid, is determined by the
equation

Flow = K,(P,/p)°’
where

K = calibration factor of flow grid from testing (including unit conversions)

P_= velocitv pressure from the orid
4 VA o k=3

p = density of the flowing fluid

The calibration factor K; should be developed by concurrently measuring the flow using/the giid, and
obtaining the actual flow rate using the methods prescribed in PTC 11. The calibration should*be doneover the
pragtical operating range of the fan.

Static pressures are required at the fan inlet and outlet and at the location where flow rate is m¢asured.
Static pressure can be measured with an appropriately designed probe or with pressure taps installed of the
wallls of the flue or duct [reference Air Movement and Control Association (AMEA) publication 803].

Air/gas temperature at the fan inlet is required to calculate density.\A-thermocouple, or thermofcouples
attached to the pressure measuring probes, can be used to measure the temperature.

Fan performance is determined by measuring fan flow rate; fan static or total pressure, and fan|power
at alstated speed and fluid density. Other measured values, presstres on the inlet and outlet sides of dapers,
and damper position can be used to measure system pressure and fan pressure capability.

Fan flow rate is rigorously determined by measuriig the velocity pressure profile in a traverse [plane of
a lgng straight duct, sufficiently removed from flow disturbances such as dampers, elbows, flow measuring

deviices, or the like. Acceptable distribution profiles-exist when 75% of all velocity pressure readings afe
grefiter than one-tenth the maximum reading of vélocity pressures. Converting the root mean square avierage of
the [readings to velocity and multiplying by the(area of the traverse plane will determine the volumetric| flow

ratd. The static pressure rise across the fan ahd the inlet velocity pressure should be determined with thie
dampers completely open in order to compare to the fan performance curve, unless manufacturer’s
performance curves are available for partially open inlet vanes. Gas density should be calculated as acqurately
as possible at the point of a volume\traverse.

The following precautionary items should be noted regarding testing:

(a) all readings, regardless of algebraic sign, should be recorded

(b) all tubing oninstruments must be free of moisture accumulation

(c) measuring instruments should be clean and all ports open during the test

(d) the fraverse area should be representative of the area seen by the gas flow

(e)gas characteristics should be examined to determine a possible need for special instrumentg

2-3:8.5 Steam Generator Equipment Data Validation

2-3.8.5.1 Pulverizer. The pulverizer clean air curve is useful in assessing control air line
conditions, mill condition, and pitot tube condition. The plotted clean air curve should pass through the origin.
If the curve intersects the mill differential at zero primary air (PA) differential, there may be a leak in the high
side of the PA differential impulse line or in the low side of the pulverizer differential impulse line.
Conversely, if the curve intersects the PA differential axis, there is either a leak in the low side of the PA
differential impulse line or high side of the mill differential impulse line. Comparing clean air curves over time,
an increase in slope indicates the throat may be plugged with debris. If the slope decreases, the throat may be
worn. Clean-air flow tests are also performed in coal pipes to compare air flows in each pipe, to ensure that
there is an equal distribution of primary air to all coal nozzles.
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Stationary pitot tube calibration is an important step to enable operators to fire the boiler evenly. Pitot
tube calibration factors for each mill should be within 5% of one another; therefore, equal PA differentials
mean that heat input is the same by each mill, assuming the same loading curve is used for all pulverizers. If
the calibration factors are not within 5% of one another, they can be electronically biased if the control system
has the capability for this adjustment; otherwise, the pitot tube can be twisted in the duct or a dam installed
upstream of the pitot tube to change the calibration factor.

In sampling coal from a stream of coal and air, it is essential that the velocity into the sampling tip be

nearly the same as the veloci 1n the pipe. Furthermore the rate of movement of the sampling ti throu h the

suspect.
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2-3.8.6 Steam Generator Equipment Performance Calculations
2-3.8.6.1 Pulverizer Calculations. The clean air curve requires no calculations. Simply plot npill
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The stationary pitot tube calibration requires calculations to determine mass flow rate of air through

¥

value and expected value differ by more than a prescribed amount, the data item, can be flagged as

belected data items can be backed up with redundant instrumentation or chéeked against an instrum

atch. A heat balance around attemperators using temperature data caxbe used to validate spray floy

erformance engineers are encouraged to become familiar withh Nonmandatory Appendices A and B
erformance Test Code PTC 4-2008, and to develop computer-based monitoring programs based on
in these Appendices.

2-3.8.5.3 Air Heaters. A heat balance around an<air heater can be used to calculate air outlet
ire. I[f measured and calculated air outlet temperatures agree, then leakage, temperature, and air/gas
can be assumed to be relatively accurate.

al (dependent variable) as a function of stationary pitot tube differential (independent variable).

1 burner lines based on equat-area pitot tube traverses. Using the simple relationship of flow rate bg

calibrated.

ineness testing requires a calculation to determine that isokinetic sampling has been accomplished
ble rate should be-equal to the coal flow rate passing through a fuel transport line multiplied by the
he sampling tiplarea to the coal pipe area. The actual sample weight should be between 90% and 11

hould bedaken by carefully traversing at least two diameters 90 deg apart in sampling zones indicat
B.8.6.1=1. The sampling time at each point should be approximately 5 sec, and the sampling locatio
in-a’vertical pipe 7 to 10 diameters from preceding bends, changes in cross section, or valves.

similar measurement. For example, economizer inlet and feedwater temperature leaving last heater

nal to the square root of différential pressure, the proportionality constant, or stationary pitot tube K

bnt

<

of
the

ing

0%

oretical weight to be considered satisfactory. In order for isokinetic sampling to be accomplished, the

ed
h

2-3.8.6.2 Steam Generator Efficiency (Heat Loss Method). Calculation of boiler efficiency
by the heat loss method is determined using the calculation forms in PTC 4. Using these forms, the losses and
credits are easily quantified such that the user is allowed to identify and reduce losses where possible. The
following parameters are included in these forms:
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Fig. 2-3.8.6.1-1 Sampling Direct-Fired Pulverized Coal-Sampling Stations (Dimensions Are
“Percent of Pipe Diameter”)
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(a) dry.gas loss

(b)oisture in fuel
(¢) moisture in hydrogen

(/]) moisture in combustion air

(e) unburned combustibles
() proximate analysis
(g) ultimate analysis

PTC 4 contains an example of a boiler efficiency calculation using nomographs and graphs to
determine the breakdown of losses. Refer to PTC 4 for the detailed equations to calculate boiler efficiency.
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2-3.8.6.3 Air Heater Calculations. Air heater gas side efficiency is defined as the ratio of gas

temperature drop across the air heater, corrected for no leakage, to the temperature head. Gas side efficiency is
computed as follows:

the unco
were no
upon the
the corre

leakage through the air heater seals and entrained leakage in the air heater)baskets for a rotary regenerative t
of air hedter. These are further described in reference [18].

the air hd

discussed in para. 2-3.8.4.3. A change in air heater gas side efficiency is most often a result of the following

three evd

4
the heat

N

y

A

Wwhere

The gas temperature leaving the air heater, corrected to the no-leakage condition, is also referred to

The gas side efficiency is an important diagnostic factor when considered together with other
measureinents and the manufacturer’s correction curves. Air heater gas side efficiency may be used to corre

To1, Ty, and-T,,; are as defined above
T.» = airtémperature leaving air heater

Gas Drop

AH gas side efficiency = x100

Temperature head

— Tgl _TgZ

Lo al Lo al

Tg1 tal

T,; = air temperature entering the air heater
T, = gas temperature entering air heater
T, = gas temperature leaving the air heater corrected to the no-leakage conditi

rected gas temperature. This is the temperature at which the gas would leaverthe air heater if there
eakage in the air heater. This temperature cannot be measured directly sbut must be calculated base
amount of air heater leakage. The gas temperature leaving the air heater with leakage is referred to
cted gas temperature. This is the measured exit gas temperature and includes the dilution effect of

ater exit gas temperature for off-design changes in\the entering air or gas temperatures. This is

nts, listed in order of their relative effect upon-gas side efficiency:

o) a change in the air or gas flow rate through the air heater

) a change in the cleanliness of the air-heater

c) long-term corrosion of the air heater heat transfer surface.

\ir heater X-ratio is defined astthe ratio of the heat capacity of the air passing through the air heater
apacity of the gas passing-through the air heater. X-ratio is computed as follows:

T, gl = ng _ Wacpa

-T Wg Cpg

al

X -ratio =

a2

vhere

»= miean specific heat of air or gas

J¥=Tmass tlow ratc of air or gas

as

ype

X-ratio will vary based on a number of parameters, including moisture in coal, air infiltration, air and

gas mass

flow rates, air heater leakage, air infiltration through the penthouse or through the convective and

rear-pass casing, and specific heat of air and gas at constant pressure. A change in X-ratio signifies a change to
one or more of these parameters.

X-ratio does not provide a measure of the thermal performance of the air heater but is a measure of
operating conditions. A low X-ratio indicates either excessive gas weight through the air heater or that air flow
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is bypassing the air heater. A lower-than-design X-ratio leads to a higher-than-design gas outlet temperature
and can be used as an indication of excessive tempering air to the pulverizers or excessive boiler setting
infiltration. For balanced-draft boilers, the convective pass is below atmospheric pressure. As the unit ages, air
infiltration through the penthouse or through the convective and rear-pass casing may increase, thereby
increasing the gas flow and lowering the X-ratio. Refer to subsection 3-5 for an example of the effect of high
air infiltration on air heater performance.

Air and gas side pressure drops should be monitored and trended to identify degradation in the physical
condition of the air heater, changes in air and gas flows, or pluggage of the heat transfer surfaces over time.

The tested air heater gas side efficiency should be corrected to the design conditions usingjthe
manufacturer’s correction curves, and an expected exit gas temperature should be computed at testconditions.
COI‘lparison of the expected and tested exit gas temperatures and the deviation from design ofith€ air hiater

leakkage should then be used to calculate the change in dry gas loss and fan power consumption from a ichange
in das side efficiency.

Detailed calculation procedures for air heater leakage are included in PTC 4.3; however, some
reldtively simple equations for air heater leakage can be used in a performance mignitoring program, dgpending
on the level of accuracy desired and the specific data collected.

If O, analyzers are used, air heater leakage is approximated by the following equation:
(%0, out —%0, in)4.9*100
(21-%0 4 put)

% leakage =

It is imperative that the O, basis be the same at the air heater inlet and outlet, wet or dry.
Nonmandatory Appendix C shows how to convert betweewwet and dry O..

If a combination of CO, and O, readings are takeén, draw a radial line on the volumetric combihation
chaft as defined in Nonmandatory Appendix A. Cofiyert the CO, readings to O, using the combustion ¢hart,
making sure to be consistent in using wet or dry O5. Do not use both. Air heater leakage is then calculated in
the[same way as the previous equation.

If an Orsat is used for flue gas analysis, then CO, and O, are measured on a dry volumetric bagis. Air

heafer leakage is then calculated on a total weight basis by the following equation:

(%CO, in -%CO, out) 0.9*100
%CO, out

% leakage =

Experience has shown that the use of this factor 90 will result in percentage leakage figures that are
very close (£1%) to I¢akage determined on a weight basis.

2-3.8.6.4-Fan Calculations. The efficiency of a fan is used as a measure of fan performanpce. Fan
efficiency is calculated using the equation

ACFM x static pressure rise (in. H,0) x compressibility factor

Eff =
6356 x fan brake horsepower

The above equation shows that fan brake horsepower is directly proportional to flow rate. For fans with
a pressure rise over 20 in. H,O, a compressibility factor should be added to the numerator of the above
equation. This factor will range around 0.95 to 0.98, but will be even lower for high-pressure fans. Consult
ASME PTC 11 for calculation methods. Fan brake horsepower is typically determined from fan motor input
power and an assumed fan motor efficiency, normally in the 90% to 95% range depending on motor size.

2-3.8.7 Steam Generator Effects on Performance. In analyzing the heat losses mentioned
previously, the losses due to unburned combustible material and flue gases are those that are controllable.
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ncomplete burning of all the carbon within the fuel will result in carbon being present in the ash

leaving the furnace. This results in an unburned combustible loss. Under best conditions, some unburned
carbon will exit in the ash, resulting in a slight loss in boiler efficiency (0.1% or less). Unburned carbon may
appear in both the fly ash and bottom ash.

Combustible losses depend upon the type of coal used, the method of burning the coal (stoker,
pulverized, or cyclone), the maintaining of the proper air-fuel ratio, and the proper maintenance of fuel
preparation equipment. Boilers may also have coupled overfire air and separated overfire air for NOx
emissiong control. These systems can also impact combustible losses.

become f

burners d
while oth

over to tle boiler exit, depending on the particular coal fired. Coarse coal may also cause furnace slagging. |

slagging
pulverize

easiest tq

N

4
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changing
reducing

excess aif can be carried. Reduding excess air below allowable limits can result in

furnace

.

hydroge

The other controllable loss due to dry flue gases is often one of th¢ larger losses and fortunately, the]

ide variations of carbon loss can occur during load changes on the boiler where the air-fuel ratio
emporarily unbalanced. Proper adjustments in air and fuel controls will minimize this loss.

Carbon loss can occur in normal operation due to an unbalance of either air or fuel to thesseveral
f a pulverized coal fired furnace. The unbalance results in some burners operating withoo much a
er burners have insufficient air.

Coarse coal being fed to a pulverized furnace may result in an increase of unburned carbon carrying

conditions occur while burning a coal that does not normally cause slagging, carbon carryover and
r fineness should be checked.

control. The equation for this loss is
LG = (We)(Cool(Te 5F)
vhere

C,, = mean specific heat of dry gas
T, = flué’gas exit temperature, °F
T,=1inlet air temperature, °F
W= [1b of dry gas]/[lb of fuel (as fired)]

\s can be seen, there are two approaches for decreasing this loss. The exit gas temperature can be

by either changing the heat absorbed in the steam generator by maintaining cleaner surfaces, or by
heat exchanger surface in theygas stream. The weight of the dry gas leaving, W, can be decreased
the amount of excess air tised for combustion. However, the operator must be informed of how low

a) incomplete combustion resulting in CO formation and higher levels of unburned combustible
b) excessive spioking
c) fireside corrosion damage to furnace walls, large slag deposits, and localized overheating of the

he heat\loss due to moisture from hydrogen in the fuel is uncontrollable due to the presence of
in'the as-fired fuel.

hay

=

—

he heat loss due to moisture 1n the tuel 1s uncontrollable due to the moisture being in the tuel as 1t

enters the boiler. This loss may be reduced to some extent through selective removal of coal from storage
during unusually wet periods.

The heat loss due to the moisture in the air depends upon the relative humidity of the air, and is thus

uncontro

llable.
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Radiation loss is to a great extent an inherent loss involving the size, type, and construction of the
boiler unit involved. It is controllable to a small extent in that proper application and maintenance of insulation
is essential to obtain best results.

The unaccounted-for loss is an approximate figure that is arbitrarily applied to account for small losses
not elsewhere measured or accounted for, such as sensible heat in ash discharged from the unit. The breakup of
unaccounted losses is typically provided by the boiler vendor. If this is not available, it can be approximated as
0.5%. This should not be confused with a manufacturer’s margin or tolerance that may be applied by the
manufacturer for contractual purposes. A typical value of 1.0% is often specified, resulting in an unaccounted-
for [loss plus manufacturer’s margin total of approximately 1.5%.

2-3.8.8 Boiler Monitoring and Diagnostics. The overall performance of the boiler can,be
chrz-[;lcterized by comparing the unit's boiler efficiency, SH/RH steam temperatures and flows})eXit gas

tenperatures, and emissions to expected values. Major components in the boiler are the cambustion region,
heaf transfer surfaces, the forced draft and induced draft (if a balanced draft boiler) fans, air heaters, the fuel
trarjsfer and preparation equipment, and the emission control and waste handling equipment. As discussed
carlier, there are currently three methods commonly associated with the determination of boiler efficiepcy.
Thgse are energy-balance method, output—loss method, and input—output method:

The first and third methods are defined in PTC 4 Fired Steam Gengrators [13], while the second
method is described in [7].

From a diagnostics standpoint, either the energy-balance or-eutput—loss method is preferred ovier the

inppt—output method for determining the boiler efficiency. The réason is that the input—output method pffers no
guiflance on where boiler inefficiencies may exist. On the otherhand, the losses and credits used in the other

twd methods directly identify the parameters influencing the'efficiency. In fact, for diagnostic purposes,
treriding of the credits and losses can provide useful diagnhostic information, even in the absence of detgrmining
the|fuel heating value and calculating the boiler efficiency. The energy-balance (heat loss) method is also more
convenient to implement with an on-line performarice monitor.

Typical values of the various losses for utility boilers are given below [10, 18, 19]. The values|for coal
are [for a typical coal-fired unit firing a low toisture coal, such as an Eastern or Midwest bituminous cpal. A
boiler firing higher moisture coals, such'as-Western or lignites, would have greater losses.

% Loss for

Coal Gas Qil
LG (dry flue gas) 4 4 4
Lmf (moisture in.fuel) 2 0 0
LH (moisture from burning of hydrogen 3 10 6
LUC (unbained carbon in ash) 2 0 0

Boilerdiagnostics require the ability to separate the effects of the boiler controls, which operate on a
magroscopic level, from the more localized effects. Both the combustion of the fuel and the heat transfpr are
localized’in nature, being affected by local conditions. The boiler, however, is operated from a macros¢opic

. 41 4+ 1 | 1 bR ) . i 1 4 4lot 4 4+ 1 G 1 | b | 4 41 1 '1
pCI PLLLIVE, dS UICV CUIIUUILS UTdl WIUT THAIIT AU TUIITATU UUULICTTCITIPUT ATUITS allt TUTT allill AIl TTUW TU HIC 0ol1lCr.

Trending of the boiler losses is an effective way to track boiler performance from both an operations
and equipment standpoint.

2-3.8.8.1 Changes in Fuel Analysis. Changes in fuel characteristics, if present, will enter almost
any boiler diagnostic evaluation. Therefore, a determination of whether or not changes occurred and, if so, they
are pertinent to the current evaluation, should be a standard step in a boiler diagnostic procedure.
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The characteristics of coal greatly influence plant performance, emissions, capacity (increased or

derated), and overall generation costs. Proper evaluation of the effects of coal quality variations can be very
complex and time-consuming. Several software tools have been developed for conducting these evaluations
[31, 32, 33, 34, 37, 38]. These software tools provide means for rapid evaluation of performance and economic
factors relating to coal quality, and typically include detailed predictive performance models for all equipment

affected by coal quality. The program predictions of system performance are based on equipment configuration
and component type information provided by the user. They make use of state-of-the-art equipment models to

calculate coal quality impacts. Derates are analyzed using a Monte Carlo simulation. Specific component

models,

with usef-supplied performance test data for a calibration coal. Maintenance and availability costs are
determinkd by a detailed component failure model that is sensitive to coal quality effects on performance an|
failure rates.

The bottom line of this type of evaluation is to provide total fuel-related costs for alternative coals. ]
costs corlsider all cost components associated with combustion of each coal supply, includifig-plant efficiend
effects, ¢

uch as the boiter and cieCrostatic precipitator, can be calibrated by matching the modet predictiony

'he
Yy

missions, auxiliary power requirements, steam desuperheating requirements, equipment replacement
costs, mgintenance costs, waste disposal costs, replacement power costs due to differential unit availability
capability, fuel costs, and fuel transportation costs. Another important output of this'type of software tool is

T
A

summary of projected operating limitations on a system-by-system basis, which‘may reduce the risk of burnjng

troublesqme coals.

performgnce and economics

problemq. Diagnostics will focus on the boiler’s ability to combust all the carbon to CO,. Measurements shqg
include those of O,, CO, and.carbon in the fly ash at the economizer exit to characterize the combustion
occurring in the furnac€2Fhe O, present in the flue gas is indicative of the excess air provided to the
combust
indicativg of the degree of incomplete combustion occurring. If a burner is operated with a deficiency of air
(reducing atmesphere), the result will be the presence of unburned carbon (C) in the ash and carbon monoxi

(CO) in

These tools can be applied in the areas of fuel supply, fuel planning, coal supply, fuel management,
and plan

engineering. The following applications have been demonstfated:

h) evaluate potential coal supplies and assist in fuel*procurement decisions

c) establish unit-specific coal specifications and-property range limits

d) develop premiums and penalties for key coal quality parameters

le) assess changes in maintenance and ayailability costs

f) screen alternative coals prior to test:burns

o) support engineering studies to predict impacts of equipment modifications on overall unit

/1)) document and standardize-the fuel procurement decision process
2-3.8.8.2 Flue Gas (Measurements. Flue gas measurements can be used to diagnose several

on process.and is an input to the boiler controls. The CO and carbon in the fly ash, conversely, are

¢ flue gases.

1) evaluate the effect of variations in the fuel on superheat'and reheat temperatures, spray flows, exit
gas temperatures, emission rates, slagging, and fouling conditions

l'ypical ranges o1 €XCeEss air at 1ull 1oad 10r the various 1ucls are as 1ollows [19]:

Fuel % Excess Air %0,
Coal (pulverized) 15-40 3-6
Oil 3-15 1-3
Natural Gas 3-15 1-3
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For gas-fired boilers, only a small amount of CO (typically between 100 ppm and 400 ppm locally and
less than 250 ppm on the average) should be present in the flue gas at the optimum operating condition. On
coal-fired boilers, in particular, both CO content in the flue gas as well as carbon carryover in the fly ash
should be monitored. The reason for this is that the carbon carryover in the fly ash increases significantly
before normal detection of a significant increase in the CO content of the flue gas.

Below 800°F, CO combustion becomes relatively negligible. Since the flue gas temperature typically
drops below this level by the time it exits the economizer, any CO present at the economizer exit will be
present in the flue gas.

If the O, measured at the economizer exit is within acceptable limits, but CO and/or carbon in'the fly
ash|values are high, the following combinations of events are probably occurring:

(a) localized combustion in a reducing atmosphere is occurring at one or more of the burners

(b) air infiltration into the boiler through casing leaks, cooling air for unused burnéts or registdrs, or an
oxylgen deficient environment exists at one or more of the burners

To identify the location of the combustion problems, operational modifications (burner air register
posijitions, etc.) can be made, one at a time, while simultaneously looking for a reduction in the CO levgl in the
flug gas [8].

Measurement of O, and CO at the exit to the air heater may be easier from the standpoint of a Jower
flug gas temperature at that location, but any air in-leakage into the air heater will dilute the CO concentration,
thug making it harder to detect. In addition, the closer to the furnace exit the CO is monitored, the greater the
ability to identify the source.

Continuous tracking of CO, O,, and carbon in the flyiash is an effective diagnostic technique fpr
mohitoring combustion efficiency. Once O, is minimized.for a given CO level (a suggested control rarlge for
COQlis between 150 ppm and 250 ppm of CO [10]), increases in CO and/or carbon in the fly ash over ashort
perfod with no increase in excess O, can indicate a eombustion stability problem. This may require opgrational
adj;;]t\stments or maintenance. Increased excess Optequirements over a long period of time to maintain

combustion stability (constant CO and/or carbon in the fly ash levels) can be used as an early warning pf
combustion problems. Follow-up diagnosticiprocedures can then identify specific problems, and the
appropriate maintenance can be scheduled: With regard to carbon in the fly ash, for high-moisture fuelf, the
foam test run by the ash purchaser is the'most sensitive test.

This methodology musttake into account the increased requirements for excess air as the load |drops
off| Reductions in fuel and aif flow reduce the mixing efficiency and must be compensated for by proviiding a
higher percentage of excess air. Minimum air flows are required for proper boiler operation during starft-up and
low loads, and as a safeguard against furnace explosions [18].

2-3.8.8.3.Gas Measurements at the Furnace Exit. Measurements at the furnace exit, with a
high velocity temperature probe [9] are advantageous because they identify local problems before the gases
undergo additional mixing in the convection pass. Variances to the flue gas analysis profiles (O,, CO, ¢arbon in
the [fly ash,‘and temperature) may be tied to specific burners or groups of burners by initiating intentiopal
burher disturbances and noting the effect of the change on the measurement profile. Fuel/air ratio balaIcing can
be gdjusted by damper manipulation at the local burner or by windbox supply dampers where availablg.
Oft-Tine opportunitics include coal pipc 1low balancing (oriiices and rifiles) to adjust tuel detivery. O, and CO
concentrations as well as temperatures and fly ash samples can be taken at up to 30 or more locations across
the furnace exit. Relatively uniform O, (+20% of the average) and CO (average <100 ppm, and no one
measurement >200 ppm) concentrations and temperatures (£150°F) across the furnace exit indicate good
mixing within the furnace, while large variations in these parameters indicate that changes in operation may be
required.

For pulverized coal-fired boilers, the unburned carbon loss may be used to detect problems with either
local fuel/air balance or pulverizer grind size. A temperature of about 1,500°F is required to complete
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combustion of the carbon char. After leaving the furnace, the flue gas temperature drops quickly below the
ignition temperature of the carbon. Complete combustion of the carbon must therefore be accomplished in the
furnace. Incomplete combustion can indicate that either the particles are too large (problems with grind size) or
the residence time in the furnace is too short (approximately a 3 sec residence time is generally required).
Fireball location will impact residence time of the coal particles in the furnace also. On boilers capable of
changing the burner angle and raising the fireball, such as tangentially fired boilers, the positioning of the
burner tilts will therefore affect the residence time.

2-3.8.8.4 Boiler Surface Cleanliness. Boiler heat transfer surfaces are sootblown to enhance
heat tranffer and reduce gas path restrictions. The trending of boiler heat transfer surface cleanliness can
identify performance changes and assist in the improvement of heat rate by allowing selective sootblowing in a
manner that will result in an improvement in heat rate or boiler operation. The effect on the unit performancp
that cleaing a specific heat transfer surface would have can also be used in maximizing the heatrate
improveinent resulting from selective sootblowing.

oiler cleanliness is a relative parameter, based on the conditions used to define the\] 00% clean
conditions of the specific heat transfer surface under evaluation. The cleanliness of a specific component or
area is ejpressed in terms of an associated ratio of the as-operating overall heat transfer’coefficient in
Btu/hr-fif-°F, to the target overall heat transfer coefficient in Btu/hr-ft>-"F under cfean conditions. This ratio fis
then expfessed as a percentage.

11 modes of heat transfer must be considered. The 100% clean overall heat transfer coefficient may be
d by either of two methods. The first method is analytical and eonsists of determining the 100% clean
overall heat transfer coefficient to equal either the maximum theoretical heat transfer rate, or the maximum
design hgat transfer rate. This value would be calculated based uponmeasured or known parameters such as
surface geometry; steam, water, air, and gas flows through a section; materials properties; gas composition gnd
specific eat; and other parameters that are necessary to detefiine heat transfer rates. The second method is
operational and consists of determining the 100% clean oyerall heat transfer coefficient based on a set of
operating conditions or operating points that represent.the normally achievable clean condition. The cleanlirless
value ungler these desired conditions would be set arbitrarily to 100% to represent the targeted clean conditi:[n.

Instrumentation that may be used for the determination of the overall surface cleanliness of a sectio
includes thermocouples mounted on the inlef and outlet headers or links for a given boiler section,
thermocq@uples imbedded below the surface.of boiler tubes, or special thermocouples mounted on the surfac¢ of
tubes or pn the walls between tubes. Systems that trend the overall heat transfer coefficient based on such
temperatjire measurements are sometimes referred to as heat flux monitors. These may be used as inputs to
intelligent sootblower control systems. There are also software programs and turnkey systems available to
calculate the cleanliness of tube)sections for monitoring and trending, and to aid in the frequency of sootbloyer
operation. Excessive sootblewer operation may lead to excess tube erosion. Accurate monitoring of section
cleanlingss can help reduce sootblower erosion, reduce sootblowing steam usage, improve efficiency, and
optimize|cleanliness (©f)heat transfer surfaces.

he burrer tilt positioning control mechanism of tangentially fired boilers is usually directly driven py,
or a function.ofj\reheat temperature control. In a radiant reheat type of boiler, the reheater heat absorption ar
outlet stgam, temperature are an interrelated function of many factors. These include the surface cleanliness
all upper-andtowe aceheattranster-surfaces—Assteh;the ertitposttioncanbeusedasanmindtes
of the cleanliness of these surfaces. It is not, however, entirely indicative of the surface cleanliness of any one
particular surface. For example, during a certain time period of operation, the burner tilt angle on a tangentially
fired boiler may be observed to be steadily decreasing in order to maintain a constant final reheater outlet
temperature. This trend in burner tilt angle may indicate that the furnace waterwall cleanliness has decreased,
the reheater cleanliness has increased, the superheater cleanliness has increased, or a combination of these and
possibly other factors.

OW U a a a U » 0 OU PO O a , 0 as—a Cl ator
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Routine boiler tube or air heater inspections can be used to locate problem areas of ash deposits,
measure specific deposit weights, and acquire samples for chemical analysis. The use of an on-line steam and
water chemistry monitoring system may assist in the detection or prevention of waterside internal tube deposits
and corrosion.

The flow rate to the superheater attemperator may be used as an indicator of effective boiler operation.
Excessive spray flows may be the sign of improper sootblowing practices, improper sizing or ratio of steam
generating surface area, air or fuel flow imbalances, excessive air flow rates, or nonoptimal tilt settings.

sur

2-3

Theeffectsof creased foutmgamd ptugging of furmace waterwatt surfaces; convective sectio

faces, and air heaters can include any or all of the following:

(a) lower position of fuel and air nozzle tip tilts (tangentially fired furnaces only)

(b) increased SH and RH desuperheater spray water flows

(c) higher boiler economizer exit gas temperatures

(d) higher air heater exit gas temperatures

(e) increased draft losses (depending on ash fouling characteristics)

(f) pluggage of close-spaced convection section surfaces, particularly-with coals having ash wi

on temperature

.9 Balance of Plant (Condensers, Cooling Towers, Heaters, and Pumps)

Monitoring and Diagnostics

2-3.9.1 Balance of Plant Measured Parameters

2-3.9.1.1 Condenser
(a) condenser air in-leakage
(b) circulating water inlet/outlet temperatures
(c) condenser pressure
(d) condensate temperature
(e) tubeside pressure drop (waterbox differential pressure)
(f) vacuum exhaust air temperature
(g) vacuum exhaust air flow, rate
2-3.9.1.2 Cooling Towers
(a) wet bulb temperature
(b) dry bulb temperature
(c) fan powein(mechanical draft)
(d) coldwater temperature
(e) hetwater temperature
(f)Circulating water flow rate
{g) wind direction

Q

1

th low

L adan T
tr-watetTHhs
(i) temperature inversion

2-3.9.1.3 Feedwater Heaters
(a) heater inlet and outlet feedwater temperatures
(b) extraction temperature
(c) extraction pressure and/or heater shell pressure, or both, if available
(d) cascade drain inlet temperature

97


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

(e) drain cooler exit temperature

(f) tubeside feedwater/condensate flows

(g) feedwater heater level and control valve positions, both normal and alternate drains
(h) tubeside pressure drop

(i) shellside pressure drop

(j) drain flow

(k) level control valve position

2-3.9.1.4 Centrifugal Pumps

) suction/discharge temperatures and pressures

h) flow rate

c) seal water injection flow rate, if applicable

/) balancing drum leakoff flow rate, if applicable
2-3.9.1.5 Moisture Separator Reheater (MSR)

) cycle steam outlet (hot reheat) temperature

) reheater heating steam inlet temperature or pressure

c) reheater heating steam drain temperature

/) reheater heating steam flow

le) LP turbine inlet pressure

/) HP turbine exhaust pressure

o) drain flow rate

/1) drain temperature

2-3.9.2 Balance of Plant Calculated Parameters
2-3.9.2.1 Condenser Performance

1) condenser pressure deviation

b) condenser heat duty

c) circulating water flow rates

) condenser cleanliness fagtor

e) condenser log mean temperature difference

f) condensate subcogling

o) hotwell temperature
2-3.9.2.2 Cooling Tower

o) deviationsfrom design cold basin temperature

) approdach

c) range

Jcapability

2-3.9.2.3 Feedwater Heater
(a) terminal temperature difference (TTD)
(b) drain cooler approach (DCA) temperature difference
(c) temperature rise (TR)
(d) extraction line pressure drop.

98


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

2-3.9.3 Balance of Plant Degradation Identification

2-3.9.3.1 Condenser. The condenser is the heat sink for the power cycle. While references to
condensers in these Guidelines are written mainly concerning surface condensers, a brief discussion of air-
cooled condensers is at the end of this subsection. Heat from the condensation of turbine exhaust steam and
incoming drains is removed by the condenser circulating water (CCW). During the process, it is necessary to
remove any noncondensible gases that collect, or local pockets of these gases will result in regions in which
little or no heat transfer occurs. These pockets are often referred to as regions of air blanketing.

(a) the demand being placed on the condenser in terms of the magnitude of the total heat load

(b) the ability of the CCW system to provide adequate CCW flow rate and inlet temperature
(c) the resistance to heat transfer from the condenser shell into the condenser cooling-water
(d) the adequacy of venting to minimize dissolved gases

Performance monitoring of the condenser should begin by noting the condenseér pressure and ifs
idﬁonship to the expected value for the given load and inlet CCW temperature,An a condenser, the

—

re
condensation temperature, and therefore the pressure, will rise until the condenseris removing the reqyired

heaf load. If the condenser cannot remove the required heat load to maintain‘turbine backpressure below a set
limjt, the unit will have to be derated to prevent a turbine trip from excessive backpressure.

Unusually high CCW temperature rises across the condenser typically point to either less than normal
CCM flow or excessive heat load on the condenser. Improperly operating drains and dumps are often the cause
of gxcessive heat loads. Low CCW flow rates can be caused by.either partially open valves in the systgm,
cloged valves in the system, condenser waterbox debris, CCW_pump degradation, or severe tube fouling.

As a historical rule of thumb, 1 scfm to 2 scfm airin-leakage for each 100 MW of installed capacity is
considered an acceptable level of air in-leakage. Recent ddvances in instrumentation have suggested thiat air in-
lealkage limits be increased to the pump capacity fowell-designed condensers, at which point condenser
pregsure has been shown to increase [46]. Sourcesof air in-leakage can be from cracked condenser expansion
joirts, valve packing, pump seals, or any othefareas subject to subatmospheric pressure. Condenser
performance monitoring should also include‘investigation of potential areas of air in-leakage into the
condenser. Noncondensible vent-gas flow rates from the condenser should be continuously monitored.|Note
that air in-leakage can also come from regions of the LP turbine where internal pressure is below atmoppheric.
In-leakage where shaft packing boxes are bolted to the casing has been reported by users. Noncondens|ble flow
ratd from the condenser should be checked. The flow rate should not exceed 25% of the capacity of thq air
renfoval equipment, or unitpefformance can be expected to deteriorate due to the development of excess
condenser pressure. Drainlines to the condenser are normally designed with fittings (valve, etc.) withip 2 ft to
5 ft{of the condenser,This fitting acts as a throttling device, causing the water to flash before entering the
condenser. It is notydesirable to have the liquid water flashing in the condenser itself. Evidence of a wa
thege drain lines in‘the vicinity of the condenser indicates improper action of the throttling fitting.

The pressure drop across the tube bundle on each waterbox should be checked. Increased presg
ind]catesteither macroscopic fouling of the tubes or the tube sheet, or higher than normal CCW flow.
Thgrefore, the CCW flow rate should be continuously monitored to identify significant fouling or onse
prdesradatton: a4 W esretrotrattable—the W—pHamp-pe Ranee—=s
routinely monitored in order to differentiate pump degradation from condenser fouling issues.

The waterbox air removal system should be checked by examining the water level in the waterboxes.
This system usually removes air from the top of the exit waterboxes, but is sometimes also installed on the inlet
waterboxes and inlet and outlet circulating water tunnels or pipes.

A few degrees of hotwell subcooling can typically be found in many condensers, expressed as the
calculated difference between saturation temperature and the hotwell condensation temperature. This
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subcooling may indicate such problems as excessive circulation water flow, excessively low inlet temperature,
excessive air-in leakage, impaired air-removal capability, decreased deaeration capability, excessive makeup
for a given heat rejection rate, or air binding, known to be a cause for excess condenser pressure [47]. Less than
normal subcooling can indicate improper condensate level or sealing problems in the division plates on the
bottom of the condenser, as a precursor to a measured increase in condenser pressure. Chronic hotwell
subcooling is indicative of air binding or deficiency of tube bundle venting, both of which are correctable by
condenser retrofitting [48]. Hotwell subcooling is usually associated with elevated dissolved oxygen [46].

tubes carrying exhaust steam from the turbine. The steam condenses in the tubing. There is no circulating(w

system.

problem [could be from fan degradation or, more likely, from air in-leakage. Check thé«¢rends in dissolved

oxygen.

rejected

turn agaih rejected to the atmosphere in the cooling tower.

cooling

design vglue based on ambient air temperature (wet and dry bulb), heat duty, and circulating water flow.

mechanigal draft towers, the-inspection should include an evaluation of the power consumption of the fans.
Excessive power consumption can denote electrical or mechanical problems with the fan.

using stepm extracted or “bled” from various stages of a steam turbine. They improve Rankine steam cycle
efficiency by utilizing the heat of the extracted steam, including the latent heat that would otherwise be rejeq
to the copdenser heat sink.

2-3.9.3.1.1 Air-Cooled Condensers. Air-cooled condensers (ACC) move ambient air over
hter

|

hree of the main performance-monitoring points for an ACC are

1) turbine backpressure

) dissolved oxygen in the condenser

c) corrosion products in the condensate

If the backpressure is higher than expected for ambient conditions with number 6f fans operating, th

2-3.9.3.2 Cooling Tower. The cooling tower is one type of heat sink for the condenser. The he
rom the power cycle to the condenser is absorbed by the condenser circulating water (CCW) and i

Evaluation of the cooling tower may be divided, into the following three areas of focus:
o) the demand being placed on the cooling tewer in terms of the size of the total heat load
b) the ability of the CCW system to provide adequate CCW flow rate

c) the resistance to the heat transfer-attributable to any and all of the various contributors in the
tower

Cooling tower performance should be monitored by comparing actual cold basin temperature to the

(Cooling towers should bejinspected to determine water flow distribution by direct observation. On

2-3.9.3.3 Feedwater Heaters. Feedwater heaters preheat the water fed into a steam generator

ToTtHyyrertor—Troator

TTD, DCA, and TR (temperature rise) are defined in para. 2-3.9.6.3. Potential impacts to overall unit
performance are described in para. 2-3.9.7.3. Diagnosis of feedwater heater problems is covered in para.
2-3.9.8.3.

[}

Yith the steam and condensate traveling in significantly greater lengths 6f piping and tubing compajed
to a surfgce-condenser system, there is greater potential for corrosion products’in the condensate. These
products|can plug strainers and cause boiler/turbine fouling. Condensatesémples should be monitored for
corrosion products.

ted

Root causes of feedwater heater performance degradation may be divided into the following three areas
of focus:
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(a) cycle isolation problems external to the heater

(b) cycle isolation problems internal to the heater including level control, inadequate venting of
noncondensible gases, and division plate leakage

(c) actual heat transfer performance

Detecting degradation usually begins by monitoring the TTD, DCA, and TR of each heater along with
heater level and positions of drain valves both normal and alternate. These parameters should be monitored
continuously, if possible, or otherwise checked on a routine basis. Small changes can provide advance notice of
devgtopimg probiers:

Tube leakage can occur suddenly or start more gradually. Typically, in either case, it should-bg isolated
promptly for two reasons: first, to protect the heater from further damage due to high-velocity water spraying
from the leak impinging on other tubes and other internal structure; and second, to reduce riskiof turbine water
indfiction from extra water in the heater traveling up through extraction piping.

In the absence of sudden tube leakage or tube rupture, changes in feedwater-heater performance are
reldtively gradual. However, variations in heater performance will result in serious harm to cycle efficiency if
not|immediately corrected. As indicators of the onset of such deterioration, TTDs,”DCAs, and tubeside
tenperature differentials should be monitored continuously or checked on a ¥outine basis. The termina
tenmperature difference (TTD) is the saturation temperature at the shell pressure minus the feedwater
tenperature leaving the heater. The drain cooler approach (DCA) is the'drain temperature minus the erjtering
feedlwater temperature. Abnormal heater levels and fluctuating drain\éontrol valve positions may be capised by
incteasing heat duty from a flow unbalance or upstream heater bypassed, or a tube leak. Level control yalve
posfitions should be monitored to determine deviations from their normal position. Tube pluggage should be
tified and symptoms of excessive tube leakage identified.

2-3.9.3.4 Boiler Feed Pump. BFP performance may not have a significant impact on unif heat
ratq, but it will impact the capability of a unit to obtain*full load.

BFP performance is monitored in the same way as any type of centrifugal pump. It is important to
kndw the basis for the manufacturer’s pump, performance curve with respect to extraneous flows into and out
of the pump, such as seal water injection.(SWI) and balancing drum leakoff (BDLO).

For normal pump performance-degradation over time, a standard should be established for each pump
to determine rebuild cycle, preferably based on deviation from design head. In addition to the general pump
performance from a capacity standpoint, high SWI and BDLO flows indicate wear by problems in the feal
areg, and will help in establishing work scope for pump rebuilds.

Monitoring pump performance is also useful to help detect related problems that affect pump gystem
performance, but arefiop caused by that pump’s degradation. Two common problems that affect pump [flow
ratq are recirculation:loop flow and uneven flow rate through parallel pumps.

(a) Rediroulation Loop. Most BFPs have a recirculation flow path that opens to protect the purhp
durjng peripds of very low flow rate at start-up and very low load. If the recirculation valve is open or |eaking
thrqugh,.then'the pump has to handle extra flow rate for no benefit. This will consume extra pump power, and
coulld limit the maximum output of the unit if pump capacity cannot handle extra flow rate.

Do llol Daigaang J17741 aorvazn Lo Roto i e h el 1o ne

5 2 wRete—H-a-5y W A¥a H egradation
on one pump causes uneven flow rate through the parallel pumps and increases the power consumed by all
pumps in the system. The better performing pump will flow more than its share of the system flow to produce
same head as the poorer pump. Individual flow measurements per pump can help diagnose which pump has a
problem, or else pumps may have to be taken out of service individually to determine which pump has a
problem.

B b p O B pHIRPS;Pe

For turbine-driven boiler feed pumps, the boiler feed pump determines the amount of power required
by the boiler feed pump turbine. In order to monitor the performance of the boiler feed pump, the extraction

101


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

flow to the feed pump turbine should be quantified either through direct measurement or a first stage
pressure/steam flow curve relationship. HP extraction steam leakage to the turbine should also be monitored
using the first stage pressure as an indicator.

2-3.9.3.5 Moisture Separator Reheater (MSR). The moisture separator reheater (MSR) is a
nuclear cycle balance of plant component located between the HP and LP turbine sections. Its purpose is to
remove moisture from the HP turbine exhaust and add superheat to the cycle steam prior to entering the LP
turbine. Proper operation of the MSR results in a reduction in the amount of moisture formation in latter LP

turbine stages. This results in increased LP turbine section efficiency, improved reliability. and an
improveinent in unit heat rate and megawatt output.

The MSR consists of two major sections: the moisture separator, and the reheater sections. The
moisture[separator section consists of plates, screens, chevrons, or other apparatus that mechanically rémovg
moisture|from the steam. The reheater section may consist of one or two stages. In some cases,§10'stages of
reheat arp present.

.

'he HP reheater stage consumes throttle steam, while a low pressure reheater stage, if present,

consumep HP turbine extraction steam. An excess steam vent also is present to motivdté,drain flow and to
minimiz¢ subcooling of condensate in the reheater tubes. Condensate from the moisture separator and reheater
sections {lrains into feedwater heaters or drain tanks and is usually pumped forward into the feedwater flow.

A problem with MSR performance may first be indicated by a drop icycle steam outlet (hot reheat
temperatpire and a change in HP or LP reheater heating steam flow. These\parameters illustrate the primary
inputs and outputs of the MSR and should be monitored on a daily basis."A decrease in cycle steam outlet
temperathire of 2 deg would indicate the need for further investigation:

Dnce a problem is evident, additional data is necessary o attempt a diagnosis of the problem. The
terminal femperature difference (TTD) of each reheater stagé'should be calculated and compared to design
(targeted| value). HP reheater TTD can be calculated from:available plant data as the difference between the
heating steam inlet and cycle steam outlet temperatures, P reheater TTD can be calculated using the same
approach when the HP reheater stages are taken out ©f service. HP reheater TTD should be calculated daily
while LH reheater TTD, due to the difficulty of isplating the HP reheater stage, can be calculated when a
problem fis indicated.

crease in reheater stage TTDs combined with reduced heating steam flows would indicate the
possibilify of cycle steam bypassing th&:rcheaters, reheater tube fouling, partially closed heating steam supply
valves, ifladequate purge steam flow, et poor heating steam drainage control. Increased TTD with increased
heating steam flow would indicate possible increased duty of the reheater or an excessive vent steam flow.
Increaseq in reheater heating stéam flow and increased TTD may also indicate possible reheater tube leaks.

n increase in reheater duty is most likely due to poor moisture separator performance. Problems in|
moisture|separator efféctiveness result in increased moisture carryover into the adjacent reheater stage. The
reheater heating steamflow increases as additional steam is required in order to evaporate this moisture. Thq
reheater purface arca available for superheating is then reduced, thus lowering the cycle steam outlet
temperatpre.

miore direct indication of moisture separator performance can be determined by the monitoring of]
MSR shell drain flows. A decrease in moisture removal effectiveness will result in a reduction in shell drain
flow. Decreases in HP turbine efficiency can also cause this result; however, the total cycle steam inlet
moisture content would be less at the higher HP turbine expansion endpoint.

Other parameters to monitor include the cycle steam flow rate and the MSR shell pressure drop. Cycle
steam flow can be monitored by the trending of LP turbine inlet pressure. The MSR shell pressure drop can be
calculated by subtraction of this pressure from the HP turbine exhaust pressure. A change in MSR shell
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pressure drop would indicate possible erosion, steam bypass, or obstruction of the cycle steam flow path
through the MSR.

A change in LP turbine inlet pressure with a proportional drop in HP turbine exhaust pressure indicates
a change in cycle steam flow. This change in flow and the corresponding change in MSR duty will result in

minor changes in MSR performance parameters. These parameters may be monitored as infrequently as once a
month.

2-3.9.4 Balance of Plant Testing
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2-3.9.4.1 Condensers. Many power plants routinely monitor condenser performance on. g
honthly basis. It is also possible to calculate and monitor condenser performance on a continuQuis'b
ding and analysis using typical station instrumentation, and to use that information to indicate-whe
rous troubleshooting analysis may be worthwhile. Both thermal and hydraulic performance of the
denser should be evaluated. Conditions that can be identified include condenser tube fouling, water
boage, low waterbox level, excessive air in-leakage, and diminished air-removal capacdity.

The most widely accepted procedure for conducting a condenser thermal pefformance test is P|
t Code provides guidelines for the determination of the performance of a condefiser with regard to
‘e of the following:

(a) the absolute pressure that the condenser will maintain at the stedm inlet nozzle at a specifie]
y, circulating water flow rate, inlet water temperature, and tube cleailiness

(b) the thermal transmittance of a condenser for specified ¢perating conditions

(c) the amount of subcooling of the condensate

(d) the amount of dissolved oxygen in the condensate

Most tests conducted on condensers are done inaccordance with the first method above. The t

waterbox so that the inlet and outlet conditions for the tube may be monitored external to the condsg
5 process is both time-intensive and labor-inténsive.

The parameters that must be measured or calculated, at a minimum, to determine an average th

ulating water temperature, the condensing steam temperature, and the heat load on the condenser.

Most condenser performdnee tests do not utilize extensions of tubes through the waterbox that

prmine the as-operating-performance of the condenser and compare it to the as-designed performan

er and turbingmeasurements and calculate the circulating water flow rate as that necessary to give
isured inlet.and outlet circulating water temperatures. This required additional measurements and

pduced the potential of additional errors in the analysis. Techniques are currently available to moni
v ratesof'the condenser circulating water utilizing the pressure drop through the sudden contraction
et.waterbox to the outlet water pipe. This allows the determination of the heat load on the condensg
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water through the condenser.

2-3.9.4.2 Cooling Tower Performance. Many power plants conduct routine cooling tower
performance tests during the summer or fall months when the greatest demands are placed on the towers. The
frequency is dependent on the rate of performance degradation experienced by the cooling tower. Both thermal
and hydraulic performance of the cooling tower should be evaluated.

Cooling tower thermal performance is normally expressed in terms of tower capability as a percent of
design. This compares the condenser circulating water flow rate that the tower can actually provide at a given
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cold water temperature (condenser circulating water inlet temperature), ambient wet bulb temperature, and heat
load to the design value of the condenser circulating water flow rate that should be provided under the same
conditions.

The ASME procedure for the conduct of a cooling tower thermal performance test is PTC 23,
Atmospheric Water Cooling Equipment. Makeup and blowdown to the tower should be isolated during the test.
The most important phase of testing is the operating conditions during the test. Tests should only be conducted
when conditions fall within the following limits:

(e—wandvelocity <10 mph

h) wet bulb temperature = 3°F above to 7°F below design
c) cooling range = 20% of design

) water rate = 10% of design

le) heat load = 20% of design

The accuracy of the test results depends on stable operating conditions. When possible, all conditions
subject t¢ control should be closely regulated. All testing should be conducted for a period of 1 hr after steady
state confitions have been established.

2-3.9.4.3 Feedwater Heater Performance. Routine feedwater heater performance testing
involves|the collection of data necessary to determine terminal temperature differences, drain cooler
approaches, and tubeside feedwater temperature rise. When TTDs and DCAs suggest abnormal heater
performdnce, more detailed thermal performance testing of the heater should be conducted. ASME PTC 12.]
contains finstrumentation requirements and procedures to be consulted for conducting closed feedwater heats
tests, including formal acceptance testing. However, PTC 12.1-2000ralso provides useful guidelines for routjne
performdnce testing and routine operation. In particular, two thifigs must operate properly when testing a
heater: water level control within the heater and adequate venting of noncondensible gases.

-

o) Water Level. It is important that water level at'the drain cooling zone inlet is maintained as closd as
possible fo proper water level for that heater. If the water level is higher, then extra heat transfer surface areg in
the cond¢nsing zone will be flooded, which may reduce heat transfer capability and adversely affect TTD. If
the watef level is too low, then steam will enter the drain cooling zone, which will significantly increase the
DCA and may gradually cause drain cooler damage. Therefore, proper water level should be verified before
beginning the test, and maintained for good operation.

The overall plot of DCA versus:heater level should resemble the shape of the curve depicted in Fig.
2-3.9.4.3t1. The optimum level is determined by finding the knee break of the curve and adding an appropripte
safety margin (2.0 in.) of liquid to d€termine a safe operating level that can withstand some fluctuations while
still properly sealing the drain cpoler.

The following methed can usually be used to determine proper water level inside horizontal and
vertical dhannel-up heaters. (Vertical channel-down heaters should be set at the manufacturer’s recommendg¢d
normal liquid level.)(The liquid level controller setpoint shall be adjusted in step increments of approximately
1 in. Each step increment should be held for 5 min or until drain temperature is stabilized prior to recording the
drain tenfperature*and calculating DCA. If the DCA was operating close to the design point prior to adjusting
level, than thelevel should be lowered in each step, and the steps repeated until the DCA shows a sharp
upward : L. . o i )

level.

Conversely, if the DCA is noticeably higher than normal prior to adjusting water level, then the
opposite approach should be taken. The water level should be increased during each step, still pausing to
stabilize and determine DCA after each level increase, until the DCA stops decreasing with level as shown in
Fig. 2-3.9.4.3-1 for typical DCA and TTD versus level. However, certain internal problems could cause the
DCA to remain high, such that increasing the water level cannot bring DCA down towards normal levels as
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Fig. 2-3.9.4.3-1 Typical DCA and TTD Versus Internal Liquid Level
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to corrosion of heater internals. If a heater is notperforming properly, the venting system operation should
hecked. One simple check is to compare heaterperformance before and after purging the heater byl opening
rto

(b) Venting. Noncondensible gas accumulation in gither the condensing or drain cooling zones

iciently purge the heater of noncondensibles. Comparison of the time-averaged feedwater outlet

temperatures before and after the purge should yield close agreement. If there is a significant differencg, an
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roperly sized or obstructed orifice should be suspected and corrective actions taken.

(c) Parallel Heaters. Fordeaters arranged in parallel, flow rate may not be split evenly between strings
to differences in piping, number of tubes plugged, etc. However, for routine performance monitorihg, an
h flow split is often assumed for in-service heaters. PTC 12.1 gives further guidance on performande of
llel feedwater heaters:

(d) Stability. Testing should be conducted at the load conditions corresponding to the rated
formance condifions specified by the heater vendor. Tubeside flow should be within 2% of the rate
. The turbine\cycle should be operating at normal conditions with the turbine in condition such th
action state:of the steam is as close to design (heater specifications) as possible. Adjacent feedwat
uld not\besin a bypass mode, and start-up vents, shell drains to slab, channel drains, level control drpins,
ty valves, and emergency drains to the condenser should be in normal mode of operation. Prior to festing,
heater level should be adjusted within safe operating limits to optimize the DCA. PTC 12.1 providgs
itional guidance on stability requirements when testing performance of closed feedwater heaters.

Calculations for TTD, DCA, and TR (temperature rise) are defined in para. 2-3.9.6.3. Potential

heater
the
heaters

impacts to overall unit performance are described in para. 2-3.9.7.3. Diagnosis of these conditions is covered in
para. 2-3.9.8.3.

105


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

2-3.9.4.4 Centrifugal Pump Performance. The objective of monitoring performance of

centrifugal pumps is to determine the degree of performance deterioration through internal wear. Testing
before and after overhaul is done to verify the degree of improvement attained. Test data can also be used to
identify when pump maintenance is required.

Design data required to evaluate a pump’s performance is the manufacturer’s head versus capacity
curve, along with the pump’s design capacity and total developed head. Operating data required is the pump
suction and discharge pressure and temperature, flow, and speed (both motor and pump). When considering

boiler fe

balancing drum leakoff, and attemperation flow rates (if attemperation is taken off between stages), and how
the manfacturer accounts for these miscellaneous flows in their design capacity/head curves.

capacity

deviation] in head at a given flow rate, or percent deviation in flow at a given head~For pumps with relatively

flat char

for a givgn capacity, because a minor difference in head between the design curve and operating curve will
yield a hjgh percentage difference in capacity, yet the pump’s performancé would be acceptable.

calculate

exhaust

necessary to perform calculations similar to thosefused in determining low pressure turbine efficiency. As

mention

Iif the efficiency of the pumps is a desired end result of the performance monitoring, then additional
data required for analysis is voltage, amperage, and power factor for motor-driven pumps.

Usually, calibrated station instrumentation is acceptable for détermining pump performance with
sufficienf accuracy for performance monitoring. In cases where special problems need to be evaluated, suchfas
pump cayitation, more precise instrumentation may be required using PTC 8.2 as a guide.

ed pump performance, particularly multistage pumps, it is imperative to know the seal water injecti

head curve within a given tolerance. Typically, deviation from design is expressed as a percent

gcteristic curves in the operating range, the more significant comparisornijis-percent deviation in heac

For turbine driven boiler feed pumps, boiler feed pump turbine (BFPT) efficiency is difficult to

Jteam is saturated, difficulties arise in calculating turbine efficiency. For this second case, it is

dd in para. 2-3.9.6.4, the efficiency may-be found only after the used energy end point has been

In the rare case where the exhaust steam from the¢ BFPT is still superheated, turbine efficiency majy
be deterrhined through direct measurements as detailed\in PTC 6. If, however, in the more frequent case, thg

(siven that pump performance has very little impact on heat rate, pump efficiency i§ seldom of concprn
to a performance engineer. The bottom line is determining whether or not the pump is méeting its

determingd from a total turbine cycle mass and energy balance, and the expansion line end point is determined

by accounting for exhaust losses. An example of this calculation may be found in PTC 6A.

2-3.9.4.5 MSR Performance (Refer to PTC 12.4). In order to calculate the parameters requifed
for MSR|performance evaluatiom, the following data should be obtained:

Parametgr Repeatability Recommended Frequengy
Cycle steam outlet (hot religat) temperature +2°F Daily

HP reheatdr heating stedm +2°F Weekly

LP reheatey heating st€am +2°F Weekly

HP reheatdr heating 'steam flow +5% Daily

LP reheatey heating steam flow +5% Daily

LP turbine|inlét (hot reheat) pressure +0.5% Weekly

HP turbine exhaust pressure +0.5% Weekly

Heating steam drain temperature +2°F Weekly

MSR shell pressure drop +2.25% Weekly

Cycle steam outlet temperature should be measured for each MSR in order to determine relative

performance of all MSRs on the unit. Heating steam temperature may be measured in a common header,
although a pressure reading downstream of any control or check valves near the inlet to each reheater stage is
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preferred. The heating steam temperature can be calculated from measured pressure for all saturated steam
units. Units with superheated throttle steam must measure HP reheater heating temperature directly.

Heating steam flows can be monitored by simple trending of indicated differential pressure readings
only. However, direct measurement of heating steam flows or calculation of flow from observed differential
pressures, using the James equation is preferred [49].

The measurement of heating steam drain temperature (or pressure) to obtain the drain enthalpy
(saturated fluid) will enable the calculation of moisture carryover from the separator. Equating the heating
stegrrTeheater duty to the tycle steanmr reheater duty witt result i the Tatcutationmrof entiatpy out of the
sepprator (the cycle steam flow to the LP turbine is determined using either a design flow factor ona‘dgsign
pregsure/flow relationship). With the assumption of design cycle steam inlet (HP turbine exhaust).and moisture
sepprator pressure drops, the separator exit pressure and the calculated separator exit enthalpyewill resylt in the
detgrmination of quality, and thus moisture carryover.

2-3.9.5 Balance of Plant Data Validation and Normalization

2-3.9.5.1 Condenser. Tests should be conducted before and after cleaning to determine
imgrovement in condenser cleanliness factor. If fouling or plugging of the condetisér occurs, circulating water
flow will decrease and condenser pressure will increase. Waterbox differentials should be checked along with
waterbox level to make sure pluggage is not a problem and the tubes run full: Poor heat transfer due to|tube

fouling is apparent throughout the load range, although mostly noticed atyfull load.

2-3.9.5.2 Cooling Towers. A deviation in cold watertemperature directly affects unit
performance. Cooling tower capability provides a measure of co@ling tower performance independent pf
ambient conditions that is useful for monitoring cooling tower.condition over time.

2-3.9.5.3 Heaters. Based on design TTD at a given load, a comparison of actual versus expected
TTD values will indicate if further analysis is required.\If the TTD is higher than design, then several
conditions may exist including improper water level, thadequate heater venting, abnormal bleed steam
conditions, waterbox partition plate leakage, tube leaks, or dirty tubes.

Calculations for TTD, DCA, and TR ‘(temperature rise) are defined in para. 2-3.9.6.3. Potential impacts
to dverall unit performance are described inpara. 2-3.9.7.3. Diagnosis of these conditions is covered ir] para.
2-319.8.3.

2-3.9.5.4 Pumps. Comparing deviation from design flows at a given head can give an unr¢alistic
condition assessment of a pump-<The analysis should be made along the system resistance line to get alhandle
on the deviation from design head and flow simultaneously.

For turbine-drivenfeed pumps, comparison of baseline data such as mass (steam) flow rate, BFP
spepd, BFPT speed, cotitrol valve position, feedwater flow, and original design power to present working
conditions under similar operating conditions will yield insight into efficiency losses. All losses should be
accpuntable as Jarge deviations in BFPT efficiency are not expected. Deviations greater than a few pergentage
poihts may bejimr-error.

2-3.9.6.Balance of Plant Calculations

2-3.9.6.1 Condenser. Condenser cleanliness factor (Cy) is a term used to express the degrge of
tubefouling actual as obtained from tests, oF estimared 10T USe 1N design i determination ot condenser size.
The cleanliness factor is defined mathematically by the Heat Exchange Institute (HEI) for comparison to
design parameters, while PTC 12.2 defines procedures for determining the cleanliness factor through
performance testing based on clean tube conditions.

The HEI condenser cleanliness factor is a comparison of the as-operating thermal performance of the
condenser to the as-designed thermal performance of the condenser with 100% clean tubes for a given set of
operating conditions. HEI’s mathematical definition of the cleanliness factor is as follows:
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= Uactual
N (100% clean tubes)

where

U is the overall heat transfer coefficient, Btu/hr-ft-°F

as the en
duty, O

\

the cond
condensg

I

g Q(nl(T -T, )T, ~T,,)])
actual AT

N Ccwo cwr /7

A = heat transfer surface area of the condenser, ft*

O = heat transferred, Btu/hr

T.,;= circulating water inlet temperature, °F

T.,., = circulating water outlet temperature, °F

Ts = condenser inlet steam temperature, °F

U (100% clean tube) = see manufacturer’s data sheets, Btu/hr-ft-°F

The condenser duty is the total heat load on the condenser from the LP turbine(s) and all the drains
dumps th

water side), is as follows:
Q = chcp(Tcwo - Tcwi)a BtU/hI'
vhere

W.,,= mass flow rate of the circulating water,Tbm/hr
C,= mean specific heat of circulating water, Btu/lbm-°F

The condenser heat duty can also be calculated by doing an energy balance around the steam side of

enser, taking into account exhaust steam from LP turbine(s) and all the drains that exhaust into the
r.

PTC 12.2 defines the cleanliness.factor as a ratio of thermal transmittance of tubes in service to the

thermal fransmittance of new clean tubes, all under identical operating conditions of circulating water

temperat
for detert

/
manufac
based on|
purposes
HEI corr
Using HI

ire and velocity and the sdmé& external steam temperature and flow. The Code outlines three metho
mining tube cleanliness.

\s a word of warnifig, HEI uses the cleanliness factor in the design of condensers, for example,

the HEI cleanliness factor. However, the HEI cleanliness factor is not intended for performance tes
The HELcleanliness factor is a unique value, since it applies to only one specific operating condit
pction factors may not be applicable for every installation for the purpose of performance testing.

H1 correction factors to account for off-design conditions such as circulating water inlet temperaturg

may resy

It\in-Thaccurate performance test results.

at exhaust into the condenser. The duty may be calculated from the condenser circulating water side
ergy gain of the water as it flows through the condenser. The mathenratical definition of the condenjser

urer’s condenser-pressure curves as a function of heat duty (Q) and circulating water temperature afe

ind

iy

t
on;

2-3.9.6.2 Cooling Tower. Cooling tower capability is defined as the ratio of the test range to the
range at test conditions of circulating water flow and relative humidity. The test range is the difference between
the hot water temperature and cold water temperature.

Test range = (hot water temp) — (cold water temp)

adjusted test water rate

Capability (%) = x100

predicted test water rate
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The capability of the tower is the ratio of the as-tested thermal performance of the tower to the

predicted performance of the tower at the test conditions.

Cooling tower temperature range is the difference between the hot and cold water temperatures.

2-3.9.6.3 Feedwater Heater TTD and DCA. Feedwater heater terminal temperature differences
(TTD) and drain cooler approaches (DCA) should be calculated.

TTD = saturation temperature of shell pressure minus feedwater outlet temperature

extraction pressure near heater)

funfamental definitions and relationships.

difflerential pressure developed.

resylts.

systemtnlet saturation temperature (at heating system inlet pressure) and the cycle steam outlet hot reh
temipefature. The shell pressure drop across the MSR is calculated as the difference in pressure from t

DCA = drain outlet temperature minus-feedwater inlet temperature

TR = feedwater outlet temperature minus feedwater inlet temperature

Extraction line pressure drop = extraction pressure near turbine minus heater shell pressure (o]

2-3.9.6.4 Centrifugal Pump. Centrifugal pump performance calculations are based on a fiew

The work or hydraulic horsepower of a pump depends on the mass flow.offluid being pumped

Ibm of fluid per min x total developed head (ft)
33,000

Hydraulic HP =

The equation for pump power input for a motor driven pump (brake horsepower, bhp) is

kW
0746

bhp = X1,

where

kW = kilowatt input to motor
1, = motor efficiency

Pump efficiency is then defined as the ratio of hydraulic horsepower to brake horsepower

_ hydraulic horsepower

”" brake horsepower

where

1, =pump efficiency

The flow.dnd head should be corrected for the temperature of fluid being pumped to yield corr|

2-3.9.6.5 Moisture Separator Reheater. MSR TTD is defined as the difference in the h

and the

ect

eating
eat

e cycle

steam inlet to the cycle steam outlet (hot reheat) on the shell side of the MSR. Moisture carryover is
determined from an energy balance around the tube and shell side of the reheater to obtain separator outlet
(reheater inlet) enthalpy. Using this enthalpy with a proportioned separator outlet pressure (to design), the
quality (and thus moisture carryover) is determined. PTC 12.4 should be consulted for a detailed calculation of
these parameters.
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2-3.9.7 Balance of Plant Effects on Performance

2-3.9.7.1 Condenser. Deviations in the condenser pressure, and therefore the turbine
backpressure, are one of the greatest contributors to heat rate deviations in the power house. The condenser
pressure establishes the temperature at which the condensation of the steam occurs in the condenser.
Subcooling of the condenser occurs in the hotwell and the subcooled temperature becomes the thermodynamic
low point in the steam cycle. The effect on performance of a change in turbine backpressure of 1 in. HgA is
approximately a 2.5% change in heat rate and generator output, all other parameters held constant. The user
must refer to specific turbine manufacturer’s thermal kit for a given machine to determine the absolute value of
a deviatipn in condenser pressure. This actual effect is dependent upon the actual inlet water temperature anfl is
much grg¢ater at higher temperatures.

The greater the difference between the condenser saturation temperature corresponding to the
condensdr pressure and the condensate hotwell temperature (i.e., degrees of subcooling), the greater the duty
placed o the lowest pressure feedwater heater. The subsequent increase in heater extraction flow results in an
increase [n heat rate and decrease in generator output (due to lower exhaust flow).

Due to the necessity of continually blowing steam impurities out of the steam<@enerator, makeup wgter
is suppligd to the condenser hotwell at a rate proportional to the rate of blowdown, As the amount of cycle
water logs (from poor isolation) increases, the amount of makeup is increased. Thewresultant effect is an
increase [n heat rate and a decrease in generator output. Typical values of thege effects are +0.2% change in
heat ratefand —0.2% change in load at 100% throttle flow for 1% makeup flow:

The circulating water inlet temperature affects unit performangcg ‘through its influence on the condeniser
pressure/ If the circulating water temperature is higher than design conditions, then the condenser pressure will
be highef than design value for that set of conditions. On a unit with’a closed circulation water system, the
cooling tpwer is responsible for providing the proper CCW inlet‘temperature.

,_

[he cleanliness of the condenser affects the performance of the unit through its influence on the
condensgr pressure. The flow of the condenser circulating’water is established by the circulating water pumyps,
and the girculating water inlet temperature is established by either the cooling tower or inlet water supply as
applicable. The outlet circulating water temperature'is then established by the heat load on the condenser,

which infturn is established by the unit demands./The condenser pressure will be established by the cleanlingss
of the copdenser such that the condensation ‘temperature of the steam is adequate to provide the necessary
steamsidp to waterside temperature differential across the condenser tubes to reject the required heat load.

2-3.9.7.2 Cooling Tower. There is a direct negative affect on unit performance as the deviation
from desjgn cold basin temperaturc-increases. The actual value is determined from manufacturer’s performance
predictiop curves.

2-3.9.7.3 Feedwater Heaters. The most common parameters used for assessing feedwater heafer
performdnce are TTD andiDCA temperatures. The DCA is an indicator of heater level and is used primarily|as
a diagnostic tool for detecting tube pluggage, leaking tubes, or a cracked subcooling baffle. The TTD is a
general ihdication ‘of'the amount of heat transfer to the heater.

.

[he top\(highest pressure) heater TTD has the most significant impact on performance. The
approxinpate_effect on performance for 5°F increase in TTD is a 0.1% increase in heat rate, all other things

taHewey at-be-grea . &0 g effic
unit. For example, the 5°F increased TTD provides colder final feedwater into a fired steam-generator, which
shifts its pattern of heat absorption. It typically decreases the boiler exit gas temperature that improves unit
efficiency, and also either causes steam temperatures to increase towards setpoint (improve heat rate) or else
causes spray flows to increase (worsen heat rate).

> O Cl C o1 cl Cl O ",

The top heater TTD also has the most significant impact on unit capacity. If all components of the unit
are capable of the extra duty, then a 5°F increase in TTD can provide approximately a 0.4% increase in
generator output, if the unit load is limited only by turbine governing valves open 100%. Otherwise, if the unit
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maximum load is limited by any other component, then the maximum load will decrease by the same
percentage as heat rate will increase.

The TTD calculated locally to the heater is a good indication of the heater itself, using shell pressure
and feedwater outlet temperature local to that heater. However, it can also be useful to monitor a less local
TTD for the highest pressure heater, which can help capture performance effects of related problems including
feedwater bypass leaking around the heater or excessive pressure drop across its extraction line (valve not fully
open.) That larger “external” TTD is calculated from the saturation pressure of the extraction pressure near the
turbine (typically cold reheat) minus the final feedwater temperature entering the boiler (downstream of
heafer’s bypass). However, when comparing that external TTD to a baseline target, the baseline should be
cal¢ulated on the same basis.

The other non-highest pressure heater heaters also affect unit performance, but to a lésset degrpe than
thetop heater. For a typical feedwater heater train with six stages of feedwater heating, th€ impact of
subsequent heater’s TTD is summarized in the following table:

For a +5°F Increase to Heater TTD % Increase to Cycle Heat Rate
Highest pressure heater 0.09%
Second highest pressure heater 0.07%
Third highest pressure heater 0.05%

Similar to the “external” TTD mentioned above for the highest pressure heater, bypass around [the other
heafers or excessive pressure drop may not affect that heater’s localM TD, but does affect overall perfoymance.

2-3.9.7.4 Pumps. As noted previously, deviation.from design has an insignificant impact ¢n unit
performance relative to other major power plant equipment:, The basic issue that needs to be addressed|is
whether the pump can handle the service requirement, not'its efficiency.

2-3.9.7.5 Moisture Separator Reheater. Because the HP reheater takes throttle steam ffom
upsfream of the HP turbine control valves, any vafiation in heating system flow causes a change in turlyine
conitrol valve position. Depending on the mode of control valve operation, the sensitivity of MSR perfgrmance
on finit heat rate and load can vary. When operating in the partial arc admission mode (sequential valvg
conttrol), an increase in MSR reheater T'FDs or a decrease in moisture removal effectiveness causes an [increase
in Ynit heat rate and a drop in load. Fora' 1°F rise in TTD, the increase in heat rate is about 1.5 Btu/kWhr, and
the|drop in load is approximately100 kW.

The sensitivity of these,parameters when operating in this mode and with a constant thermal ppwer
waq discussed by Spencer and Booth [10]. When operating in full arc admission mode (single valve coptrol),
the [sensitivity is much léss, and in some cases, poorer MSR performance results in decreased heat rate|and
incteased load. This phenomenon is discussed in more detail in a paper by Campbell [11].

An increasein MSR shell pressure drop results in a higher HP turbine end point enthalpy, thus
resylting in less'work output by the HP turbine.

Fér'a’1% point increase in pressure drop, the heat rate increase is approximately 12 Btu/kWhr pnd the
loagl reduction is about 900 kW.

5 casing
the steam flow to the HP turbine. The resultant effect is less generator output and an increase in heat rate. For a
1% point increase in carryover, the increase in heat rate is approximately 25 Btu/kWhr and the reduction in
generator output is about 1,700 kW.

The effect of these MSR thermal parameters on heat rate and load were based on a 750 MW, single
stage reheat secondary turbine cycle with 745 psia, 0.25% moisture, 510°F inlet steam conditions at a turbine
exhaust pressure of 2.5 in. HgA.
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2-3.9.8 Balance of Plant Diagnostics

2-3.9.8.1 Condenser Diagnostics. The condenser is the heat rejection component for the cycle.
Important associated components include the condenser circulating water pumps, the air exhausters, and the
heat sink (cooling tower, river, lake, pond, etc.). Condenser diagnostics should include ambient considerations,
as they affect the achievable cold water temperature and flow rate of the circulating water.

An important parameter for condenser diagnostic work is the condenser loading. This is the heat in the
steam from the turbine plus the heat in all drarns that flow to the condenser. While this may be determined

loading omet1mes called condenser duty) is to measure the cooling water inlet and exit temperature and'its
flow. Since flow meters are not normally installed in the cooling water circuit, the flow may be inferréd\fror
pressure (drop across the tube bundle or from measured pressure and power and the circulating water

pump cufves.

=)

fxcess heat load can be due to a loss of turbine efficiency, a feedwater heater dumping directly to tHe
condensdr, an auxiliary dump open to the condenser, or heaters in the condenser neck with lagging off or
extractiop line connections leaking.

| ow condenser circulating water flow rate can be due to excessive condenser macrofouling, excessife
condensgr circulating water system resistance, poor condenser circulating water pump performance, or low
river/lak¢ levels (open system). High condenser circulating water flow rate canbe due to reduced condenser
circulating water system resistance, or the pump operating above the pump{curve.

Apparent excess levels of air in-leakage to the system can be dae to the water chemistry being
excessively out of limits, requiring larger than normal amounts of chemical treatment. This can generate higher
than normnal levels of noncondensibles, primarily ammonia.

The process of enhancing the performance of a condenser should include an initial baseline
performgnce assessment and continuation with a performance trending program. Boundary conditions on th¢
condensdr include

o) heat load

b) circulating water flow rate

c) circulating water inlet temperature

d) air (noncondensible) in-leakage rates

le) air (noncondensibles) remeval equipment capacity.
Condenser diagnostics seeks reasons for differences in the condenser pressure from target values. For a
specified circulating water flowrate, inlet temperature, and heat load on the condenser, the condenser pressyre
is dependent on the thermaltransmittance and the size and distribution of the effective heat transfer area.
Concern$ to be investigated include the degree of steamside and waterside fouling of the condenser tubes, the
steam flgqw distribution) through the tube bundle, the water flow distribution through the tubes, the performance

of the nopcondensible gas exhausting system, the number and location of leaking or plugged tubes, and the
amount gf air in-leakage.

2- 3 9 8 11 Cleanllness Factor The condenser cleanlmess factor is comrnonly used in

diagnost
provide an emp1r1cally based method to determme a desrgn Value for the cleanl1ness factor These have
historically been used as a design tool for the industry. However, when using these guidelines for evaluating
cleanliness of as-operating condenser performance, users must realize they are meant for overall performance
of the condenser rather than cleanliness, specifically. The HEI methodology assumes that the heat exchange
area is constant, though in realistic operation, the effective surface area can be reduced by air binding, low
waterbox level, or high hotwell level. Any operating influence that reduces the effective heat exchange area
will be reflected in a reduced cleanliness factor. The methodology also incorporates an empirically determined
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correction curve for inlet water temperatures other than 70°F. The accuracy of this curve diminishes with
temperatures lower than 55°F to 60°F. A correlation of predicted heat transfer as a function of water velocity
through the tubes is also provided. Condensers are typically designed for a relatively narrow range of
velocities, usually between 6 ft/sec and 8 ft/sec. Outside of this region, the accuracy of the provided heat
transfer-velocity correlation is suspect. Therefore, an empirically derived correction may need to be created by
operating the condenser with different water velocity at otherwise similar operating conditions, such as varying
number of circulating water pumps in service or adjusting valves in circulating water piping.

The target cleanliness factor should also vary as a function of load. It has been suggested that as the
loagl decreases, the flow regime in the water film on the tubes changes from turbulent to laminar. This,gffect
combined with an increased LMTD at reduced load is the reason for the observed variation in performance
factor with load [39].

To more effectively utilize the cleanliness factor methodology for condenser perfarmance evaluation
and diagnostics, the cleanliness factor of the condenser should be benchmarked during Clean condition§, such
as dfter an acid or mechanical cleaning of the condenser tubes or a retubing of the condenser. Likewisq, the
waterside pressure drop across the tube bundle can be benchmarked after an acidor mechanical cleaning of the
condenser tubes, or a retubing of the condenser, for comparison of the hydraulic\pérformance of the copdenser.

Routine condenser tube inspections can also be used to measure speeific deposit weights and perform
deplosit analyses. The potential for waterside deposits and corrosion problems can be detected through the use
of gn-line steam/water chemistry monitors.

2-3.9.8.1.2 Condensate Subcooling. Increasedevels of dissolved oxygen or severe
corfosion of the bottom tubes of the tube bundle may indicate &Xcessive subcooling of the condensate. [The
condensate temperature should be periodically compared to the saturation temperature for the operatin
condenser pressure. This is especially the case at part load-operation and situations with low condenser
cirqulating water flow rate.

oS

Condensers are designed to avoid hotwellseondensate subcooling, at least at design conditions] The
energy removed in subcooling the condensate hias to be replaced by heat added in the boiler. This is a et
energy loss to the cycle, increasing the heat.tate. Actual condenser designs reduce subcooling by bypagsing

part of the exhaust steam to the condensethotwell to reheat the condensate to its saturation temperatur¢. This
has|the added benefit of vaporizing disselved gases, such as oxygen, in the condensate. These gases acfumulate
in the air cooler section of the condenser and are removed by the air ejection system. If the condensate|remains
subcooled, elevated levels of dissplved oxygen can occur. To maintain dissolved oxygen at reasonable|levels,
extra chemicals must be added_fo the condensate. One of the breakdown products of the chemicals is ammonia,
which can become concentrated in the bottom section of the condenser tube bundle. This can lead to sqvere
corfosion problems in/that'area of the tube bundle depending on the tube material.

2-3.9,8:1.3 Air Binding. Decreased values of the cleanliness factor may be the result of air

bingling. Noncondensible gases will be present in any operating condenser, accumulating in pockets in[which
mags and heattransfer are so inhibited that little heat transfer takes place. In well designed condensers
opdrating atow air in-leakage rates and at their design condenser pressure, these pockets are confined|to the
air femowal section of the tube bundle. If the air removal rate of the air removal equipment is within itg
cappbility, this should be the case.

If an air removal flow rate measurement exists (typically on the air removal equipment), this should be
periodically monitored to detect an increase in air in-leakage flow rate. Also, a simple diagnostic test can help
detect or rule out either excessive air in-leakage or inadequate air removal capacity; however, it may not
indicate which problem is the case. With the unit operating at near steady conditions, temporarily activate extra
air removal equipment (either redundant back-up devices or start-up equipment) and observe if condenser
performance appears to improve. If the unit is operating with as-designed low air in-leakage rates and the air
removal equipment was adequately removing the air and preventing air-binding, then the activation of
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additional air-removal equipment should have no effect on condenser performance (and should be turned back
off to eliminate extra parasitic consumption). Alternatively, if the condenser performance noticeably improves
(backpressure decreases) with extra air removal equipment, then either the air in-leakage flow rate is excessive
and beyond the normal capacity of the air removal equipment, or else the previously active air removal
equipment was inadequate to remove the normal air flow rate. Switching between identical alternate standby
air removal equipment may help indicate if one is underperforming relative to the other.

Note also that air in-leakage can occur anywhere in the cycle that operates below atmospheric pressure,
not only the condenser; however, that air will flow to the condenser and its air removal equipment, since that is
the lowest pressure in the system. Common examples other than the condenser itself include lower pressute
feedwater heaters, shaft-seals on condenser hotwell pumps (especially redundant and out-of-service pumps)
and a turpine gland sealing system. To determine specific location of air in-leakage, several leak detection
technologies exist including helium tracers and sonic or acoustic methods.

2-3.9.8.1.4 Macrofouling. Macrofouling is the blockage of condenser tubes, @sually caused py
the accumnulation of debris or a large air pocket in the inlet waterbox. The former is usually the failure of thg
inlet scrgens to function properly, insufficient waterbox velocities, or pluggage by meghanical cleaning
devices. [t can also be caused by biological growth such as freshwater snails withinthe Condenser tubes. Laijge
air pockdts can be the result of air entraining vortices in the pump inlet, a malfunction of the waterbox air

removal Bystem, or air entrainment in the system piping. Since these tubes are¢physically blocked, there is a
reduction} in surface area for heat transfer. This will result in a reduced value ‘calculated for the cleanliness of
the condgnser and a higher than predicted condenser pressure. The water-velocity through the remaining tubps
is increaged, resulting in an increased system hydraulic resistance. This/miay reduce the water flow through the
condensdr.

2-3.9.8.1.5 Microfouling. Microfouling is the fouling of the heat exchange surface by
biologicdl or chemical deposition. Most closed cycle systems.and some natural waters are supersaturated with
respect t¢p calcium carbonate, CaCOs. Since the solubility 0f CaCOj; decreases with increasing temperature, the
stability pf the water is decreased by the increasing watet“temperature within the condenser.

(Chemical deposition occurs by precipitationief CaCOj; on the tube surface usually beginning at the
cooling water outlet. The chemical composition-0fthe cooling water should be monitored to establish whether
such deppsition is likely to occur. In closed cyele systems, chemical dispersants are sometimes added to
prevent the attachment of the precipitate to the tube walls.

Chemical deposition can alsg-occur from a low flow rate of the water through a tube or tubes, resulting
in boil-off of the water and thus leaving chemical deposition. Biological fouling is caused by microorganisnjs
that attagh themselves to the tube yvalls. In addition to decreasing the heat transfer rate, some of these

microorganisms can induce corrosion around the weld joints. Disinfection of the cooling water, usually by
chlorinatjion, is necessary to.prevent biological fouling. The effectiveness of the disinfection can be monitor¢d
by biological assay of the-cooling water at the discharge of the condenser.

ymptoms-of microfouling may be a reduced heat transfer rate and increased turbine exhaust pressufre,
and a resplting decCrease in the calculated value for the cleanliness of the condenser. Since all other problems
discussed in.this'paragraph will also cause a decrease in the apparent cleanliness, and microfouling has no
other symptoems, its diagnosis will be accomplished by eliminating the other possible causes of the decreasedl
performance (air binding, [ow waterbox level).

Corrective action for microfouling depends on the nature of the deposit, but can include various
technologies including mechanical cleaning as well as chemical surfactants and biocides. Mechanical cleaning
methods exist in both batch processes that typically require waterboxes to be isolated and out of service, as
well as in continuous processes that require installation of specialized equipment.
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2-3.9.8.1.6 Low Waterbox Level. The condenser’s inlet and outlet waterboxes should be full
of circulating water at least to the top of the tubes to ensure all tubes are full of water. However, air or other
dissolved gases from the circulating water can collect at tops of the waterboxes and so prevent normal water
flow through upper tubes, reducing the effective heat-transfer surface area of the condenser.

There are two causes for this. First, cold circulating water into the condenser is typically saturated with
dissolved gases (air). As the circulating water is heated in the condenser tubes, it cannot contain as many
dissolved gases, so those gases come out of solution. Second, depending on system pressure drops and
elevation changes between the circulating water pumps and condenser and siphoning effect of outlet flow, the
cirdulating water can actually be slightly below atmospheric pressure. Therefore, those waterboxes @pgrating
belpw atmospheric pressure can be subject to air in-leakage.

For either cause, the waterbox priming and/or venting system is designed to remove those gasgs to
enspire the water level in the waterboxes stays above the tubes. Therefore, the water level should be
perjodically monitored during normal operation, and if tubes are not flooded, then troubleshoot the prifning
and/or venting system. Also, circulating water valves at condenser outlet can be partially closed to hely
incfease water level above tubes; however, that will also reduce total water flow rate; which will provigle worse
performance than would normal water flow rate through full tubes.

2-3.9.8.2 Feedwater Heater Diagnostics. Feedwater heatefiptoblems generally fall int¢ one of
thelthree following categories:

(a) deposits, both tube-side and shell-side

(b) internal problems in each heater, including both tubelleaks and leaks in baffles, seals, and lgvel-
conjtrol valves

(c) external problems related to each heater, including leaks through bypass valves and level control
valyes, as well as excessive pressure drop through partially closed valves in extraction piping

The focus of this paragraph will be on diagnestics associated with identification of problems falling

intq the first three categories. Recommended parameéters to trend for diagnostic purposes include the tgrminal
temperature difference (TTD), temperature rigs¢ across the heater, and drain cooler approach (DCA)
temperature difference (see para. 2-3.9.2.3).[Also, external leaks (to atmosphere or open drains) are nofmally
ideftified during equipment walkdownsyother than expansion joints for extraction piping located in th¢
condenser neck, or any entire heaters loeated inside the condenser neck.

Deposits result in increased TTD and decreased temperature rise across the heater. Both TTD gnd
tenperature rise are functionsyofload; however, for diagnostic trending purposes, target curves should [be
estgblished across the operating load ranges. A significant tube-side buildup of deposits can also result|in
incteased tube bundle pressure drop. Routine tube inspections can also be used to measure specific degosit
weights and deposit ahalyses. The potential for waterside deposits and corrosion problems can be detegted
thrqugh the use of-on=line steam/water chemistry monitors.

Tube leaks can have a number of effects on the efficient operation of a feedwater heater. Largg tube
leals will be-characterized by an increased demand on the feedwater pump (high-pressure heaters) and opening
of gmergency drain valves to maintain the heater shell-side level. This will result in increased condens¢r duty.
Incteased demand on the normal cascade drain and emergency drain can reduce the pressure in the drajn cooler

1 2 £1 L d 1 radlaad M 1 LD AN+ + AL £, 11
sectotreatsmgrasnmgana-anmereascrne-arattrcoorctrapproacn{o Ty emperature-atrrerenee;-as wcell as

possible damage to the feedwater heater. Particularly on HP heaters, leaks can be detected during equipment
walkdowns, sounding very much like a jackhammer operating inside the heater.

Leaks in baffles, seals, and valves constitute the remaining area requiring diagnostic procedures. Leaks
in HP heater emergency drain valves can often be detected by listening through a solid wooden rod placed
against the valve. Internal leaks through seals and baffles cause short-circuiting of the steam path and result in
varying degrees of increased TTD, reduced temperature rise, and increased DCA, depending on where the
leak is. A methodology [10, 11] for detecting the location of internal baffle or seal leaks involves varying the
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shell-side liquid level, allowing the feedwater heater parameters to stabilize and recording the DCA and TTD
as a function of level. Deviations from a normal or target curve generated under operation with no leaks present
will indicate the level of the leak. Reference [22] discusses the use of the Wilson Plot to differentiate between
tube fouling and leakage within the waterbox division plate, also known as the pass partition plate. The
technique involves measurement of feedwater flow rate and the temperature of the inlet and outlet feedwater
and the drain temperature. A heat transfer factor is plotted as a function of a velocity factor over several loads.
A reference line of zero leakage and 100% cleanliness is plotted. Fouling will map as a line parallel but apart
from the reference line. Leakage will increase the slope of the test line from that of the reference line.

2-3.9.8.3 Boiler Feed Pump Diagnostics. Pump diagnostics must first separate the systent
effects fiom those due to variations in pump performance. For this reason, several operating points should b
evaluated. Diagnostic procedures can include both hydraulic and vibration analyses. If possible, multiple
speeds cgn be run to establish the system curve, and various flow rates can be examined to establish the punp
curve. Re¢ference [25] contains several tables of cause-and-effect relationships that can be used for boiler feqd
pump diggnostics.

2-3.10 Combined Cycle Plants

2-3.10.1 Combustion Turbines

2-3.10.1.1 Combustion Turbine Cycle Diagnostics. The overall performance of the
combustion turbine can be characterized by comparing the unit's base load pawer output and simple cycle gtoss
heat rate(or, alternatively, simple cycle efficiency) with expected values..Because of the significant impact pf
ambient fonditions on gas turbine performance, actual performance m¢asurements and expected performande
must be §t a common set of conditions. For diagnosing problems at:¢urrent operating conditions, it is comm¢pn
to adjust[parameters at design or reference conditions to what they.would be at test conditions. These are thgn
the expe¢ted values at current conditions, and a direct comparisen can be made. For evaluating and diagnosing
temporal| changes in performance, the measured parameters.at-each time period are adjusted from actual valjies
to what they would be at reference conditions; this is referred to as “corrected performance.”

197

Reference conditions may be ISO conditions-of 59°F, 14.696 psia, and 60% relative humidity, or th¢y
may be rpference conditions specific to the site. Adjustments between test and reference conditions can be
made in pne of the following three ways:

o) use of curves provided by the combustion turbine manufacturer.
b) use of a thermodynamic mede¢l developed by the combustion turbine manufacturer or others.

c) use of dimensionless orquasi-dimensionless parameter groups. Because of complex turbine cooling
arrangenjents, control algorithms that address pollutant formation as well as thermodynamic behavior and other
factors provide at best only aif estimate of the relative performance between test and reference conditions.

2-3.10.1.2 Combustion Turbine Diagnostics. Changes in combustion turbine performance
parametdrs are affected by how the combustion turbine is controlled, as well as the thermodynamics of the
cycle its¢lf. The objective of the combustion turbine control algorithm is to limit the temperature of the
working [fluid inthe Cycle to levels compatible with the turbine materials and cooling technology. At base lgad,
this generally aneans limiting the temperature of the hot combustion products entering the combustion turbire
expandet section, referred to as the firing temperature or turbine inlet temperature. Because this temperature] is
genera_ll 130 high to measure reliablv _the control nlgm‘ifhm is hased on thermadynamic re]aﬁnnqhipq hetwden
this temperature and other cycle parameters. For heavy duty industrial units typical of large power generation
applications, the control algorithm is generally based on measured turbine exhaust temperature and compressor
discharge pressure or pressure ratio. For aeroderivative machines, the controlled temperature may be the
compressor discharge conditions, gas generator exhaust temperature, and/or the power turbine inlet
temperature.
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Combustion turbine diagnostics are generally performed for base load operation. If changes in part
load performance are to be diagnosed, the effects of modulated inlet guide vanes or variable stator vanes on
compressor performance, exhaust flow, and exhaust temperature must be taken into consideration.

2-3.10.1.2.1 Combustion Turbine Inlet Pressure Drop and Exhaust Pressure. Before
addressing performance issues of the core machine (compressor, combustion section, and expander), the
impact of the pressure drop across the inlet conditioning equipment (filters, evaporative coolers, etc.) and the
exhaust pressure drop should be addressed. Inlet pressure drop will be influenced by cleanliness of the filters
and high-humidity conditions. Exhaust pressure will be influenced by the condition of the exhaust diffuser and
stagk, and path through the HRSG for combined cycle applications. Increases in inlet pressure drop angl/or
exhaust pressure will result in reduced base load output and increased base load heat rate.

2-3.10.1.2.2 Compressor Section Efficiency. Calculated compressor section'isentrppic
efficiency provides a direct indication of the condition of this section of the machine. Effigiency can bq
redficed due to compressor fouling, or due to compressor blade wear, damage, or erosion., Contaminan{s
conttributing to compressor fouling include dry, hard contaminants such as dust, sand;"and dirt, and soff, sticky
contaminants such as pollen, oily vapors, or airborne insects. If evaporative coolers ‘are used, waterborfie
contaminants may also be introduced. Dry, hard contaminants can also contribute'td compressor blade [erosion.

Compressor section performance degradation, especially due to fouling, occurs gradually over|time. A
sudden change in compressor section performance may be an indication of foreign object damage due to
compressor icing or upstream hardware breaking away and being ingested into the compressor.

The main impact of reduced compressor section efficiency ‘in heavy-duty, or frame, units is to feduce
the [pressure-producing capability of the compressor and mass flow through the machine. A low calculgted
efficiency should therefore be corroborated by a lower than expected pressure ratio and exhaust flow. Turbine
exhiaust temperature may also be increased, unless the limit’has been reached, at which point generatiop will be
redpiced to maintain the exhaust temperature at the lower-compressor efficiency. For a typical heavy dyty
indpistrial combustion turbine, a 1% decrease in compressor section efficiency will have the following
approximate impacts:

(a) 3.5% decrease in base load power output
(b) 1.5% increase in base load hedt.rate

(c) 2% decrease in compressorpressure ratio
(d) 2% decrease in turbine-gxhaust flow

(e) 6°F increase in turbine exhaust temperature

A portion of compressor section performance deterioration due to fouling may be recoverable ith an

on-|ine or off-line comptessor water wash.

2-3.10:1:2.3 Exhaust Temperature Spread. The combustion turbine exhaust tempefature
spr¢ad provides-an.indication of the health of the combustion section of the turbine. Although the combustion
system is notlikely to be the direct cause of performance deterioration, with time [40], degradation in this
section of theturbine can result in increased emissions of NOx and other pollutants, and can have an ithpact on
the [long-term reliability of the machine.

he spread in exhaust temperatures is the result of nonuniform combustion conditions among the
combustors. This may be due to fuel nozzle plugging or wear, fuel distribution problems, or cracking or other
thermal distress of combustion section components. The resulting uneven temperature profile at the entrance to
the expander section can lead to deformation of downstream components from thermal stress and consequent
deterioration in their performance. Also, although the average turbine inlet temperature may be within machine
design limitations, locally high temperatures can lead to thermal damage or failure of hot gas path components.
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The following observations should be made relative to the exhaust temperature spread:

(a) maximum spread (difference between the maximum and minimum temperature in the exhaust
temperature profile).

(b) deviation of maximum and minimum exhaust temperatures from the mean exhaust temperature.

(c) location of the maximum and minimum temperatures in the exhaust profile. From the physical
location of a temperature in the exhaust profile, the combustor contributing to this portion of the combustion
turbine exhaust can be identified by applying appropriate corrections for exhaust swirl.
=3-10-1:2: : 5
generally inferred from the overall machine performance and the performance of other sections. Although-it
would bg desirable to calculate a section efficiency such as is done for the steam turbine and the combustion
turbine cpmpressor section, for example, this is not feasible for two reasons. First, as noted previously; the
temperatpire of the gases entering the expander section is not measured; thus, the thermodynamiCstate at the|
beginning of the expansion is not known. Second, as a result of the cooling of the nozzles and rotating bladg
the expanmsion process is not adiabatic; thus, calculation of isentropic efficiency is not an appropriate
performgnce measure. Definitions have been proposed for cooled turbine efficiency [44, 42], but there is no
generally accepted definition. Also, the proposed definitions suffer the shortcoming.that they require
measurements of cooling air flows not normally available for an operating unit.

g

xpander section performance can deteriorate over time as a result of-high temperature oxidation,
increased clearances resulting from vibration or blade tip rubs, blade erosion or corrosion, thermal damage due
to combystion section problems, or problems with turbine cooling air.,Step changes in performance may be the
result of [foreign object damage. Because the turbine is generally fired te control exhaust temperature,
deterioration of the expander section will result in underfiring thetcombustion turbine. For a typical heavy dfity
industrial] combustion turbine, a 1% decrease in expander sectiofisefficiency will have the following
approxinpate impacts:

) 2.6% decrease in base load power output

h) 1.8% increase in base load heat rate

c) 0.2% decrease in compressor pressurg ratio

d) 0.2% increase in turbine exhaust flow

le) no change in turbine exhaust temperature

f) 13°F decrease in firing temperature (not measured)
A comparison of these changes with those that occur for compressor section performance deterioratjon

shows thht the magnitude of the(output change relative to the heat rate change is a good discriminator betwegn
problemq in the two sections.

2-3.11 Heat Recovery-Steam Generators (HRSG)

2-3.11.1 Heat.Recovery Steam Generator (HRSG) Cycle Diagnostics. The overall performange
of the HRSG canrbe characterized by comparing the HRSG’s efficiency with expected values. Because the
majority jof HRSGS used in power generation applications generate steam at multiple pressure levels, it is
also necgssary)to compare the capacity of the HRSG with expected values at each pressure level. If the
high-pregsure section of the HRSG is deficient in steam production, more energy will be available in the
exhaust gas stream for steam production at lower pressure levels. Thus, it is possible to have an HRSG that is
at or near design efficiency, but has a deficit in high-pressure steam production, coupled with a surfeit of steam
production at lower pressure levels. Because the high-pressure steam has more available energy to do work in
the steam turbine, this results in reduced steam turbine output.

In evaluating HRSG performance, interrelations with other parts of the combined cycle must be
recognized and accounted for. Boundary conditions for the HRSG are the combustion turbine exhaust energy,
energy from any supplemental fuel firing, outlet from the HRSG high pressure section to the steam turbine
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cycle, and cold reheat from or hot reheat to the steam turbine cycle. For an unfired HRSG, the entire energy
input is from the combustion turbine exhaust. This is the primary determinant of the steam-generating capacity
of the HRSG. However, the pressure at which the steam is produced also influences how much steam is
produced. For a given exhaust energy, steam production at a given HRSG pressure level varies inversely with
the pressure. Since the pressure at the steam turbine throttle varies directly with flow to the throttle for the
sliding pressure mode of operation typical of combined cycle units, equilibrium is established when the
pressure-flow characteristics of the steam turbine match the pressure-steam production characteristics of the
HRSG. Changes in the pressure-flow characteristics of the steam turbine (e.g., due to erosion or deposits) will
thuginftuence the performance of e Steam generator.

2-3.11.2 Cycle Isolation. Cycle isolation is a significant issue in HRSG testing. To verifyapprdpriate
cycle isolation, mass balances around the HRSG overall and at individual pressure levels should|be vetified.
Asquming that instrument calibration issues have been addressed and calculated flow uncerfainties have been
tak¢n into account, significant mismatches indicate cycle isolation issues. A specific example is compgrison of
the fhigh-pressure steam flow with the high-pressure feedwater flow. If the HP steam flow is significantly less
thah the HP feedwater flow, the problem may be related to

(a) HRSG boiler tube leak.

(b) excessive HP drum to IP drum cascading blowdown. If this situdtion exists and the IP drunp
continuous blowdown is normal, then IP steam generation will be greater.than IP feedwater flow.

(c) leakage through the main steam to cold reheat line bypasg valve.

Other potential cycle isolation problems include leakage through the hot reheat emergency bypass to
thecondenser and through the low-pressure steam bypass to the condenser. Suspected changes in stearh flows
dud to cycle isolation problems should be corroborated by changes in steam turbine pressures.

The effect of cycle isolation for HRSGs may be-sighificant during testing. For periodic testing] it is
recpmmended to verify isolation. For online monitoring, poor performance results may indicate problens in
normal operating valve alignment affecting cycle iselation.

2-3.11.3 HRSG Diagnostics. HRSG diagnostics are designed to identify the reason(s) for decrdased
flow to the steam turbine from that expected-for the given HRSG heat input. As noted above, this should start
with verification of proper cycle isolation:*HRSG efficiency will provide an indication of proper heat tfansfer
from the combustion gases to the steam/water circuits in the HRSG. Unlike the steam generator in a
conventional Rankine cycle unit, the. HRSG is evaluated based on the lower heating value fuel heat input to the
combustion turbine and the lower)heating value of any supplementary fuel firing. Both input—output arjd loss
methods for evaluating HRSG éfficiency are presented in PTC 4.4 for heat recovery steam generators. [The loss
method is generally preferred due to lower uncertainty. The major losses to be considered are the stack| loss and
the [radiation/convection,less. The radiation/convection loss is often assumed constant at its design valye;
however, for outdoer installations, this may understate the true loss, particularly if the testing is done ip cold
wegther or windy‘conditions.

2-3.11.4 HRSG Efficiency. HRSG efficiency may be reduced due to fouling of the heat transfe
surfaces. Eof natural gas-fired turbines, HRSG fouling from combustion products is normally not an ispue. If
the |combuistion turbine is fired with a liquid fuel, especially one with measurable ash content, fouling que to
coqlbustion products may impair performance over time. Another source of fouling exists in HRSGs with
selective cafalyfic reduction systems from deposition of reaction products, notably ammonium salts, in the
lower temperature sections of the HRSG. Corrosion products resulting from dewpoint corrosion in the
feedwater heater (low temperature economizer) section can impair heat transfer in this area. HRSG efficiency
may also be reduced as a result of exhaust gases bypassing portions of the heat transfer surface, or channeling
due to uneven flow entering the HRSG.

2-3.11.5 Effectiveness. Effectiveness of the HRSG or HRSG section is the ratio of the heat removed
from the exhaust gas to the maximum theoretically possible heat removal, as limited by the temperature of the
cold-side fluid. Depending on the extent of gas side temperature measurements, it may be possible to calculate
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the effectiveness of individual heat transfer sections or groups of sections. This is useful in identifying any
localized heat transfer problems in the HRSG.

2-3.11.6 Pinch. Evaluation of the HRSG pinch points provides a quick indication of the heat transfer
occurring in sections upstream in the gas stream of the HRSG.

2-3.11.7 Approach. The evaporator approach (saturation temperature minus feedwater inlet temperature)
affects HRSG performance, and in many cases may be influenced by HRSG operation. Often, there is a
controlled bypass around one or more economizers that can be used to control the approach temperature, or
may be designed to control stack gas temperature when burning liquid fuels in the combustion turbine. If the
approach] is too low, natural circulation in the evaporator section may be impaired. This could lead to reliabifli
problemg and a reduction in steam production. If the approach is too high, it will also reduce steam productipn
at this pressure level.

2-3.12 $CR and FGD Performance

2-3.12.1 Selective Catalytic Reduction System. A selective catalytic reduction {SER) system
removes [nitrogen oxides (NOx) by injecting ammonia vapor into the flue gas upstream ofia catalyst bed. An
SCR system is typically monitored for NOx removal or outlet NOx, reactor pressure drOp, air preheater
pressure drop, inlet flue gas temperature, and ammonia feed rate. High pressure drep-usually indicates plugging
of the cafalyst bed or the air heater, and low NOx removal indicates an ammonia fe€d or distribution (uniform
mixing with the flue gas) problem or ammonia nozzle plugging. Catalyst activity is followed over time so it
should npt be a sudden problem and is usually evidenced by increased amfmonia consumption.

creased ammonia consumption is an indicator of catalyst degradation, catalyst pluggage, poor
mixing, poor ammonia or temperature distribution, improper flue gas:temperature, or combinations of these
and othef possible factors. For operating or fuel conditions that deviate from the guarantee basis, the following
correctiopn curves from the SCR or catalyst supplier should be@sed to compare ongoing operation with the
guarantegs:

1) NOx Reduction Efficiency (%). A family of girves on one chart depicting NOx reduction efficiericy
versus inflet NOx concentration (ppmvd) at various_flue gas temperatures (°F), unit loads, O, content,
and gas fllows.

b) SO, Oxidation (%). A family of cutves on one chart depicting at various curves the SO, to SO;
oxidation versus flue gas O, concentration, flew rate, and SO, inlet concentration.

c) Catalyst Activity (%). Catalystactivity versus catalyst life.

) Gas Side Pressure Drop (in. wg). Gas side pressure drop for both the catalyst alone and the full
system versus gas flow (actfm).

2-3.12.2 Wet FGD Performance. A wet flue gas desulfurization (FGD) system removes SO,, SOs3, and
sulfuric gcid mist from thewflue gas. It is monitored for SO, removal efficiency, flue gas pressure drop
including individual abSorbers and mist eliminator pressure drop, and pH in the reaction tank. These are the
key indidators of proper operation. Low SO, removal could mean spray nozzles are plugging or a malfunctign
in one orlmore of the slurry feed pumps. Low pH could be caused by limestone blinding or limestone feed
problemq. High 'mist eliminator pressure drop indicates plugging in the mist eliminators. High absorber
pressure dropindicates plugging in the absorber. FGD system testing should be patterned after the instructigns
in ASMHEPTC 40

2-3.12.3 Dry FGD Performance. A dry flue gas desulfurization system removes SO,, SOs, particulates,
and sulfuric acid mist from the flue gas. These removals are accomplished by the injection of fine droplets
containing lime slurry into the flue gas stream in a vessel called a spray dryer. In the spray dryer, the droplets
contact the hot flue gas and, simultaneously with the evaporation of the water in the droplets, acid components
in the flue gas react with the lime contained in the droplets. This process produces a dry, powder-like particle
that is carried by the flue gas into a particulate removal device, usually a fabric filter. As the particles collect on
the filter bags or the electrostatic precipitator plates, there is further contact with the flue gas and hence further
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removal of acid gas. Unlike a wet FGD system, the flue gas is not quenched down to its adiabatic saturation
temperature, but rather to a temperature high enough to ensure that condensation of water vapor does not take
place in either the spray dryer or the fabric filter, thereby protecting both of these vessels against corrosion and
plugging.

Dry FGD (spray dryer and fabric filter) is monitored for SO, removal or SO, outlet concentration, inlet
and outlet gas temperature, pressure drop, high vibration (when rotary atomizers are used), baghouse pressure
drop, lime slurry feed system pressure, stack opacity, and lime feed rate. Low SO, removal can indicate a
problem with the lime feed system or dual-fluid nozzle, or atomizer wheel plugging. Continued high-pressure
drop in the fabric filter indicates plugging or blinding of the filter bags. Low outlet temperature indicates too
mug¢h water in the system. For operating or fuel conditions that deviate from the guarantee basis,the fqllowing
cortection curves from the dry FGD supplier should be used to compare ongoing operation with the guprantees:

(a) SO, reduction efficiency (%)
(1) as a function of approach to adiabatic saturation temperature

(2) as a function of inlet SO, loading
(3) as a function of the inlet flue gas mass (Ib/hr) flow rate
(4) as a function of fresh lime feed to the spray dryer

2-3.13 Results Reporting

Once the contributors to unit performance degradation have been identified and the impact on fotal unit
efficiency determined, reporting of this information to the appropmiate level(s) of management should II;:
performed. Presented in the form of a report, the information should be clear and concise and should emphasize
the [deviations between actual and expected (targeted) levels“of performance. The report should give repsons for
lowjer than expected performance and should address eachideficiency equitably based on significance gnd cost.

If gpins in performance have been identified by the performance engineer, then the report should cont?}?

recpmmended solutions. Grouping of the contributoss*(e.g., unit losses, system losses) in a prioritized manner
accprding to performance impact and/or the cost-of correction should also be performed. This will enable
management to have the consideration of a full.scope of candidate projects before subsequent budget
decjisions are made.

The presentation of data in these)reports should be in a format that is readily understood and ugable by
the [readers of the report. Presentation should include a summary of the major contributors, including a|synopsis
of the system’s heat rate and generation for the period in question and reasons for deviation from expe¢ted.
Other performance indices that might be included are heat rate rankings of units, efficiency factors, unt losses,
sysfem losses, and unaccodnted-for losses.

Although the frequency of feedback will depend upon the performance philosophy of the usery, it is
recpmmended that management receive input on no less than a quarterly basis.

To aid in the development of corrective courses of action for each contributor, diagnostic techpiques
shopld be utilized to focus the corrective action on the correct equipment component or subcomponent} In
addition,performance optimization of controllable parameters (operational and/or equipment repair) should be
estgblished for optimum operation and to eliminate cycle deficiencies otherwise hidden. Subsection 2-$ should
be ¢onsulted for information on these techniques

2-3.14 Cycle/Operational Interrelationships

Operational interrelations include those interactions that involve operating conditions and operational
parameters. Typically, these parameters are temperatures, pressures, and flows for the equipment. The resulting
interactions are quite variable and flexible, often under the control or influence of the unit operators. The
effects on operation and performance of the overall unit or particular equipment components are frequently
significant.
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Since limited resources are available to diagnose and correct problems and to optimize performance, it
is useful to apply those limited resources in a manner that provides the greatest benefit. To do that, it is useful
to estimate potential impacts of detected problems and optimizable choices before pursuing them, so as to
prioritize efforts to those problems that provide the greatest benefit.

When determining the impact of a given problem or action, it is important to consider the
interrelationship of different parts of the plant cycle, since commonly expected impacts of a single parameter
can be wrong (even reversed) when considering only a portion of the plant cycle without interrelationship with
the rest of the cycle.

or example, increasing reheat spray flow or bypassing highest pressure FWH are both often expectled
to increafe maximum steam turbine electrical output, which can be true if the unit’s capacity is limited.only by
the turbine governing valve 100% open position. However, a given unit’s boiler may not be capable.of
providing the additional steam heat duty required (e.g., fan-limited, pulverizer-limited, etc.), or€he unit’s hept
rejection|system may not be capable of rejecting the additional heat duty at an acceptably low turbine exhaupt
pressure In either case, taking either of these actions would reduce maximum capacity rather than increase ft,
due to thp worsened turbine heat rate and resulting interrelationship with the capacity-limiting component.

The following are several examples of operational interactions:

o) increasing the reheat spray flow increases the megawatt output of the/mit and, for a fixed throttl
flow, incfeases the unit heat rate.

w

b) lowering the condenser pressure increases the megawatt outputiuntil LP exhaust becomes chokegl.
After thi$ point, lowering the condenser pressure further decreases megawatt output because the cooler
condensgte requires more extraction steam for feedwater heating fora given set of upstream conditions.

c) increasing the excess oxygen (excess air) in the boiler decreases the unburned carbon loss but
increaseq the dry gas loss because of a greater mass weight of flue gas leaving the boiler.

/) extracting steam from the turbine for a process-will increase the pound steam per kilowatt hour qf
the turbife/generator (i.e., lower the amount of electric power generated per pound of steam flowing througl
the inlet). This is the case when an industrial steam liost exists. The overall plant thermal efficiency will
increase pince the steam that is extracted will besused in the process and not add to the heat through the
condensdr.

le) increasing the coal particle finenéss from the pulverizer (i.e., increasing the percentage of coal
particles [passing through a given mesh).reduces the carbon loss but increases the auxiliary power requiremehts
and incrdases wear on the components./The net result can be an increase in efficiency. In addition, furnace
absorptign and slagging/fouling can-be affected, which affects the turbine cycle through changes in final stegm
temperatjires and desuperheating-flow rates.

f) main steam pressure and temperature variations affect the feedwater outlet temperatures of the
feedwatgqr heaters by affecting the saturation temperature of the steam inside the heater.

perational inferrelationships lend themselves to optimization. The process of identifying and using
the best ¢verall combination of conditions in normal operation is described in detail in subsection 2-5. Somg
operating parameters cannot readily be optimized or controlled. For example, ambient air and water
temperatjires;eoal quality, unit load, environmental restrictions, and limitations placed on equipment for safety

and availab onsiderations are not controllable by the aperato aperating param h as th

have significant influence on unit and equipment performance. Thus, they need to be accounted for in the
performance monitoring program when interpreting results.

2-3.15 Mechanical Interrelationships

Unlike the operational interactions, mechanical interactions tend to be fairly uniform and stable until
the mechanical condition changes. If the mechanical condition changes, the interactions tend to change, too,
but would stabilize at a new level if the mechanical condition stabilizes. The following are several examples of
mechanical interactions:
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(a) turbine steam path deterioration has an effect on stage pressure, section efficiencies, final feedwater
heater temperature, gross electric output, and unit heat rate.

(b) replacing the finned tubes in a boiler economizer has an effect on boiler efficiency, boiler fan
power consumption, gross electric output, and unit heat rate.

(c) the condenser pressure can be affected by the fouling of the condenser tubes.

(d) air heater seal degradation causes a greater leakage of air into the gas stream, thus lowering the gas
temperature leaving the air heater and increasing fan power. To maintain the minimum cold end temperature,
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2-3.16.1 Purpose. The purpose of the matrix is to assist the performance engineer in recognizing the
existence of different interrelationships within the equipment, system, or unit being monitored. Furthermore, it
gives a general idea of the degree of influence the interrelationship may have to other equipment, systems, or
units. The matrix expresses the typical interrelationships in qualitative rather than quantitative form for several
reasons, the more significant of which include

(a) interactions quantitatively tend to behave differently between different units, even between

similar uifs.
conditions appear to be reasonably similar.

conditions of the unit change

2-3.

system syibgroupings. The effects of the parameters, indicated in general terms in six performance results

categorig

influencq

fans, pumps, air heaters, and environmental controls.

influencg
rejection|

interacti

this category.

the interz
performg

cooling fians are included.
le) Unit Net Electric Output. This is the results category identifying the interactions that influence the

net electt

fuel burn

result caf

) interactions frequently tend to behave differently on the same unit at different times, even when
c) many interactions tend to behave very differently on the same unit as operating and mechanical

6.2 Effects of Operational Parameters. The matrix lists operational paraméters in equipmen

S, are

o) Boiler Operation and Performance. This is the results category identif{ihg the interactions that
the boiler operation and performance. This category includes the boiler auxiliary equipment such 3

b) Turbine Operation and Performance. This is the results catégory identifying the interactions tha
the turbine operation and performance. This category excludeés feedwater heaters and the heat
equipment (condenser, cooling towers), which are treated.separately.

c) Feedwater Heater Operation and Performance. Thifis the results category identifying the
ns that influence feedwater heater operation and performance. Only feedwater heaters are included|

d) Condenser and Cooling Tower Operation and Performance. This is the results category identify|
ctions that influence the condenser and coaling tower (heat rejection equipment) operation and
nce. All auxiliary equipment such as vacuum pumps, air ejectors, circulating water pumps, and

ic output.

f) Fuel Burn Rate. This is'the results category identifying the interactions that influence the
rate.

or

w2

o

n

ing

The relative degree/of ihfluence between the operational or mechanical parameter and the performance

egories are shown below.
Symbol Degree of Influence
XXX High
XX Moderate
X Low
Negligible to none

A few rules for using the matrix or for creating a unit specific matrix are in order. It must be
recognized that any analysis of this type is dependent upon the level to which the user wishes to pursue the
problem. The matrix is intended to convey a general idea. The six performance results are very broad in scope.
A unit-specific application of the matrix concept would focus in more detail on the subject problem area. For
example, condenser analysis would require monitoring the following operational parameters: tube cleanliness,
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air in-leakage, circulating water temperature, and flow rate. The corresponding condenser performance
parameters would be condenser pressure and condensate temperature.

The relative impact that each general category has on the performance is given in the matrix. However,
the user is encouraged to develop unit-specific impacts for each parameter under the 13 general categories.

The matrix in Table 2-3.6-1 is intended as a guide only. All the interrelations on the horizontal axis are
valid only within the context of the 13 individual categories. Vertical comparison under each performance
category should not be interpreted on a relative basis.
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INCREMENTAL HEAT RATE

2-4.1 Introduction

An economic choice of which generating unit should provide the next increment of power to a

change

in load demand should be based on incremental costs. The change in fuel input required for an incremental
change in power output, and the cost of that quantity of fuel must be determined. A performance monitoring
program can provide these answers as well as optimize costs for independent power producers and electrical

2-

intjrconnection sales by improving overall delivered heat rate.

.2 Input—Output Relationships

Input—output relationships provide the basics for building incremental cost data. The.relationsh

ip

betyween input, generally expressed in terms of energy (kJ/hr or Btu/hr), and output, typically expressed in

megawatts (MW) for power plants, does not necessarily vary uniformly over the entire load range. Thd
output relationship may be determined from design or guarantee data supplied by equipment manufacty
frofn test data. Figure 2-4.2-1 illustrates input—output relationships for two steamizcycle generating unit

Fig

full
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as |
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heaf rate performance of the unit need to be understood so that the performance monitoring program cg

acc
on:

ire 2-4.2-2 illustrates the same relationship for a 2 x 1 combined cycle facility.

bt fossil units, boiler efficiency decreases with increasing load, causing incremental heat rate to alsg
pad increases, but the input—output relationship is impacted by)many variables, including turbine cy
gn, control valve operation, condenser pressure, ambient conditions, spray flows, auxiliary equipm)
ration, steam path degradation, feedwater heater operation;’and boiler efficiency. There may be cer]
bes where the heat input required shifts one way or the 6ther depending on the number of auxiliarie
hired to support the increased load, or if certain equipment becomes limiting, such as the cooling to
pcity to maintain the steam turbine back pressurg’at optimal conditions. These effects on the incren

punt for them in dispatch and when makingrecommendations for optimizations, especially in an
ine system.

Fig. 2-4.2-1 Input/Output Curves for the Two Typical Thermal Units
(Basedon Fig. 20, p. 40, of Power System Operation by
R. H. Miller; McGraw-Hill, 1983; Published by Permission of McGraw-Hill)
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For most fossil base loaded units, the incremental heat rate curve isdelatively flat from minimym to
load. A fossil unit’s incremental heat rate curve outside the startup block is close to linear in naturg.
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GENERAL NOTE: Although the no-load fuel for Unit 2 is greater than that of Unit 1, at loads above 100 MW, the heat
Unit 2 is less than that of Unit 1.
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Fig. 2-4.2-2 Input/Output Relationships for a
2 x 1 Combined Cycle Facility
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Fig. 2-4.2-3 Incremental Heat Rate for Steam Turbine With
Sequential Valve Operation
(Courtesy General Physics{Corporation)

Inererental Heat Rate

Net Load

or partial-arc.admission steam turbines, the incremental heat rate varies substantially from one

b

most power control centers can only accept incremental cost relationships that have a continuous
,lope the true incremental heat rate in Fig 2—4 2-3 cannot be used Instead a compromise is made by

(dQ/dMW), and thus 1ncremental heat rate (Btu/kWh or KJ/kWh) The 1nput—output curve may be second order
polynomial or higher, with a positive slope typically required by most dispatch systems. The slope of the
incremental heat rate curve varies between units and is predominantly a function of the turbine cycle.
Equipment degradation and normal operating conditions can impact incremental heat rate. Once placed into
dispatch, generating units with shallow slopes will reach full load more quickly than those with steeper slopes.

For gas turbine-based combined cycle units, the incremental heat rate can be more complex due to
several operating modes consisting of gas turbines often being in and out of service, fired and unfired HRSG
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operation, and simple cycle operation. Each operating mode has its own distinct input—output and incremental
cost relationships. Gas turbines are most efficient at full (base) load. As the unit is lowered in load, the heat rate
increases significantly. Gas turbine heat rates at minimum load can easily be 200% of the base load heat rate.
Combined cycle plants may also include power augmentation equipment, such as gas turbine inlet air
conditioning systems, steam injection to the gas turbine, and/or duct burners in the HRSG. These additions to
the cycle also impact the incremental heat rate. For example, output gained by increasing the gas turbine 10
MW from part load to full load will be accomplished with less fuel (Btu/hr) than a 10 MW increase
accomplished by using the duct burners in the HRSG. Understanding the component fuel usage as well as the
im 0 the over y o ,_.,,_. O 1T = = - e - . - = = = - Ofthe
ovdrall plant. In some cases, it may be desirable to model the power augmentation equipment as separgte units

.3 Incremental Costs

Incremental costs are calculated from the input—output relationships developed(by factoring in|fuel
cosls. Table 2-4.3-1 illustrates incremental rates for the two generating units shownsin Fig. 2-4.2-1. The table
illuptrates that it is far less expensive to load up Unit 2 to higher levels of capacity,than it is to load up Unit 1.

Incremental costs for combined cycle units not only encompass whigh'unit to load up next, buf also if it
is nmore economical to add load by adding an additional gas turbine, or by dtilizing power augmentatiop
equipment such as inlet cooling, steam or water injection, or HRSG duct-burners. The relative costs of
incfemental output from each piece of equipment can change based én the prices for fuel, water, electr|city, and
expected maintenance considerations. Table 2-4.3-2 illustrates the relative incremental costs associated with a

combined cycle facility.

Table 2-4.3-1 Incremental Rates for the. Two Generating Units in Fig. 2-4.2-1
Incremental Charge for Load Incremental
Instantaneous  Heat Rate, Million Dollars/hr Increment, Rate,
Loerd Mw Heat Rate Btu/kWh Btu/hr [Note (1)] dollars/hr dollags/MWh
Unik 1
0 400 1,000
50 14,000 6,000 700 1,750 750 15.00
100, 12,000 10,000 1,200 3,000 1,250 25.00
150 12,000 12,000 1,800 4,500 1,500 30.00
200 13,000 16,000 2,600 6,500 2,000 40.00
250 16,000 28,000 4,000 10,000 3,500 70.00
Unit 2
0 800 2,000
50 20,000 4,000 1,000 2,500 500 10.00
100, 12,000 4,000 1,200 3,000 500 10.00
150 10,667 8,000 1,600 4,000 1,000 20.00
200 10,000 8,000 2,000 5,000 1,000 20.00
250 10,400 12.000 2.600 6.500 1,500 30.00
NOTE:

(1) At $2.50 per MBtu/hr
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Table 2-4.3-2 Relative Incremental Costs Associated With a Combined Cycle Facility

Incremental Charge for Load Incremental
Instantaneous Heat Rate, Million Dollars/hr Increment, Rate,

Load MW Heat Rate Btu/kWh Btu/hr [Note (1)] dollars/hr dollars/MWh

2 x 1 Combined Cycle
0 400 1,000

50 18,170 10,200 910 2,275 1,275 25.50
100 +6;586 35866 166 2756 475 9-56
150 9,070 5,200 1,360 3,400 650 13.00
200 8,130 5,400 1,630 4,075 675 [3.50
250 7,850 6,600 1,960 4,900 825 16.50
300 8,270 10,400 2,480 6,200 1,300 26.00
350 7,940 6,000 2,780 6,950 750 15.00
400 7,390 3,600 2,960 7,400 450 9.00
450 7,260 6,200 3,270 8,175 775 15.50
500 7,490 9,600 3,750 9,375 1,200 24.00
550 7,780 10,600 4,280 10,700 1,325 26.50
600 8,030 10,800 4,820 12,050 1,350 27.00

NOTE:
(1) At $2.50 per MBtu/hr

A

2-4.3.1 Optimum Load Division. Once the incremental costyrelationships are known for two or mor
generatirjg units, the division of load among the units leading tozthe lowest overall fuel cost (economic
dispatch] may be determined. A mathematical proof will show.that the least cost for fuel is achieved when afll
units are{loaded at equal incremental cost. This is shown gfaphically in Fig. 2-4.3.1-1.

Referring to Fig. 2-4.3.1-1, the total load demand is 585 MW; therefore, the sum of Unit A and Uni{ B
outputs thust equal 585 MW. While the capacity démand can be met by any arbitrary combination of A and [B
outputs that sums to 585 MW, the least cost operating point is achieved when both units are operated at load
corresponding to the same incremental heatfate. For the 585 MW case, operating Unit A at 347 MW and
Unit B af 238 MW results in the least overall cost. This is demonstrated in the following paragraphs.

[72)

.

[he total heat input is expresSed as unit heat rate multiplied by the unit load
Qpant =HR, x MW, + HR; x MW,
For two units firingthe’same fuel, the total fuel cost is calculated as

Spant = $/MMBtu><(HRA x MW, +HRj x MWB)

.

[able 2-4:3-1-1 shows plant economies corresponding to unit capacity combinations that meet plant
demand of 585 MW.

to full capa s aleet - ? a
which has a cost of $19.73/MWh. However, loading these units at equal incremental heat rates results in a
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Fig. 2-4.3.1-1 Optimum Load Division by Equal Incremental Heat Rate
(Courtesy General Physics Corporation)
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Table 2-4.3.1-1 Impact of Load Division on Plant Economy
(Courtesy General' Physics Corp.)
Unit “A”  Unit “B” Plant Unit A" Unit “B” Plant Rlant Fuel
Output Output  Output Input Input Plant Input Heat Rate Cost
Scendrio  (MW) (MW) MW  (MMBtu/h) (MMBtu/hr) (MMBtu/hr) (Btu/kWh) |($/MWh)
1 100 485 585 1205 4756 5962 10 191 20.38
2 150 435 585 1591 4287 5878 10 048 20.10
3 200 385 585 1 987 3827 5814 9938 19.88
4 250 335 585 2392 3376 5768 9 860 19.72
5 300 285 585 2 807 2934 5741 9813 19.63
6 347 238 585 3205 2527 5732 9799 19.60
7 400 185 585 3 664 2078 5743 9817 19.63
8 450 135 585 4108 1 664 5772 9867 19.73
GENERAL NOTE: Fuglicost is assumed to be $2.00/MMBtu.
lower fuelicost of $19.60/MWh. This corresponds to approximately $222,500 annually for this 1,085 MW
plant. This demonstrates the order of magnitude of savings that can be achieved with economic dispatdh.
------ Dispateh—b+ onsider

operating and transmission system constraints. These include conditions internal to the plant such as minimum
stable operating load and maximum output, as well as external limits such as the location of the plant on the
transmission grid. The dispatch solution must be determined in compliance with these constraints.
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Incremental Heat Rate by Test

Establishing the input—output relationship from measured data requires careful attention to data

validation and instrument accuracy.

(a) Incremental heat rate is a measure of the heat required to generate the next increment of power

above (or below) the current operating level of generation. It is the information the power dispatcher uses to
economically determine which unit or units to adjust as system load varies.

monitorihg data that 1s collected for the various other purposes described in this document. In establishing-tq
loads and procedures (for all uses) it is necessary to understand the unique nature of incremental heat rate
charactetfistics.

incremenltal value; therefore, the determination of shape or curvature is more important than absélute level.

caused b
from a c¢mbined cycle unit operating in a 1 % 1 configuration (one gas turbine and-ene steam turbine) with 1
inlet chil[ing and duct burner firing, to a 2 X 1 configuration (two gas turbines andone steam turbine) with 1
inlet chill

as to coifpcide with changes in equipment operations, including control¥alve intercepts or valve points, and
auxiliarig¢s such as duct burners or coal pulverizers.

slope (arld therefore the unit loading rate) of the incremental:¢urve.

than for

This shotild be taken into consideration when selectifig instrumentation used to measure operating parametef
when defermining incremental heat rate is one of.the objectives.

monitorihg data, must be considered in establishing test protocol for incremental heat rate determination.

Fig. 2-4

applicable dispatch algorithi.
rate for any load point; or calculate the slope at the load points of interest.

algorithm may, be set to require such information, for example, how much additional heat input is required fi
an increq\se in load of 25 MW. In this case, the heat rates at specific points along the firing rate curve will be

(b) The development of incremental heat rate is a procedure that utilizes the same performance

(1) Incremental heat rate is the rate of change or derivative of the firing rate that determines the

ing or duct burner firing required (see Fig. 2-4.4-1).
(3) Many dispatch systems can accommodate multiple curve-segments that can be situated so
(4) The curvature of the heat input or firing rate relaive to net output (or load) determines the

c) It should be noted that the sensitivity of incremental heat rate to test measurements is much high
imple heat rate only, resulting in larger influence coefficients as described earlier in this guideline.

The above factors, in addition to thos¢-considered as good practice for collecting performance

/) Once validated test data haSibeéen acquired, the steps of incremental heat rate development are

(1) plot the firing rate yersus flow or load relationship as determined by test and illustrated in
$-2.

(2) curve fit the-data to one or more polynomials (or other curve fit algorithm) acceptable to the

(3) take thedderivative of the function relative to load to find the instantaneous incremental heat

t

72}

(2) Incremental heat rates are not always monotonically increasing (positive), and may be less than
overall heat rates. Examples of incremental heat rates that are not monotonically increasitig include those
y a partial arc turbine control valve loop, or the reduction in overall heat rateiobserved when changing

ull
0

(4)'determine the additional heat input required for a set change in load in cases where the dispatch

DI

needed for the incremental heat rate determination.

136


https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

Fig. 2-4.4-1 Example of Heat Rate Not Monotonically Increasing in a 2 x 1 Configuration

1%10 i ith i "
cooliri:;r:;:!)rc‘h:?ttg;nrf;rs / / 8y
at full load [~ s
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£ 2 x 1 operation withlrio

L;, inlet cooling erduct

& burners heat'input

e
/ 2
/
MW Load
Charge for Load Incremental Rate,

Logd MW Million Btu/hr Dollars/hr: Increment, dollars/hr dollars/MWhr
290 2,370 5,925
295 2,420 6,050 125 25.00
300, 2,480 6,200 150 30.00
305 2,540 6,350 150 30.00
310 2,600 6,500 150 30.00
315 2,660 6,650 150 30.00
320 2,720 6,800 150 30.00
325 2,790 6,975 175 35.00
330 2730 6,825 (150) (30.00)
335 2740 6,850 25 5.00
340 2,750 6,875 25 5.00
345 2,760 6,900 25 5.00
350 2,780 6,950 50 10.00
325 2,790 6,975 175 35
330 2,730 6,825 -150 -30
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Fig. 2-4.4-2 Incremental Curve Shape
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e) In the absence of accurate heat input measurement capability, which is often the case for coal-fir
units, thd task of-unit characterization is best determined by boiler and turbine cycle energy balances.

The steps required, as illustrated in Fig. 2-4.4-3, are to

(1) develop a net turbine cycle heat rate that subtracts from gross generation all auxiliary power

consumption, mncluding that used to support boiler operation.
(2) develop a boiler efficiency curve as defined previously in this guideline.
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Fig. 2-4.4-3 lllustration of Development of Incremental Heat Rate Information
From Basic Plant Measurements
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(3) calculate a unit heat rate by dividing the turbine cycle heat rates by their associated
boiler efficiency

(4) integrate firing rates from unit heat rate
(5) curve fit the firing rate data to one or more acceptable polynomial equations

(6) multiply by fuel cost data and other miscellaneous costs attributed to maintenance or
environmental factors
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(7) apply corrections to account for seasonal conditions

(8) apply corrections for line or transformer losses depending upon the ultimate end
user of the power

(f) Impact of Measurement Uncertainty on Incremental Heat Rate Relationship. Applying uncertainty
principles to incremental heat rate testing provides valuable insight into the limitations of the test procedure
and instruments chosen. It can also be helpful in interpreting the validity of changes in incremental heat rate
observed between tests. This is especially important since the end result of incremental heat rate testing has a
direct impact on commercial operations.

The slope of the incremental heat rate curve is very sensitive to the shape of the input—output curve,
For a sedond-order polynomial input—output relationship, the uncertainty of incremental heat rate may(be as
much as B.7 times the uncertainty of the heat rates determined from the same curve. This sensitivity, pldces g
very sigrfificant demand on the quality of test data used to develop incremental cost curves.

.

[here are three types of error that contribute to the overall uncertainty of the incremental heat rate: pias
error, rarJdom error, and residual error. Bias error in the test data can be minimized by using calibrated
instrumepts for all critical measurements, especially fuel or feedwater flow, fuel heatig value, and power
output. Random error can be minimized by collecting data at a high frequency with‘the unit in a stable
operating mode. Residual error is a function of how well the input—output curvepredicts the unit’s heat rate
from thelcalculated test results. This can be minimized by using a detailed thetmodynamic model, in which
energy and mass are conserved, to understand the nature of a particular unit’s-input—output relationship priof to
selecting|a curve order. The dispatch or power control center may also plage constraints on the type and ordg¢r
of curve pmployed.

Regardless of the care taken when collecting input—output.test data, bias and random errors combing to
make any incremental heat rates determined from test data along“highly uncertain. The impact of these errorp
on the infremental heat rate of a fossil generating unit is illustrated in the following example. Figure 2-4.4-4
shows the design net unit heat rate and incremental heat rate plotted versus load. In this case, the incrementdl
heat ratefis represented as the first derivative of a second-order polynomial curve fit of the heat input and ne
power oytput. A 1% bias error in net unit heat rate results in the range of possible incremental heat rates shown
in Fig. 244.4-5. This shows that the net unit heat-rate and incremental heat rate are affected equally by bias
error. As|such, heat rate bias error has a minmmal impact on the slope of the incremental heat rate curve.

Unlike bias error, random error in the test data has a pronounced effect on the shape of the input—
output cyrve, and therefore the slopeof the incremental heat rate. A random error of +£0.5% applied to the
upper (+]%) and lower (—1%) bias(enror boundaries results in the range of possible incremental heat rates
shown in Fig. 2-4.4-6. Thus, while the test heat rate uncertainty may be considered reasonable (£1.42%), thg
incremer]tal heat rate uncertainty may be unacceptable (as much as 3.7 times higher or £5.3% for this
example). This demonstratesthe importance of understanding the impact of test uncertainty when establishihg
incremerftal heat rate relationships solely from test data.

2-4.5 Incremental"Heat Rate by Model

(Computerized thermodynamic models, in which mass and energy are conserved, are commercially
availablg andoan provide insight into the nature of a unit’s incremental heat rate. This is especially the case

Wlthmu RIC OPETATING MOAcS O OMDINC( € Pian 0 dll O11CN NOL DC e A11C 10 _COT) dll]

personnel resources and commercial availability. Such models can also help minimize the large potential
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Fig. 2-4.4-4 Heat Rate and Incremental Heat Rate Versus Load
Fossil Unit
(Courtesy General Physics Corp.)

11,000

10,500 A

10,000

Net unit heat rate
9,500

9,000

Heat Rate, Btu/kWh

Incremental heat rate
8,500

8,000 T T T T T
20,000 40,000 60,000 80,000 100,000 120,000
Net Load, kW

Fig. 2-4.4-5 Heat Rate and Incremental Heat Rate Versus Load
Bias'Error
(Courtesy General Physics Corp.)

11,000
10,500 A
Bias error (£1%)
=
10,000 ¥
§ 0.0 Net unit heat rate
=
@
8 9,600
o
o
-
® 9,000
o
Range of possible
8,500 | = incremental heat rates
8,000 T T T T T
20,000 40,000 60,000 80,000 100,000 120,000

Net Load, kW

141



https://asmenormdoc.com/api2/?name=ASME PTC PM 2010.pdf

ASME PTC PM-2010

Fig. 2-4.4-6 Heat Rate and Incremental Heat Rate Versus Load
Combined Bias and Random Error
(Courtesy General Physics Corp.)
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uncertairty of incremental heat rates calculated using test data alonexFor fossil plants, a thermodynamic mogdel

can be uged to validate test data collected for the purpose of developing the input—output and incremental heat

rate relatjonships.

2-4.5.1 Fossil Plant Incremental Heat Rate. Theprocedure for using a thermodynamic model for

determinfing the incremental heat rate of a fossil generating unit is as follows:

) Create a turbine cycle model that matcheés’the turbine cycle design heat balance. Tune the design
model to|match observed test results across the load range (e.g., HP turbine efficiency, IP turbine efficiency

condensgr pressure, and feedwater heater performance).

b) Create a boiler model that matches the design of the unit. Tune the design boiler model to match|
observed test results across the load range, for example, fuel constituents, excess air, steam production,

superheafer and reheater outlet temperatures, spray flows, and air heater performance.

test fuel pr feedwaterflow.

c) Determine the auxiliary' power consumption across the load range for normal operating conditioms.

) Combine the above-three models into an integrated plant model that can be exercised across the
load range to establish a model-based input—output curve that has been tuned to actual equipment conditiony.
The tuned model, whendounded with actual test conditions, should produce the observed power output for the

Using athermodynamic model tuned to actual plant conditions provides the ability to develop
consister|t ineremental heat rate relationships with varying seasonal conditions (cooling water temperature,
ambient fittemperature) and operating modes (top heater out of service, fuel switching, fouled condenser,

etc.). The funed model should have the ability to accurately predict plaint performance tiroughout the norma

operating range.

2-4.5.2 Combined Cycle Plant Incremental Heat Rate. The procedure for using a thermodynamic

model for determining the incremental heat rate of a combined cycle generating unit is as follows:

(a) Create a gas turbine model that matches the original OEM specifications. Tune the design model to
match observed test results across the load range (e.g., gas turbine output, heat rate, exhaust flow, and exhaust

temperature).
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(b) Create an HRSG model that matches the design of the unit. Tune the design HRSG model to match
observed test results across the load range, for example, steam production, steam temperatures, and efficiency.
(c) Create a steam turbine model that matches the original OEM specifications. Tune the design model

to match observed test results across the load range (e.g., throttle flow, power output, and HP and IP
efficiencies).

(d) Determine the auxiliary power consumption across the load range for normal operating conditions.
(e) Combine the above four models into an integrated plant model that can be exercised across the load

rangeforcach-operating modefsimplecyeleuntired tired—cteto-establish-amodel-basedinpu—output curve
thaf has been tuned to actual equipment conditions. The tuned model, when bounded with actual test
conditions, should produce the observed power output for the test fuel flow.

A thermodynamic model of a combined cycle plant, when tuned to actual conditiong,tallows the impact
of tpking gas turbines, evaporative coolers, duct burners, and other power augmentation equipment in gnd out
of dervice to be readily predicted. Careful tuning to match conditions observed during routine performgnce
monitoring is required to validate the model.

2-4.6 Variation of Heat Rate During Normal Operation

(a) The preceding assumes a fully off-line process. The advantage ofusing on-line data in an
autpmated system is that operational, maintenance, or ambient conditions that are different from the mpst
recgnt test period can be reflected in incremental costs.

(b) Performance factors affecting the incremental costs dufing normal operation include
(1) step changes in auxiliary power requirements
(2) steam temperatures
(3) steam pressures
(4) excess air
(5) exit gas temperature
(6) moisture in the fuel
(7) onset of desuperheating sprays
(8) condenser pressure (ambient or equipment condition)

Continuous or periodic updating of the incremental costs is desirable as equipment degradation or
maintenance activities affect th¢ performance of each unit.

2-4.6.1 Special Considerations for Combined Cycle Plants. The thermal performance of [gas
turbine-based power plants'is especially sensitive to changes in ambient temperature, where capacity can
decline dramatically &s air inlet temperature increases. Heat rate also increases as air inlet temperature
incfeases. Heat rate“characteristics for a typical 1 x 1 combined cycle power plant are shown in Fig. 2-#.6.1-1.
Thg three operating modes are clearly differentiated: simple cycle, combined cycle unfired, and combined
cycle fired. Ferithe temperature range considered (60°F to 120°F), and for the three operating modes, Qase load
plant capacity changes by approximately 24%, 20%, and 14%, respectively. Heat rate variations are legs
propounced at 8. 4%, 2.7%, and 3%, respectively.

it
commltrnent an asset’s incremental heat rate (and cost) is taken into account. The incremental heat rate is
defined as the ratio of a change in fuel heat input to the resulting change in electrical output. Engineering units
for incremental heat rate are the same as for unit heat rate (Btu/kWh, kJ/kWh), but the meaning is quite
different. Incremental heat rate represents the additional heat input required for a given change in unit output.
In practice, it is most often represented as the mathematical slope of the input—output relationship (see Fig. 2-
4.6.2-1). For the subject 1 x 1 combined cycle plant, this slope varies substantially with operating mode and
with changes in unit load (see Fig. 2-4.6.2-2). For the temperature range considered (60°F to 120°F), the
incremental heat rate (and thus cost) varies by as much as 1,500 Btu/kWh in simple cycle mode, 750 Btu/kWh
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Fig. 2-4.6.1-1 Combined Cycle Heat Rates Versus Ambient Temperature
(Courtesy General Physics Corp.)
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Fig. 2-4.6.2-1 Combined Cycle Input/Output Relationships
(Courtesy General Physics Corp.)
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in unfired combined cycle mode, and 1,000 Btu/kWh in fired combined cycle mode at the same load. With the
gas turbine in base load mode, this difference is a consistent 500 Btu/kWh. Unless considered in unit
commitment decision support systems, these variations can result in substantial differences in projected and
realized profits.
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Fig. 2-4.6.2-2 Combined Cycle Incremental Heat Rates
Versus Ambient Temperature
(Courtesy General Physics Corp.)
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PERFORMANCE OPTIMIZATION

General

pctive of performance optimization is to produce the most cost-effective performance possible. This
section provides guidance on optimization concepts and techniques. Benefits gained from effective
formance optimization may be

(a) economic, through reduction of net total production costs, effective maintenance planning,
prmination of future capital improvements

(b) technical, through _generally improved equipment conditions by way of taking corrective ag
h operational and throughy mechanical work

(c) informational;through revelation of previously unknown, little understood, or unquantified

teclhnical and econemi¢’information concerning units being monitored and optimized

that
expl

Subsections 2-1, 2-2, and 2-3 are all particularly relevant to performance optimization. It is sug
they be used as a reference by engineers who are experienced in optimization work. For the less
erienced it is suggested that these paragraphs be carefully studied before attempting optimization.

2-571.1 Definition and Explanation. Optimization is the process through which performance i

Optimization is one of the most importanf\objectives of a performance monitoring program. The

and

tions,

roested

b taken

tot

he highpq‘r levels that are technically feasible and cost effective npﬁmi72finn will genprn]]v lead to

performance improvement, and may also result in capacity increase.

Performance optimization means more than a one-time or a short-term effort. Such an optimization
effort may result in some cost-effective performance improvement, but there is no assurance that it will be

sustained. In order to achieve the most value over the long term, it is necessary to maintain the optimization
efforts at a level that will continue to produce the desired results.

2-5.1.2 Applications. Performance optimization can be approached from an economic, operational, or
maintenance and modification (mechanical) aspect of power production. The three applications involve
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different concepts and different approaches. They are very much interrelated, however, since all three
applications strive to achieve the most cost-effective performance possible. There are further interactions
between the mechanical and operational applications, due to the interdependency between equipment operation
and the maintenance and modification requirements of that equipment.

(a) Operational. This involves operation of equipment in such a manner as to produce the best
performance possible. Optimization is accomplished through economic tradeoff of various operating modes.
Operational optimization is normally geared toward efficiency improvements in the boiler, turbine, or balance-
of-plant equipment, to reduce unit heat rates or emissions. Beyond these traditional considerations, operational
optimizafion may also raise capacity, improve availability, and reduce maintenance.

Dperating practices to achieve best performance must be governed at all times by certain limitations
and consfraints. It is necessary to operate safely, reliably, and with environmental responsibility. Maximized
performdnce is not always consistent with these considerations. However, optimized operation recognizes tHem
as vital aspects, and seeks to identify the best balance points in operation that are safe, reliable, and
environnjentally sound, and that at the same time deliver the best performance achievable.

b) Maintenance and Modification (Mechanical). This application involves the conduct of mechaniqal
work on pquipment in such a manner as to produce the greatest ratio of value from thework to the cost of
performing that work. Maintenance work refers to the correction of problems witliout modifying or upgrading
the equijment. Modification work may involve design changes, equipment replacements, or any significant
modificafions, upgrades, or retrofits. For the balance of this subsection, the tefm “mechanical” will be used
synonymnjously with maintenance and modification to distinguish from the dperational approach to
optimizafion. Limitations and constraints on mechanical optimizationnust recognize the same safety,
reliability, and environmental considerations as operational optimization.

c) Economic. Optimizing for economic considerations is market-based and normally a short-term
applicatipn used to capture the maximum profits during shortythigh-priced market hours. During times when|
the powdr plant may be selling generation on the open market, the goal of the optimization routines is to
maximizp profits. A simple approach would be to maximiize generation at the expense of current efficiency.
This may be as simple as turning on inlet air conditioning equipment or steam injection systems for a combihed
cycle plant, or running in an over-pressure condition-on a boiler plant. It is important to consider the long-tefm
impact of running at these maximum capacity_-conditions, since the impact to major maintenance cycles (anc
thereforg maintenance costs) will reduce and niay even remove any additional profits gained by selling the
additiondl capacity.

2-5.1.3 Additional Information)and References. In addition to this subsection of the guidelines,
there arejmany other information seurces that address performance improvement and optimization. Some of]
these arefwide in scope, and attempt to provide broad treatment of the subject. Other sources are much more
specific, jand focus on defined aspects of optimization. Users are referred to the list of references at the end ¢f
this subsgction.

2-5.2 Operational Optimization—Empirical Techniques

2-5.2.1 General. The following information is given as guidance on empirical optimization of most
equipment comprising fossil-fueled steam units. The specific operating and equipment circumstances must
dictate tHeactual techniques to be used. User judgment will have to prevail and drive the overall empirical
optimiza TOTT PTOTTSST Palaslayh 2=532describesfourdifferent methodsfor apyxuau‘uius Upcutﬁuual
optimization. None of the four can be considered a fully stand-alone approach. However, the first method,
operational testing, is generally believed to be the most productive and the most powerful in terms of
identifying the most efficient operational practices to employ for all applications.

Some of the more important performance factors that can be evaluated through operational testing are
discussed below. Guidance is given according to major equipment and to the various parameters of equipment
operation. In almost all cases, the evaluation of these factors may be done through the methods described in
para. 2-5.3.
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2-5.2.2 Nonboiler Applications. Optimization of non-boiler applications centers around the combined
cycle facility that consists of one or more gas turbine generators, heat recovery steam generators, steam
turbines, condensers, and heat rejection equipment (such as a wet cooling tower or air cooled condenser).
Optimization of combined cycle facilities can occur at both the component and system levels.

2-5.2.2.1 Gas Turbine Optimization. Most operating groups have limited control over the
operation of the gas turbine. The OEM is responsible for tuning the unit to meet its initial performance,
emissions, and combustion stability requirements. Once the tuning is complete, the operator can select the load
desired, and has some latitude with respect to the operation of auxiliary equipment (e.g., cooling tower fans,
NOK injection water), but is at the mercy of ambient conditions and machine health and cleanliness.

(a) Inlet Air Conditioning. Gas turbines are very sensitive to the conditions of the air at the inl¢t to the
compressor. The largest dependence is to the dry bulb temperature of the entering air. Many facilities qre
equiipped with inlet air cooling that, in many cases, can be controlled by operations. For large-frame units, the
unif capacity is inversely proportional to the temperature of the inlet air.

Limitations on cooling the air are based on icing concerns. For some aero-defivative gas turbires, the
compressors operate at a much higher pressure ratio, and have multiple control limits such as compresgor
spepd, discharge pressure, and discharge temperature. At high compressor inlet t€niperatures, the unit fnay be
limjted to turbine inlet temperatures; at low temperatures the engine controlslimit the capacity to the
compressor limits, such that any further decrease in inlet air temperature will actually reduce engine capacity.
Kn¢wledge of the unit being operated and how it responds to inlet air conditions is paramount to optinjizing
the [unit.

(b) Load Control Selected. Most gas turbines are desigried to operate at the best efficiency whn at
maximum or base load. Some gas turbines allow the operator to:select a higher firing temperature, whigh is
kndwn as peak firing the gas turbine. While this mode of operation may provide additional capacity, the
maijntenance costs for operating at higher temperatures.canbe significant. When optimizing for econorpic
objgctives, the maintenance costs must be considereds

(c) Compressor Water Wash Schedules. Innsome cases, the water wash schedule for gas turbings may
be predetermined by warranty issues or long-teri major maintenance agreements. Where this is not th¢ case, it
ma:.{ be beneficial to determine the water wash schedule from an economic perspective. Conducting a

compressor water wash can incur significant costs, such as those associated with the chemicals used, the power
and water consumed, the disposal of the wvash materials, and in some cases, reduction in unit availabilify. When
thege costs are compared to the gains in compressor efficiency and the resulting savings on fuel costs qr
incfeased available capacity, the ' water wash schedule can be optimized to meet the goals of the facility.

2-5.2.2.2 Heat Recovery Steam Generator (HRSG) Optimization. HRSGs in combined
cycle operation have very-few controllable parameters. The hot gases entering the HRSG are a functiop of the
gas|turbine operation./Fhe’steam pressures are often controlled by the steam turbine, unless the steam turbine is
plaged in inlet pressure ‘control (IPC) mode. The following paragraphs contain information on operating the
HREIG and steam(turbine in sliding pressure mode and other optimization techniques common to both
combined cycleeperation and fossil boiler operation.

2-5.2.2.2.1 Steam Pressures. Control of the steam pressures at the HRSG is normall
accpmplished by changing the position of the steam turbine control/governor valves. Changing the pregsure
levelsiinthe various HRSG sections can effectively move the heat transfer from the high-pressure sectjon of
the HRSG to the Tower pressure sections, or vice versa. Since most work produced in the steam turbine comes
from the higher pressure steam, the optimal setup will be to maximize the heat transfer in the high pressure
section, thus maximizing the high-pressure steam production. This is best accomplished by operating the steam
turbine in sliding pressure mode, allowing it to control the steam pressures.

2-5.2.2.2.2 Drum Level Control. Many of the combined cycle facilities are equipped with
three-element control on the boiler feedwater system. The three elements are the drum level, feedwater flow,
and steam flow rate. When operating in three-element control, the feedwater flow to the drum can be controlled
in a way that minimizes swings in pressure in the final steam flow to the steam turbine. By minimizing
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pressure swings, the unit is able to operate more efficiently with less wear and tear on the mechanical and
control systems.

2-5.2.2.2.3 Steam Attemperation. The use of attemperation flows should be avoided. The
system was designed to operate at design steam temperatures with little or no spray flow; therefore, any
additional spray flow causes a heat rate penalty.

2-5.2.2.2.4 Duct Burner Operation. Duct burners are used in fired steam plants for NOx
reduction. The same type devices are used in combined cycle facilities to increase steam generation and steam
turbine output. Those optimizing this process should be aware of the costs involved. The incremental cost of
firing thd additional fire relative to the NOx reduction or production increase should be understood.
2-5.2.2.3 Steam Turbine Optimization

o) Inlet Pressure Control. Inlet pressure control has been discussed in the previous paragraphs and
will be djscussed again in the following paragraphs.

b) Back Pressure Control. Back pressure on the steam turbine should be optimized to maximize thg
output ajd minimize the heat rate for the steam turbine. During the design phase, the cooling system and

condensdr selected for the LP exhaust steam is sized to provide optimal back pressuredat loads just below th¢
design ldad point. As loads are increased from this optimal point, the heat load to the-condenser increases, apd
the back [pressure will also increase. As loads are decreased from the optimal poinf;-the heat load also
decrease$, resulting in a lower back pressure and higher exhaust velocity. The‘low back pressure can eventuglly
cause a ghoked flow condition in the exhaust of the lowest pressure steamturbine. This overcooling or

subcooli:}\g actually increases the losses from the unit. This negative efféct can be avoided by adjusting the

circulating water flow through the condenser, the cooling tower fan_gpération, and/or the number of cells in
operatio} at the cooling tower (if applicable). A review of the steamturbine correction curve for output versps
back pregsure will identify the load conditions at which choked flow may occur. Additional concerns related to
the cond¢nser are discussed in para. 2-5.2.4.5.

2-5.2.3 Boiler Cycle Equipment Evaluation

2-5.2.3.1 Combustion Parameters. Almost any operating actions that can be taken to improy
combustion efficiency will have a net positive effeet.on unit performance. Exceptions include those actions that
require more energy than the energy savings they'create. An example includes raising combustion air
temperatpire to improve flame quality and efficiency, but requiring more net energy to raise air temperature
than the additional energy derived from combustion improvement. Exceptions also include those types of
actions that improve combustion efficiency but create greater losses elsewhere in the cycle. An example is
increasinlg excess air in order to improve combustion and raise steam temperatures that results in net reductipn
in boiler efficiency and an increase’in fan power.

a

The general approach.to optimizing combustion parameters involves combustion efficiency and the
placement and configuration-of the flames themselves. These conditions are highly dependent on the fuel type
or types peing burned,fhe‘furnace design, and many other factors. Some of the combustion parameters that ¢an
be evalujted empirically for optimization are listed below.

) Boiler Excess Air Levels. The lowest levels achievable that create no adverse combustion, safety], or
environmientalieonditions are generally sought. Insufficient excess air may result in incomplete combustion
and an injcrease in the associated losses from increases in unburned carbon in the ash from coal fired plants.
E 1 - bl % LL. N A NraY - - L 1 b | L 1 - - 1 1 - 41 e
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passes of a boiler affects the validity of the exit gas O, measurements, subsequently impacting the combustion
process in the furnace because of erroneous excess air levels in the furnace.

(b) Variations of Primary, Secondary, and Tertiary Air. Evaluation is conducted as a means of finding
the optimal combination of air flows, temperatures, and points of admission to flame area.

(c) Burner Positions. At reduced load regions, various combinations of burners in and out of service
are evaluated to produce the best combustion and best steam temperature results. By design, many units are
extremely responsive to the combination of which burners are in and out of service and to how they are set up.
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(d) Burner Set-Ups. Set-up details such as register positions, damper settings, burner tilts, tip and
sprayer plate sizes for oil burners, and other variables are evaluated for best combustion results. Some of these
factors are important for burners out of service as well as for burners actually operating. An evaluation as to
which burners or burner rows should be utilized under specific operating or load conditions is recommended.

(e) Fuel Conditions for Oil. Temperature, pressure, and atomizing steam flow (if used) are evaluated
for optimal results under various loads, numbers of burners in service, air flows, and other firing conditions

() Fuel Conditions for Coal. Coal fineness is evaluated for best combustion, lowest excess air
requirements, cleanest stack conditions, and minimum carryover of unburned carbon into ash. The best net
efficiency will generally be achieved at the finest grind size of coal particles that can be produced. However,
thig is a complicated function of equipment, fuel, and operating variables and needs to be verified-on alunit-
spefific basis to ensure that optimal grind size is being produced.

(¢) Draft and Fan Conditions. Optimal settings of furnace draft, windbox-to-furnacedifferentipl, flue
gas|recirculation fan, and other air flow and gas flow controls are evaluated for best netresults

(h) Pulverizer Performance. Mill outlet fuel-air temperature, consistent withisafe operating prgctice as
spefified by the manufacturer, is evaluated for maximum safe temperature matched to the moisture andl
volatility of the coal being fired.

Operation at a mill outlet temperature below design in a manner that ealls for reduced hot prinjary
airflow subsequently reduces the airflow through the air preheater. This in turn increases the air heater|gas
outlet temperature. The effects on performance and heat rate due to elevated air heater gas outlet tempgrature
arefto decrease boiler efficiency and increase the unit heat rate.

In evaluating these and perhaps other combustion paraineters, users may find it necessary to agsess
so%e of the variables in groups instead of individually. Optinmal fuel oil temperatures, for instance, may be
i

deplendent on the burner tip sizes installed. Optimal coal fineness may vary with the level of excess air|in use.
Minimum excess air achievable at reduced loads may yary with the final arrangement of burners in and out of
seryice, and with the register settings on all of thosesburners. There are many factors to evaluate that affect

combustion, and these factors are highly interactive. It takes time and effort to assess them fully. Howgver,
w?]\king with these key combustion variables:in‘a carefully planned and executed empirical process is plmost
cerfain to yield significant performance advantages to the user.

2-5.2.3.2 Main and Reheat'Steam Temperatures. It is generally advantageous to maximize
stegm temperatures up to their design levels. However, certain factors and conditions indicate that redyced
tenperatures are better, or necegsary, at times. High reliability may call for slightly reduced temperatutes
belpw design point if experiefice has shown a high tube failure rate at full temperature. Age of materials, the
nurhber of cycles the unit has experienced, or metallurgical analysis may also suggest that lower tempdratures
be ¢arried. In a practical\sense, many units are simply unable to carry full load design temperatures at feduced
loagl levels for a number of reasons, assuming they are designed for full load design temperatures at rellluced
loagls. All of thes€ factors indicate that design steam temperatures are not always attained over the unitfs load
range; therefore, optimization is needed to identify best values throughout the load range.

Thete are a large number of operating factors that either directly or indirectly affect the tempegatures
proflucedWhile these factors will vary between units, the most influential are listed below, along with brief
coruiterits on their roles in empirical optimization.

(a) Unit Load Level. Particularly in lower load regions, design temperatures may not be achievable. If
load is dispatched economically, this is not a function under direct operator control, and temperature reduction,
if it occurs on the unit, may be unavoidable. However, the amount of reduction may be controllable and subject
to optimization through other means. If it is possible to improve upon steam temperature patterns at reduced
loads, this may positively affect the incremental cost curve for the unit and increase operation as well as
improve efficiency. Note that since boilers are typically designed such that steam temperatures are lower at
reduced loads, the manufacturer’s instructions should be referenced for curves of design steam temperatures
versus load. These curves should be followed over the range of load points.
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(b) Direct Temperature Controls. Desuperheating water systems, gas flow control dampers,
sootblowing, and firing controls may all be used to maximize steam temperatures produced. They may also be
monitored to ensure that they do not inadvertently decrease temperatures, through improper use at the wrong
times. Unit heat rate is increased by the use of superheat and reheat desuperheater spray water for steam
temperature control, although the heat rate penalty from SH sprays is considerably less than the effect
from RH sprays.

(¢) Bias Control Between Main and Reheat Steam. In some units there is ability to bias between main
and reheat steam, for the purpose of balancing temperatures. This control creates an optimizing opportunity
through ¢mpirical testing to identify the best combination of temperatures available at any given load point,
Dependipg on the unit and circumstances, the optimal combination may be the highest temperatures in
both maih and reheat steams, or optimum may occur through favoring one steam temperature at the éxpense
of the other.

d) Boiler Excess Air. In many units there is a direct relationship between increases in eXcess air and
increaseq in steam temperatures. The air increase by itself is less efficient from a boiler perspective, though the
resultant|temperature increase by itself is more efficient from a turbine cycle perspective®This relationship
creates a|performance tradeoff with the opportunity for identifying the optimal combindtions through
empirica] testing. Note that NOx emissions also need to be considered here; if theexcess air is higher, NOx
will incr¢ase.

e) Gas Flow Controls. Gas flow controls such as gas recirculation systems and gas flow dampers
influencg steam temperatures considerably, and can be optimized through€mpirical evaluation.

f) Burner Positions and Register/Damper Settings. These have’alarge effect on steam temperatureq in
many unjts, and can be evaluated to determine which burner arrangements will produce the optimal
temperatpire results. Particularly at reduced loads, the selection of which burners are in and out of service anfl
the regisfer and damper settings for burners both in and out ofSefvice may have a pronounced effect on steam
temperatpires produced.

o) Changes in Fuel Type. Changes such as from‘€oal to oil or gaseous fuels, or changes in fuel quality,
have sigpificant effects on the ability to attain design-steam temperatures. Changing the coal classification hps
a major ¢ffect on boiler performance, such as when changing from a low moisture coal to a higher moisture
coal. Ash properties affect heat transfer section.cleanliness and heat absorption, which may reduce the final
steam temperatures.

i) Changes in the Boiler Boundary Conditions. Degraded turbine performance or replacement of
turbine cpmponents will change the feedwater and reheater conditions entering the boiler, and boiler
performgnce may need to change to.dccount for these off-design conditions.

It will be found on many-units that steam temperatures and combustion parameters are so closely
interlink¢d that they cannot(be separated in optimization work. Such interaction calls for empirical evaluation
of the myltiple parametefs-together. This is not necessarily a problem, but it requires close attention during data
analysis fo sort out thesmultiple cause-and-effect relationships that occur in the empirical testing. For instange,
controlled changes-nexcess air levels may produce changes in both the main and reheat steam temperatureq,
and probpbly invother parameters as well. The evaluation will need to recognize that any net effects on total
unit perfprmance will be a result of all the changes and not simply a result of the excess air changes alone.

%% 2 3.3 Air H ! <l unit ner he achieyed | hroual

operating air heaters to produce maximal heat transfer while maintaining exit gas temperatures above acid
dewpoint. Air heaters and their associated temperature control equipment are very influential on unit
performance. As the last heat recovery component on most units, they provide the last opportunity to retain and
recycle valuable energy. In addition to heat recovery, they influence combustion efficiency, help protect
downstream equipment (ductwork, precipitator, stack liner) from corrosion, and affect the particulate removal
efficiency of cold side electrostatic precipitators. Therefore, there are a number of reasons optimal performance
of this equipment is needed. Some of the empirical considerations to its optimization are listed below.
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(a) Maximizing Air Heater Efficiency. This is one of the more valuable actions that can be taken. It is
done through monitoring air heater performance and making use of air heater sootblowing and washing as
indicated by the performance monitoring results. In addition to temperature-based indications such as gas side
efficiency or X-ratio, pressure differentials on the air and gas sides referenced against specific air or gas flows
are also valuable indicators of air heater cleanliness. Sootblowing or washing to correct fouling and differential
pressure problems will not only improve heat transfer, it will also reduce fan power consumption for a dual
improving effect on unit heat rate. If performance deteriorates for reasons of seal wear, high internal leakage,
element degradation, or mechanical failures of any sort, maintenance action should be planned and taken. None
of ticse measures MvoIve empiricat evatuation i the Sense of Oter OpimiZation Work; Towever, theyJare all
dorfe in order to maximize air heater heat transfer.

(b) Air Heater Control Systems. Some units may be equipped with control systems that allow
temperatures of the gas and air streams to be regulated. At least two types of these systems exist: prehdating
coil arrangements that are supplied with steam or hot water from other sources, and bypass¢duct and dgmper
arrgngements that permit some of the air stream to bypass the air heater elements.

Preheating coils are very useful for introducing heat into cold boilers, for rdising the temperatyre of
combustion air to improve combustion, and for regulating exit gas temperatures.for stack discharge reqsons or
for [corrosion control. However, these systems use large amounts of energy fronr'their heat sources in the
profess, and may result in net performance losses under some conditions. Empirical evaluation can revieal the
brepk points at which use of the preheating systems becomes uneconomical. Air preheat may be used tp control
the [air heater gas outlet temperature, since the amount of preheating feduces the total heat transfer in the air
heafer and therefore raises the air heater gas outlet temperature. This/is a control parameter if the unit ip
burhing high sulfur fuels to reduce or prevent air heater cold-end dew point corrosion.

Bypass systems are not as flexible in their use as preheating arrangements, but they have certajn
opgrational and maintenance advantages over the preheating coils. Bypass systems are simpler, involv¢ less
installed equipment, and may require less maintenancg, than preheating systems. However, they cannot
intrpduce heat into a cold boiler or into a cold air strteéam during very low ambient temperatures. In genpral,
bypass systems are of value in allowing air heaters to be used to maximum advantage in reclaiming heft,
utiljzing the bypass only at those times when the exiting gases are too low for reasons of stack discharge or
corfosion control. Empirical optimization 0f*bypass systems basically involves minimizing their use ejcept
durjng those times and conditions wheh they are needed for the reasons cited above.

Both systems of exit gas temperature control, when used to raise exit gas temperatures, are inhrently
inefficient. Whether either or béth systems are installed on user’s equipment, they need to be carefully
evaluated through modeling or.émpirical testing to determine optimal operating conditions.

2-5.2.3.4 Sootblowers. Sootblower operation throughout the boiler can be optimized thrqugh
frequency of use andithe selective use of blowers in specific boiler sections. Sootblower operation is d¢gpendent
updn many factots; fiicluding boiler type and design; sootblower type, design, and energy consumptiot]; fuel
typg and characteristics; ash com-position and characteristics; firing system type, design, firing rate, arld
sysfem maintenance; steam temperature control requirements; current operating load and conditions; dyaft
losges duettofouling; reduced boiler capacity due to fouling; exit gas temperature limits; reduction in Qoiler
efficieney; increase in unit heat rate; minimization of tube erosion; and other factors.

SUUt‘L}IUWills Uptilllibatiull llab acvc1a1 \.«Ullbidcl atiuua, iu\.«}udius CIIVT 5_}’ ubUd, Cffc\.«tb UlIl btcalll
temperatures, environmental emissions, maintenance of equipment, and other factors, balanced against its
advantages, such as improved availability and efficiency.

Sootblowing optimization may be approached through observation of its impacts on boiler efficiency;
tube metal, steam, and exit gas temperatures; and reduction of fouling or pluggage in specific boiler sections.
The sequence of sootblower use, frequency of use, and use based on specific measured or observed conditions
will usually have sizeable impacts on sootblowing effectiveness. Where the benefits of sootblowing are
measurable or observable and where their value exceeds the costs of negative factors listed above, sootblower
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use is being optimized. However, where the measurable or observable benefits are indiscernible, their use
should be minimized at that time and under those operating conditions.

The optimization of sootblowing needs to be a dynamic process, since it is dependent on the interaction
of many variables that themselves may be almost continually changing. However, since the potential benefits
and certain detriments are so significant, this is an aspect of boiler operation that warrants careful and ongoing
attention by plant personnel. Sootblowing optimization may be better done with software programs and turnkey
systems, considering the complication and interaction, as discussed in para. 2-3.8.8.4.

vdaiuduoll

2-5.2.4.1 Fixed Versus Sliding Steam Pressure. There are tremendous opportunities oh.rany
units forfachieving efficiency and other technical benefits through use of variable steam pressures. For units
operating at or near their design full load point, there is generally no choice but to carry main steam'pressurg at
the fixed} design level. However, as operation is required at lower load regions, the option exists/for many uhits
to carry lower pressures and to potentially obtain significant benefits in the process. Note that sliding pressufe
is more dften a consideration for subcritical, drum-type units. Supercritical, once-through units will less often

been madle through redesign and retrofit.

The concept of sliding pressure optimization is briefly explained here¢:)Reduced main steam pressur¢
inherentlly degrades turbine cycle heat rate. However, if a unit operates atréduced loads with significantly
reduced $team temperatures, and its boiler feed pumps are of the variable-speed type, then the savings of
reduced pump power and improved steam temperatures from reduced.steam pressure may be greater than th
thermodynamic losses of the pressure reduction. The ideal pressuré-condition at reduced load is that which
allows most of the turbine control valves to be wide open, creatiiig minimum throttling loss, while at the sarhe
time beinjg able to produce and control the desired electric output. Optimum steam pressure relative to unit lpad
level wil] be unique for each unit and may vary over timeyand with different operating conditions.

w

Main steam pressures can be empirically evaluated at different levels to identify the optimal pressurg at
any givenh load region. There will be practical operating limits to how low a variable pressure should be
attemptefl, typically involving ability to control‘boiler feed pumps, feedwater flow, and/or drum level.
Minimurp pressure may also be set by the ability to deliver sufficient steam flow to the turbine to maintain
desired ellectric output. Additionally, there may be some reduction in ability to respond to rapid load changep if
pressure fis at low levels. In spite of these considerations, it may be feasible to operate in some circumstancef
with maip steam pressure as low as 30% or less of rated pressure, with potentially very large performance
advantages resulting. Therefore( there is considerable potential for empirical exploration of sliding main stegm
pressure It is not limited to very small incremental adjustments. Note that the amount of pressure reduction
that can ¢r should be considered is dependent upon unit design and operating and mechanical conditions. It
may or nay not be feasible for the user’s particular unit.

Dther considerations include circulation and heat transfer patterns in certain sections of the boiler.

Observation of tethperature monitoring devices throughout the boiler may alert operators to any unusual or
high heat conditions. However, originally installed temperature instruments may not be sufficient to give total
recognitipfef overheating conditions that could be induced by sliding pressure.

Sliding pressure operation represents the potential for significant performance improvements, but
carries with it certain operational and mechanical risks. These need to be carefully evaluated before pressure
variation is attempted, and should be monitored during periods of reduced pressure operation. Consultation
with boiler, turbine, and control system manufacturers is recommended for information specific to the user’s
equipment.

Attention should also be given to the possibility of boiling taking place in the economizer, which could
potentially occur under conditions of low flow, low pressure, or during unit start-up. Economizer boiling, while
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not directly detectable by normal measures, can be evaluated by measuring economizer outlet temperature,
comparing it to the calculated saturation temperature at the economizer pressure, and maintaining a reasonable
differential of the saturation temperature above the economizer outlet temperature. Localized boiling could also
occur in certain sections or assemblies of an economizer, but in such low quantities that it would not affect the
measured economizer outlet temperature to a significant degree.

2-5.2.4.2 Control Valve Sequences. Taken as a partner with steam pressure considerations,

certain valve sequences can produce significant efficiency improvements. These involve valve settings in

sequential or partial arc versus in unison or full arc control modes. Generall
conttrol valve sequences is not within operator control, and at times may not be a matter of choice atcll.

the choice of how to arr

ange

However, there are potential opportunities for examining and modifying valve sequences, and the~techniques of
empirical evaluation are very useful for this work. In those circumstances where some degree of|latitude exists
in Valve sequencing, given the appropriate attention to design and reliability considerations,‘there may [be

opportunity for optimization gains through the best setting of these sequences.

single units, as well as for large, multi-unit systems. This is a concept involving the ‘€xternal dispatch
iderations of units as well as the operational procedures of units themselves: Valve point operation] entails

2-5.2.4.3 Valve Point Operation. Valve point operation represents poténtial economic vilue for

opdrating units at or very near the points at which some or all turbine controlvalves are fully open, and at

which no valves are in their throttling ranges. This mode of operation reduc¢€s throttling losses, but alsg
sonjewhat restricts the operation of units by requiring units so dispatched)to be loaded in fairly wide
incfements.

Relating valve point operation to control valve sequences; a full-arc unit dispatched at valve pgint

would theoretically have only one operating point. A partial.ar¢*unit with eight valves, in which the firt four
opdrate in unison and the last four operate in sequence, would have five operating points if dispatched pt valve
poiht. The unit, if dispatched by normal means (not at valve point), could conceivably have an infinite pumber

of gperating points.

There are optimization considerations to-valve point operation, but they are much broader than| those

considerations that are internal to the bounds ‘ef-a single unit. Valve point operation involves optimizatjon
elements of multi-unit systems, with clearly{increased complexity of evaluation. However, it is an aspgct of

opgrational optimization, and is included here for user consideration.

cor

2-5.2.4.4 Feedwater Heaters. Feedwater heaters represent opportunity for significant ecgnomic

s through improved operation,"\Feedwater heaters are subject to optimization in a number of ways. [Their
rols can be set up to produce maximum heat transfer, regulate levels at the optimal points, dump high level

dralnage at the right times(and conditions, and bypass or trip the heaters when necessary to protect equjpment.
Alljof these controls are'vital to the safe and reliable operation of the unit, as well as to the net efficiengy of the
unif. Some feedwatetilieater controls can be tuned through an empirical approach within a narrow range of

var]ation, but genctally will produce the best results when set at or near design points.

Note.that feedwater heater controls may be sensitive to unit load in their ability to maintain degired

lev¢l setpeints. They may also be load sensitive in terms of which levels produce the optimal performahce
resyilts ~While the state of control technology may limit the equipment’s ability to produce load-sensitiye
adjpstments, this sensitivity should be considered when making adjustments to feedwater heater contrdls.

For shell and tube feedwater heaters, the optimal condensate level setpoint may be established in the

following manner. With drainage controls in manual mode, and with unit load and feedwater conditions as
stable as possible, record the drain cooler approach temperature and terminal temperature difference while
dropping condensate level in the heater in step increments of approximately 1 in. When level reaches the point
of blowing through, meaning that extraction steam is passing through the heater without condensing, the drain
cooler approach temperature will dramatically climb, producing a “knee” in the curve of level versus DCA.
Level should then be raised to a point at least 2 in. above that where the knee break occurred to provide an
operating safety margin. For vertical feedwater heaters, a slightly larger margin may be necessary. If level is
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set too close to the knee break, the heater may be unstable during transients or reduced loads, and damage may
be incurred to both the subject heater as well as the heater receiving its drainage. If level is set too far above the
knee break, optimal heater efficiency will not be achieved. In the extreme case of level being set far too high in
the heater, the damaging possibilities of heater flooding and turbine water induction may be created. Thus,
there is opportunity to empirically evaluate and set the optimal condensate levels in individual feedwater
heaters, but it needs to be approached with knowledge and care.

Normally the optimal performance from a unit’s feedwater heaters will be achieved with all heaters in
service, drainage levels established and stable in all heaters, drainage cascading downward from upper to lower
heaters, gnd no high level or start-up drain activity. Heater vents will be open to release noncondensibles,arld
bypass vhlves around heaters or groups of heaters will be fully closed. To the extent that operators arecable tp
maintain|these conditions, operation of the feedwater heaters will be optimized.

nder some conditions, a group of feedwater heaters may be out of service while the udit continues|to
operate. [This may restrict unit operation through limitations of the turbine, boiler, or both, and will adversely
affect unjt performance. If a parallel group of heaters remains in service, it may be feasible to utilize the
operating heaters for full unit feedwater flow while the unit is at reduced loads, provided that neither flow ngr
heat trangfer design limits are exceeded on those heaters. This may be an infrequent.application for most untts,
but it do¢s offer the potential at times for performance improvements under unfavetable feedwater heater
conditions.

2-5.2.4.5 Condensers. The condenser represents the major single point of unavoidable energy
loss fronj the cycle, as well as one of the potentially largest single areas,fot unit performance improvements] In
general, performance improvement for the unit will result from improved heat transfer in the condenser, and
from lowfer back pressure (higher vacuum) being achieved at any‘given load point.

Exceptions to these rules include cases where more energy is consumed to achieve condenser
improveinent than is gained as a result of that improvement) This may be empirically evaluated, as describedl
below. Efxception also exists to the generalization of “befter vacuum, better performance.” In many units, th¢re
is a poing at very high vacuum levels beyond which further vacuum increases result in slight heat rate
deterioration. This point can be seen in turbine thermal kit data, but can also be evaluated through computer
models and could possibly be detected empirically, though with some difficulty. Means through which
condensgr operation may be optimized inclide the following:

o) Tube Surface and Tube Sheet.Cleanliness. Attention to condenser performance will indicate whgn
that performance is deteriorating. Frequently, this will be a result of fouling of the waterside tube surfaces
through $ilt accumulation, debris, dr biological growth. Accumulation of debris from the circulating water
system nmpay also frequently occr on the tube sheets. Most of these materials, with the exception of biologichl
growth,r:[nay be removed either by entering the condenser and doing normal tube and tube sheet cleaning or by
backwashing the condenséron-line, provided that the circulating water system is designed with this capabiliy.
Growth inside tubes isdiormally controlled with biocides. For once-through units, the use of biocides must
comply With environmental regulations. The expense for continuous chemical feed should be understood angl
evaluated. When/materials accumulate throughout the tube surfaces, it is necessary at times to do a more
thoroughf cleaninig with brushing and/or flushing methods. Units with on-line condenser tube cleaning systeths
may also| haveithese systems optimized.

to protect reliability of the condenser itself. Routine cleanliness maintenance can be optimized rather than
maximized, by performing the work at the most economic times and by doing it when the performance
improvement to be gained will exceed in value the costs of doing the work.

(b) Minimized Air In-Leakage. In many units, the presence of air in the condenser may be the single
largest detractor from condenser performance. This conceivably could mean that air in-leakage at times could
be the largest single cause of performance loss on the entire unit. In addition to reduced heat transfer through
air blanketing of the steam sides of tube surfaces, air also results in corrosion throughout the cycle, requires
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expensive chemicals to be neutralized, and creates other adverse economic and technical effects. Air blanketing
may also contribute to condensate subcooling on some units, further detracting from unit net performance.

As a general rule, the optimum approach to air in-leakage is to locate and minimize it. Measurement
equipment is installed on many units to indicate the amount of air in-leakage, or more appropriately, the
amount of air removal. Even without such instrumentation, it is possible to detect condenser performance
degradation and to identify some or all of it as an increase in air in-leakage. When leakage has increased, or if
it has existed for some time at excessive levels, a search for the leakage sources is needed. There are many
methods for locating air in-leakage, including aural (manual listening), sonic detection, foam methods, tracer
gasps, hydrostatic testing, and others. Back-tracing of steps is helpful if leakage has taken a steep incre‘Fse

durfng a recent operating procedure. Some leaks may also be traced through examining the conditions pnder
which they occur, such as during a crossover of certain unit equipment from positive to negative) pressyre. Such
ipment may include low-pressure feedwater heaters, shaft seals, expansion joints, and various drair] and
connections. Some of these detection methods are used in service, while others requite the unit to|be out
ervice. Regardless of the methods used, it is advantageous to locate the sources ofaairin-leakage, and to

ect them as soon as possible.

Of value in locating condenser air in-leakage is the development of poténtial leak location che¢klists
procedures to be used when leakage is at unacceptable levels. The location checklist eliminates thq random
oach and ensures that at least most of the potential areas will be checked:

levels
er that

Optimization of air in-leakage would imply that if leakage rates'are at very low levels, it may be
uneconomical to attempt to locate and correct the remaining probléms: Quantifying what are acceptabl

(c) Optimized Air Removal. Condenser air removalequipment is of many varieties, with varioys means
of @ptimizing its use. Usually there will be two or more‘air removal devices per unit, permitting one or|more to
be temoved from service with the unit in operation for maintenance, operating, or economic reasons. As a

ral empirical approach, in cases where air in-1éakage is so low that a removal device can be shut down
without any impairment of condenser performance, the optimal action is to operate without the device.[On the
other hand, where condenser performance is-improved through operating additional removal devices, if is

ally optimal to use as many as are-available. The exception to this is when the economic gain of
enser improvement is less than the-energy cost of operating the additional devices.

Operation of air removal equipment can be optimized in some cases to permit maximum remoyal
cappcity to be achieved. With.mechanical types of vacuum pumps, such optimization is generally limited to
maintaining proper operation of the sealing systems, minimizing any restrictions on the pump dischargg side,
and requesting maintenance-assistance when pump capacity appears to diminish. Liquid ring type pumps have
considerably more options for optimization, involving the pressure and temperature of seal systems, cqnditions
of pump coolers, arid-flows and levels maintained by the seal systems. Air ejector systems also have options for
optlmization, involving conditions of the motive fluid supplied to the ejectors. In all cases, regardless ¢f the
typg of equipmiernt, maximum capacity will be aided by minimizing pressure losses or restrictions in either the
suction orwdischarge sides of the equipment.

Por units with oxygenated water treatment containing carbon steel components in contact with|the
stedmior water_all feedwater heater vents should be I(Pp‘r closed to avoid flow-accelerated corrosion.These
vents may be opened periodically for a short duration. For those feedwater heaters with air in-leakage
problems operating near or below atmospheric pressure, when the vent is closed, the heat transfer performance
deteriorates quickly.

(d) Optimized Circulating Water Flow. Circulating water flow can be optimized through the number of
pumps operated at any given time. During periods of reduced load and low circulating water temperatures,
there may be the potential to operate with fewer than all pumps without detracting from condenser
performance. This operating mode can be evaluated empirically, as well as through the use of computer models
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or through manual calculations. Other considerations of shutting down circulating water pumps, besides
condenser performance, include pump motor reliability, reliability of the condenser and the unit itself, vibration
characteristics of condenser tubes, and various tube corrosion and other factors. Many of these factors are of
concern in arrangements where only one circulating water pump can supply water to a given waterbox. Where
waterboxes can be supplied from multiple sources, the main considerations of number of pumps to operate are
unit efficiency and pump motor reliability.

Another area for flow optimization involves water levels in the condenser inlet waterboxes. The
waterboxes are normally equipped with priming systems connected to the main air removal equipment in order
to removg air that enters either through leakage or entrainment. To the extent that these priming systems are
kept in gpod condition and waterbox levels are full at all times, this will help to optimize overall condenser
performgnce. Having access to sight glasses showing the top three feet of the waterbox level may préye-helpful
in monitpring waterbox levels.

2-5.2.4.6 Cooling Towers. Cooling towers present a limited opportunity for efficiency

improveinent through operational action. Nonetheless, this opportunity should still be explored. Mechanical
draft towfers have a greater degree of operational flexibility, with options available on sel&ctive use of fans. To
the extent that additional air flow reduces circulating water temperature, it is generally a’cost-effective practjce
to implement. A limit on this would be when the cost of auxiliary power consumed-by additional fans exceefls
the valug of performance improvement achieved through colder water. Another lithit would occur on some
units at the lower ranges of condenser pressure, where back pressure improvement would cause the turbine
exhaust I} reach the choke point. During warmer ambient periods, maximuin air flows will generally produg
the best flet unit performance.

a

[¢]

INatural draft towers have very little opportunity for operational actions to improve their performande.
The extept of this may be to seek optimal circulating water flows, associated with specific ambient condition|
and to operate with these flows during the appropriate times.

2]
-

During cold weather operation, the cooling towersystem may be further optimized through bypassing
the towef fill in whole or in part and routing the bypassed flow directly to the tower basin in order to reduce
pump popver and condensate subcooling.

In areas with extreme conditions betweén summer and winter operation, it may be beneficial to adjust
the pitch|of the cooling tower fan blades from/season to season in order to maximize the operation of the far
during h¢t weather, and to prevent over-amperage of the fans during cold weather when the air is much mor
dense. Ifla midpoint fan pitch is selegted for year-round operation, the fans may not be providing enough air
flow durng hot, low-density air conditions, causing an observed reduction in cooling tower capacity and
resulting|in a higher steam turbine)back pressure than necessary. Variable speed fans may also be used to
optimize|the cooling provided.by the tower.

A7)

2-5.2.4.7 Sealing Steam Systems. Sealing steam systems are important to unit performance in
several ways. They canbe empirically optimized through evaluation of different steam supply pressures and
different[sources of'the sealing steam. Sealing steam condensers or exhausters can also be empirically
optimizefl through the number of fans or blowers operated, and through the level of vacuum maintained in the
condensgr or-exhauster.

Two specific areas of caution are mentioned for the nser’s reference with regard to sealing steam
system operations. Since both areas represent potential for significant equipment damage through misoperation
and/or poor maintenance, they are emphasized here for the user’s consideration.

(a) Turbine Water Induction. These systems are potential water induction points to the turbine, being
sources of possible low temperature steam or of condensate being carried by the steam. Temperature indicators
are important to assist in early recognition of impending water or low temperature steam. Likewise, trap and
drain systems within the sealing steam system need to be operated and maintained properly in order to afford
full protection. Additional information on the prevention of water induction can also be found in ASME
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TDP-1, Recommended Practices for Prevention of Water Damage to Steam Turbines Used for Electric Power
Generation.

(b) Water Infusion to Oil Systems. These sealing systems are sources of water entrance to turbine oil
systems as well as to generator lubricating, sealing, and cooling systems. Close attention needs to be given to
the possible increase of water in any of these systems as operating procedures are changed through any
empirical evaluations.

2-5.2.4.8 Auxiliary and Process Steam Systems. These systems represent economic
opportunities wherever energy levels or steam flows delivered are minimized or optimized, and wherever
ensate or higher energy drain flows can be feasibly returned to the cycle. Almost all main turbine, pycles
one or more forms of extraction steam systems in addition to the steam used for regenerative.feedwater
ing. Auxiliary steam systems typically supply steam for house heating; fuel, oil, and other process heating;
ine gland sealing; auxiliary turbine operation; and other purposes. Some units are desigtied for high volume
stegm delivery to internal or external process uses. In many cases the steam extracted from‘the main turbine
cycle does little or no direct work after extraction, but rather supplies energy to someAise‘that may or may not
benkefit unit performance.

Optimization of auxiliary and process steam systems is limited, but possible to some degree in|almost
all ¢ases. The general approach is to use extraction steam at the lowest conditions of pressure possible that will
stil] satisfy the intended needs. Designs of some of these systems permitexfraction from more than ong¢ point in
the turbine cycle. Testing with steam taken from the various extraction points will reveal the optimal spurce
under specific unit loading and process conditions. Further optimization is also possible through deterrhining
ways to minimize the amount of steam extracted. This may be an.0bvious approach, but it is indicated here
becpuse of potentially large energy losses through steam wastage.

2-5.2.4.9 Drain, Recirculation, and Bypass Systems. Sizeable efficiency advantageq exist in
thege systems through minimizing or stopping their flows except when specifically needed for operatign or
equipment protection. Throughout a main turbine cygle there are many drains and bypasses intended for water
renjoval, start-up, pre-warming, equipment protection, and other purposes. These range in magnitude ffom very
smagll, orifice-equipped continuous drains and.§mall tap-equipped drain lines, to the larger high level and start-
up {lrains to the condenser from feedwater heaters, to high flow recirculating lines of pumps and condensate
systems, to the very large partial or full-bypass lines around the turbine or individual turbine or boiler gections
in some units. These drain, recirculating; and bypass systems serve very important purposes. However/ through
lealkage and excessive use, they may.contribute to major cycle energy losses. It is conceivable that in spme
casgs, cycle losses through draif, recirculating, and bypass systems may represent one of the largest, if| not the
largest, sources of controllableuinit energy loss.

Optimization of(these systems is best done through a three-pronged approach, consisting of effective
monitoring for unintended flows, correct operating actions of the system components, and well-directed
maijntenance whemneeded to rectify problems. These are described below.

(a) Mohitoring of drain, recirculating, and bypass systems for unintended flows can be done by several
s,
-on

(b) Correct operating actions for the systems are specific for each individual unit and are dependent
upon equipment conditions and operating mode at any given time. However, it needs to be recognized that any
drain, recirculating, or bypass systems will generally create an adverse effect on unit performance if used in
excess of their intended purposes. Operators can minimize these losses through ensuring that the systems are
open or properly controlling only when needed for equipment protection or unit controlling purposes. At other
times, operators need to ensure that the systems are securely closed and absent of unintended flows through the
monitoring methods available to them.
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(c) Maintenance attention to system problems is needed to correct whatever conditions are beyond
operator control. This may be as simple as adjustments or tuning of recirculating or feedwater heater controls,
may involve repairs or replacements of system valves, or could even require system modifications in some
instances. While these maintenance activities are not within the scope of operational optimization, they are
included here because operators are generally the ones to detect system problems first, and therefore will need
to initiate corrective actions as required.

2-5.2.5 Auxiliary Equipment Evaluation. Auxiliary equipment of a unit typically consumes a
significant portion (several percent) of total unit energy. For electrical equipment such as pumps, fans, control
systems, |[and lighting, internal usage of some of the unit’s gross electric output is necessary, thereby redugi
net powdr output. For steam-driven equipment such as turbine driven pumps and compressors, thermal.energy
is extracfed from the cycle, indirectly reducing net power output. There are a number of opportunities)for
optimizing the operation of auxiliary equipment, accompanied by a number of important considerations. Sofne
of these factors are described below.

2-5.2.5.1 Running Versus Not Running Auxiliaries. Choices for operating or'not operating
certain afixiliaries afford economic opportunities to minimize power consumption and to‘@ptimize equipmerft
configurgtions. In many situations, operators may have options of which auxiliaries tg gperate, and in what

quantity.| For example, if a unit is equipped with three boiler feed pumps, each of 50% unit capacity rating,

there are|options in the lower load ranges of running one pump, and in the uppetiload ranges of running two
pumps, With the third being an out of service spare. Similar options may exist-for fans, condenser circulating
water pumps, vacuum pumps, air compressors, and other major and minor.auxiliary apparatus. In some casef
the use off variable speed or variable frequency drives can add additionalflexibility and the ability to optimize
auxiliary|equipment.

The efficiency effect of which number of auxiliaries to operate is based on the shape of the pump, fan
or compiessor curves. In many cases, it will be advantageousfrom an efficiency perspective to operate the
minimur number of pumps, fans, or compressors that will:be sufficient for the output needed. In other cases, it
may be advantageous to operate more than are needed, having some or all operating at reduced capacity to
meet thefoutput needed. Important operational factors beyond efficiency need to be considered in determining
the optinpal numbers of auxiliaries, such as unit response requirements. This also needs to be recognized as §
dynamic|process that may vary as operating cenditions or mechanical status of the equipment changes. In
simple tgrms, there are usually both advantages and disadvantages in the selection of which auxiliaries to
operate and in what quantities. Testing processes as well as calculation methods can be used to help identify
the balarlce of advantages and disadvantages for those situations where the options exist. From the testing, ahd
from corfsidering other important factots, operating procedures can be developed to identify the optimal
combinations of auxiliary equipment at any given time.

2

2-5.2.5.2 Net Economic Judgments. The economic balance in auxiliary operating choices
generally lies between auxiliary component efficiency characteristics and considerations for any adverse
impacts ¢f not running'those auxiliaries. The net economic value in operating or not operating auxiliaries is
influencdd by at leasttwo significant factors, as described below.

@) Efficiency Curve. The number of auxiliaries run, and which specific ones to operate, can be based
on operafing-ator close to the most efficient range, as described by the equipment’s efficiency curve. The
conclusignithat would be drawn here is that the minimum number of auxiliaries required to satisfy the procegs
needs should be run. Equipment that may be optimized on this principle includes condensate and boiler fee
pumps, boiler fans, ash system equipment, fuel equipment such as fuel oil pumps and coal pulverizers, as well
as other equipment types. There are important considerations beyond simple economics, however. These are
described in subparagraphs below.

(b) Performance Consequences of Shutdown Auxiliaries. These may be a determining factor, due to the
economic effects of not running certain auxiliaries. The example is used of one of two circulating water pumps
being shut down in an attempt to reduce auxiliary power and thereby improve performance. Under some
conditions, such as low load or cool ambient conditions, condenser performance may not degrade from the
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partial loss of flow, while under other conditions, such as during hot, humid ambient conditions, performance
would degrade significantly. The theoretical economic break point would occur where the net loss due to
condenser performance degradation would just equal the net savings of removing the pump from service.
Equipment that this optimization principle applies to includes circulating water pumps, vacuum pumps, cooling
tower fans, and other types of equipment.

Both of these factors can be evaluated empirically through a careful process. First, a pre-evaluation of
likely possibilities for successful removal of equipment from service is needed. The intent is to determine
which auxiliaries offer the possibility of shutdown and under what general conditions, without regard to
wh¢ther the net result will be a gain or a loss. Next, the procedures for operators to follow in shutting.down any
auxfiliaries need to be developed, such that the necessary operating safeguards are in place and so-that
appropriate indicators of gains and losses will be observed. Next, the testing itself can be conducted and
obsprvations made. Finally, the information derived from multiple tests can be evaluated, and\appropripte
ecopomic conclusions can be drawn.

2-5.2.5.3 Safety and Reliability Considerations. The question of op€rating or not operating
spefific auxiliary equipment should not be answered purely on the basis of economi¢s. Safe operation pf
equipment needs to be a foremost concern at all times. It is possible that in somg.Situations, operating without
cerfain auxiliary equipment could jeopardize operating safety. This needs to®e considered in advance pf any
empirical testing, as well as in advance of implementing any new operating(rocedures involving shutdown of
auxfiliaries. While no specific guidance is given here on evaluating the r€lative safety of various auxiligry
combinations, it must be given proper attention by those engaged in-the planning, evaluating, and operating
professes.

2-5.2.5.4 Auxiliaries Cycling Considerations. The adverse consequences and risks offcycling
auxfiliary equipment must be fully recognized and carefully weighed in any decision to cycle such equipment.

2-5.3 Operational Optimization — General Methodology

The following information describes generalyapproaches and methods for operational optimizagion.
Thgre are many different approaches, each with.its own advantages and disadvantages relative to the other
methods. This subsection identifies some of the fundamental requirements of operational optimization,
desfribes the general operational approach’to optimization, and explains in overview several of the different
optlmization methods.

2-5.3.1 Operational Approaches. A general approach to operational optimization is described| here.
Sevieral fundamental issues are described below before any information is given on actual optimizatior
techniques. This is for the purpdse of building a solid foundation upon which users may build their
optimization efforts. Issues.for user consideration are discussed in paras. 2-5.3.1.1 through 2-5.3.1.6.

2-5.3.1.1 Qperational Assessment. Before beginning any optimization work, it is wise|to do a
car¢ful and objective-assessment of the overall type and quality of operation that the subject equipmen
curtently experiences. For example, is the equipment operated chiefly at a steady, full-load design point, or
dogs it experience much transient operation? Is it cycled out of service frequently? Does it experience ¢hanges
in fel type2 What levels of proficiency do its operators possess? Do they operate the equipment well gnd
conscientiously? How old is the equipment? What state is it maintained in? What are its future prospeqts?

These questions are meant to be representative of the types of areas to examine in assessing the
equipment’s overall operation. The results of such an assessment are of much value in determining the most
appropriate course for the optimization efforts to follow.

2-5.3.1.2 Operator Involvement. It will frequently be true that the operators of the subject
equipment have a very solid base of knowledge, experience, and operating intuition upon which the
optimization efforts may be built. It is most important that these personnel have significant involvement in the
entire optimization process. When coupled with the active participation of others, including engineers,
maintenance personnel, and plant management, it is likely that very effective results may be obtained from the
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optimization efforts. Conversely, if the active involvement of key and knowledgeable personnel is not applied
in the process, it is likely that results will be limited at best.

2-5.3.1.3 Operating Standardization. The concept of standardization, or uniformly applied
operating methods, is a fundamental issue of optimization. The optimization process arrives at the best types of
operation to produce the desired results. The corollary is that once these operating methods have been
determined, they need to be applied in normal operation with reasonable uniformity. This does not exclude
operator judgment and active involvement, which is of paramount importance to the success of optimized
operation. However, the reasonable uniformity or standardization of operating practices is needed to achieve
the fulledt benefits of optimization.

2-5.3.1.4 Optimal Operating Modes. This fundamental aspect of operating optimization
involves|the setting of operating values at those levels producing the best results. In optimization, this|equatgs
to the highest performance levels that can be cost-effectively and feasibly achieved, within the constraints of
safety, rdliability, and environmental soundness. Normally the objective is to maximize operating efficiencyj,
however| there are also considerations of equipment preservation and reliability that may linit’pursuit of
maximurth efficiency. An example would be the limiting of main steam temperatures to seme value below
design, if operation at the higher temperatures has resulted in boiler tube failures and&Xpensive outages.
Maximized efficiency would suggest operation at the higher temperatures, but the.constraints of equipment
safety anld reliability present an offsetting factor, with a slightly reduced temperature level found to be optinjal.

Dptimal operating modes are expressed very specifically, typically describing load points at which
these opdrating modes would change, and values of parameters such as gx¢ess oxygen, steam temperatures,
condensgr pressure, and others as functions of unit load and other variablés.

2-5.3.1.5 Operator Controllable Parameters Programs. Of extremely high value in
operational optimization work are computer-based programs thatjprovide information to the operator on
controllaple parameter optimization. Typically these prograniscontinually receive various unit data and
perform falculations on equipment performance. The results are presented to the operators on displays that
allow thgm to see the impact of various controllable patameters. In some cases, the program may make
suggestigns to the operators, such as increasing fan.speeds on a cooling tower, or adjusting boiler operating
pressure§. The results of the program are often left-as recommendations only, since the operator will be awafe
of externl factors that may prevent them from operating the unit at the recommended values (such as
equipment out of service, or market constraints). Most systems will also produce summary performance reprts
for opergtor and management use.

2-5.3.1.6 Management Information and Controls. Operational optimization typically
generates a very large amount of-information. The effective program must reduce this to a quantity and forny
suitable for assessment. This applies both to the developmental and application stages of optimization work.

2-5.3.2 Methods of Determining Optimal Operating Modes. There are several methods that car] be
used for fletermining the optimal means of operating equipment. Generally, a combination of methods will Best
serve theluser’s purp0Oses. Four basic approaches are briefly described below.

2-5.3.2.1 Testing. This method involves the use of specialized types of operational testing of
equipment. This\t€sting is used to determine the actual effects of various operating techniques and values on
performgnce-0f the overall unit. There are a number of advantages in this method. For instance, it tends to
capture t sults of many interacti wvith a set of specific operating conditions
to reflect the real life effects of the operating techniques and values being studied. It also is geared toward
operational changes that are within the operator’s direct control or influence. The empirical testing method
does have its drawbacks, including the complexity of some of the testing, the need for very carefully controlled
conditions, the difficulty at times in interpreting results, and the costs of conducting the testing itself. Overall,
the empirical testing approach may generally be the most fruitful of all methods in revealing the truly best
combinations of operating techniques and values.
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2-5.3.2.2 Design-Based Operation. Optimal operating modes may be based in part or in whole
on design data provided by equipment manufacturers. Use of design data offers the reassurance that operation
is being guided by the techniques and values that were intended by the original designers and manufacturers.
Design data also provides certain safety limits, such as maximum or minimum operating values, that are
intended to safeguard the equipment. It may be found that design-based operation is very sound as well as
being capable of producing optimal or near-optimal results in those situations where normal operation is
chiefly in the design region.

Design-based operation, however, has many limitations. Frequently there will be different design
valyies for equipment components making up a unit. For example, a turbine manufacturer may specify, p
congstant steam temperature pattern through the load range, but the boiler manufacturer may identify a $loping
patfern as the norm. Equipment frequently may be required to operate far from its design regions, in argas
where operation was never anticipated and where design values are simply not available. Egrinstance, |it is not
undommon for some units to operate at minimum loads that are 10% or less of full rated-loads. It also ¢ften
occprs that the operating values of certain parameters have to change over time. An illustration is the derating
of §team temperatures in some cases far below their design values, due to poor opefating experience wjth the
boiler, turbine, or piping components. Another shortcoming of design-based opetdtion is that the desigh values
may not produce optimal operating results, which operational optimization attempts to achieve. Additipnally,
the|fuel being burned may not be the original design fuel, which may affectperformance and make sorhe
performance parameters no longer achievable.

2-5.3.2.3 Computer Modeling. Commercially availabl¢\computer models and smaller schle
putational programs are also useful in evaluating optimal operating modes. These tools allow the
kngwledgeable user to evaluate different combinations of hypethetical or actual operating conditions fr their
netleffects on unit performance. Three examples of how suchvmodeling can be used are given below.

(a) Excess Oxygen and Steam Temperature Modeling. Assume that the interactive effects of bgiler
excpess oxygen and main and reheat steam temperatures have been accurately duplicated for a specific yinit in a
computer model. A number of iterative model runs.€an be conducted to predict the optimal combinatigns of the
thrge conditions at various points throughout the unit’s load range.

(b) Steam Pressure and Turbine Valve Point Modeling. Assume for the same unit that the intefactive
effgcts between main steam pressure and-the turbine have been modeled. Iterative runs can be conduct¢d to
predlict the optimal pressures at various-points of unit load and turbine control valve position.

(c) Condenser Modeling sAssume again for the same unit that the condenser is fully incorporated into
the jmodel. Runs can be madeto.determine the effects of reduced circulating water flows on unit heat rjite and
elegtric output, for the purpese-of identifying at what points a circulating water pump may be removed|from
seryice to save auxiliary/power, without creating a net loss through heat rate increase and/or electric oytput
decyease.

Such modeling techniques are very powerful. Drawbacks include their cost, the work required [to
dugllicate the canditions of specific units or equipment, and the need for skilled and knowledgeable usdrs to

operate thesesmodels. Overall, they are of much value in operational optimization as well as in other agpects of
performaricé-analysis when used in conjunction with other methods.

2-5.3.2.4 Manual Engineering Methods. Manual calculation methods are also useful in some
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balances, various energy calculations on equipment or systems, graphic analysis using nomograms and charts,

and other methods of manual calculation and analysis. Graphic methods in particular can be helpful in

checking data quality and in getting quick, approximate answers to analytical questions. Graphic and other

manual methods also may help an engineer to visualize the process being analyzed.

Certain equipment types lend themselves readily to manual engineering methods, notably feedwater
heaters, condensers, the turbine itself, and some aspects of boiler operation.
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Manual calculations of complex cycle questions, however, tend to be very time consuming and
difficult, and when compared against computer-based analysis, the manual methods can be prohibitive for very
involved evaluations. However, manual methods are valuable as cross-checks and verifications of the computer
methods, and help to establish credibility in the more sophisticated approaches. In spite of their drawbacks,
manual engineering techniques have a role in any optimization efforts, and it may be of value to include them
as a part of the overall methodology.

2-5.3.3 Emplrlcal Approach to Operatlonal Optlmlzatlon The emplrlcal approach for thls work, as

beneﬁtti g from some degree of manual and automated evaluations of unit conditions. However, the approa ch
is primarjily empirical, a hands-on method relying heavily on operational testing and on careful assessment qf
the inforfnation produced from these tests.

(Certain cautions are expressed to users of this method. First, it requires a solid base, ¢f pperating
knowledge, experience, and judgment. This experience and judgment must be sought out-and utilized,
particularly if the persons guiding the process are relatively unfamiliar with operations’in general or for a
specific ynit. Second, it is important to recognize the need for, and clearly establishs.the¢’operating limits and
constraints on the process. These constraints involve such parameters as minimunrboiler air flows and exce$s
oxygen lgvels; minimum levels of superheat in main, reheat, and extraction steam systems; maximum
allowablg temperatures in boiler tube banks; and other similar conditions. These limits and constraints may be
based on|design data, operating experience, judgment, and common sense: They are intended to protect the
equipment and people during the optimization process that may enter previously unexplored operating regiops.
They are{thus important guides to set the general bounds of optimization testing and operation, and should be
establishpd before and reexamined throughout the process as it proceeds.

Following are the general processes of empirical optimization. These are not necessarily sequential,
and are 1lot given in sufficient detail to be considered total-and absolute. Rather, they are given as general
guidancd to the overall empirical process.

2-5.3.3.1 Operational Testing and Analysis. The process is largely based on conducting
specially|designed operational tests and analyzing the information from these tests to determine optimal
operating modes. In very simple and abbreviated terms, these tests involve making controlled changes in a
single parameter or groups of parameters while the equipment or unit is under stable test conditions. The
results of these controlled changes are-then measured in order to establish cause-and-effect relationships.
Iterative changes are continued forcthe-parameter until its optimal operating levels and modes have been
determingd.

concept, the progess-is no more complex than stated above. In practice, it is not complex, but
requires fime, patience, and\perseverance; careful planning and execution; and reliance on operating

knowledge, experienceyand judgment. Guidance on conducting the process for various operating parameters is
included|in this subseection.

The effects of parameter changes may be gauged through a number of means. Resultant changes in finit
gross or pet €leetric output, or in unit heat rate, may provide clear indications of effects on total unit
performgnee: There are many conditions, however, where these indicators may not be appropriate, and whete
substitutes may be needed. This may require relying on measures of performance or output of equipment
components. Examples of this include observing condenser pressure or condenser effectiveness for test
conditions affecting the condenser; tracking feedwater heater temperature rise for conditions affecting heater
performance; monitoring boiler fuel flow or other fuel indicators for conditions influencing boiler efficiency;
recording feedwater flow, steam flow, or turbine first stage pressure for tested parameters influencing turbine
efficiency; and other similar means. These examples are by no means complete, and may not be appropriate in
some situations. They are meant to illustrate the general process of measuring the effects of controlled changes
in operational parameters.
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It is not the measures themselves, but the cause-and-effect relationships that are important.
Determining the proportional and directional effects with a sufficient degree of repeatability to establish
confidence in the results is essential to the success of the approach.

Analysis of test information is of key importance in the process. Under the best of conditions, some
analysis of the effects measured is needed to determine the location of the optimal operating point for the
parameter being varied. Under more typical conditions, the user will encounter conflicting data, different
cause-and-effect indications (at times even possibly being directionally different), and a combination of
parameter changes occurring in addition to the one or the few being intentionally varied for the tests. Users
may also encounter some degree of instability in the test conditions in some, many, or perhaps all of th tests
runf in spite of the best efforts to regulate test conditions according to plan. All of these circumstances fequire
car¢ful analysis of information to draw valid conclusions as to optimal operating modes. This analyticgl
profess takes time, care, and attention to detail, but it is well worth the effort to pursue, particularly if large
gains in operational performance are being sought.

2-5.3.3.2 Sequence of Equipment Evaluation. There are many operating parameters that
coulld potentially be evaluated for optimization. These range in magnitude of impactfrom almost negligible
(su¢h as only a few Btu/kWh effect on heat rate) to major (conceivably hundreds.ot Btu/kWh effect fof a single
parameter). Selection of which equipment and operating parameters to optimizZe needs to be based on the user’s
objgctives and the operating conditions at the start. However, the sequence in which to address the equjpment
and parameters in the optimization process is quite important. This is,bécause work that is done on cerfain
parpmeters may have a sizeable influence on other parameters. If a'sequence is used that does not recognize
thege interactions, it is possible to render some optimization efforts invalid.

The criteria for determining optimization sequence is\suggested to first handle those parametess that
are |likely to have the largest effects on other parameters. This will permit the greatest degree of contro| by
opdrators over their optimization variables. It will also fesult in more effective optimization work, minjmizing
the [need to repeat work already done that would almest certainly occur if highly interactive variables are
addressed out of sequence.

There is not an exact, universal approach that may be used to establish best optimization sequgnce for
all finits. For any particular case, the optintization circumstances need to be examined by the user, incljiding the
typgs of interrelationships that may be(present between the parameters in question. However, as a gen%al guide
to sequence of optimization work, thé following order is suggested as being appropriate for many fossill steam
unifs:

(a) combustion parameters (coal grind size, fuel oil viscosity and temperature, unburned fuel, ¢xcess
oxygen, main and reheat steam temperatures, and boiler exit gas temperature)

(b) main steamrpressure and turbine control valve operations
(¢) condenser.and cooling tower operations

(d) feedwater heater operations

(e) turbine operations

(Hauxiliary power levels and use of auxiliary equipment

2-5.3.3.3 Test Conditions. It is important to establish test conditions that are as stable as [possible.
The purpose of the testing is to create baseline conditions, cause controlled change, allow restabilization, and
observe and measure the effect. If test conditions are unstable before or after the controlled change is made, it
will be difficult, if not impossible, to evaluate the effects of the change. This does not imply that absolutely
rigid, static test conditions have to be achieved for the process to be of value. Such conditions almost never
occur in real operation. However, the more stability that can be achieved, generally the more repeatability of
results and ease of interpretation can be expected.
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In addition to having stable conditions during any one test, it is desirable to establish as repeatable a set
of conditions as possible during subsequent repeats of that test. This is because differences in the base
conditions, particularly if they are large differences, can create very conflicting appearances in the cause-and-
effect data and cloud the interpretation. As with stability, this does not imply that exact repeatability of test
conditions is necessary, but the closer that similar conditions can be reestablished for repeat tests, the more
consistency can be expected in the test results.

2-5.3.3.4 Assurance of and Confidence in Results. The empirical testing process is used to
arrive at information on operating modes and values that will be used in routine operation. It is therefore vit
that a high confidence level be established in the results, with strong assurance that the results describe thetfue
optimal dtate. In general, this confidence can be established best through proven repeatability of the obsetvefl
cause-anfl-effect patterns in the testing. It is recommended that any given series of tests be conducted at least
three timges, at well-separated points in time. This repetition is done to verify that the effects of the.controlledl
changes pre directionally consistent, that their magnitudes are reasonably repeatable, and that-thé optimal
operating value identified is approximately the same in each series.

2-5.3.3.5 Data Evaluation and Conversion to Standards. Results of.allthe testing requirg
evaluatiqn to assimilate them into practically useable operating modes and values. Forexample, assume thaf a
large ampunt of testing of combustion parameters has been done in the low load régions of an oil-burning uiit.
Evaluatign may indicate that the best net results occurred with a specific arrangement of burners in and out ¢pf
service, yith specific settings of air registers. The best boiler draft levels, settings of recirculating fans, and
excess air amounts may have been determined. Optimal burner tip sizes,-and fuel oil supply temperature and
pressure [may also have been identified through the testing. Only through careful evaluation of the data can
these conjclusions be drawn. However, once identified with a high cenfidence level, this information can be
integratefl into operating procedures for the most effective use of it

—_—

onversion of the empirical results to standards involves specifying the patterns to be followed in
normal operation through the full load range for each parameter studied. Building on the example of

combustion testing, the final set of standards would spegify the optimal level of excess air at each load region
from minimum to full. It would also identify the bumner combinations to use and the conditions of all burner
parametdrs (register settings, tip sizes, fuel temperature and pressure, etc.) at specific load regions, and would
identify fhe points and conditions at which to-change over to the next set of burner specifications. A complete
set of stapdards for the unit may include more’detail on the combustion parameters, and would include similiar
informat{on on the other important operating parameters related or unrelated to the combustion items. All of
this infofmation, however, would be derived from the empirical testing process, careful evaluation, and
considergtion of other important factors such as design data and safety, reliability, and environmental aspect

[72)

2-5.3.3.6 Use of Standards in Routine Operation. An important issue concerning use of
standards involves the all-important element of operator judgment. Standards are meant to be general guides
for the operation of equipment under normal conditions. They cannot be taken to be absolute operating
methods[and values that. must be followed under any conditions. The need for operator understanding and
judgment of the apptopriate use of established standards at any given time should be reinforced as an imporfant
aspect off the standards concept.

Another significant matter involves the use of standards under reasonably steady-state conditions as
opposed ko dnring highlv dyvnamic or transient operating periods There are transient operating conditions
where standards may provide a general guidance, but where it may be extremely difficult for operators to
adhere to them while trying to operate through the transient. This also is a matter for operational management
decision, calling for reliance on operator judgment, but it is an aspect that needs to be considered in using
standards in normal operation.

Many other factors, major and minor, are involved in routine operational use of these concepts. The
factors and issues cited above are specific ones to be considered in advance, but there are others as well. These
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are meant to indicate the general types of considerations in the use of standards, which users need to evaluate
on a case-by-case basis.

2-5.4 Mechanical Optimization — General Methodology

The following information is given to acquaint the user with the general approaches to mechanical
maintenance and modification optimization. The process described below assumes that a subject unit is being
evaluated for overall mechanical optimization. However, aspects of this process may be applied to very
specific problems or equipment components, without engaging in the total unit evaluation.

There are important interactive issues between operational and mechanical optimization. It is\jecessary
for jusers to understand these issues for reasons of maximizing the effectiveness of their optimization efforts as
welll as for total economics. The integration of these interactive issues is described in this paragraph.

2-5.4.1 Assessment of General Mechanical Conditions. To fully describe the/imechanical
optlmization concept, illustration is given of the overall mechanical evaluation process{As with operational
optlmization, it is wise to begin with an assessment of the unit’s general mechanical-condition. This is peeded
to gssist in planning the general approach to mechanical optimization. The assessment is intended to identify
the [more significant mechanical problem areas that may benefit from repair and/er'engineering attentiqn.
Asgessing the unit’s mechanical conditions may be approached as follows.

2-5.4.1.1 Efficiency. Regardless of the overall unit efficiency levels, it is valuable to condct an
efficiency assessment of selected equipment. This should be targeted/toward the mechanical conditiong of
equipment, including at least the turbine, boiler, condenser, cooling tower if equipped, and feedwater heaters.
Major auxiliary equipment may also be included in this evaluation if the user wishes to assess at this
lev¢l of detail.

In an ongoing performance monitoring program,¢fficiency degradations would be revealed, cieating
the [opportunity to analyze them and take corrective actions. Such monitoring-based information may not be
avajlable at the time of an initial overall efficiency assessment if a monitoring program has not been previously
usefl. In this case, the initial assessment helps to establish baseline data, while the subsequent monitoripg
propram will reveal changes that occur after theinitial assessment.

2-5.4.1.2 Availability. Many.fimes the mechanical problems of a unit affect its availability.
Aviilability in this context refers to the unit’s ability to reliably remain in service when needed, and to|be able

to groduce full output. The assessment of availability conditions therefore seeks to identify those problems that
havie been or potentially could be\contributing to unit outages or to reduced output.

Information sources for availability problems may be more sophisticated and better documentgd than
thoge for efficiency detracters. The North American Electric Reliability Council (NERC) maintains a Very
extensive data base on causes and magnitudes of availability detractors. For units that are participants in this
database, informationiis available either in-house or through NERC that details the units’ specific availability
proplems in termsf outage causes. This information, when combined with other data obtained through in-
hoyse records-and discussions, becomes valuable in identifying and prioritizing availability detractors
on the unit;

2-5.4.1.3 Overall Maintenance Levels. In addition to assessing specific mechanical proplems
affacting efficiency and availability, it is advantageous to evaluate the overall maintenance levels of the subject
unit or units. For example, is the equipment highly maintained and subject to possibly no changes or else only
refinements to its maintenance practices? Or is it maintained at a very low level, with perhaps much
opportunity for mechanical optimization? Other key questions deal with the drivers of maintenance practices
and levels. For example, is the maintenance highly constrained or limited by finances? Is much preventive
maintenance done, or are repairs driven largely by breakdowns? Is maintenance driven more by availability,
efficiency, or other objectives? Is maintenance being targeted toward long-term unit service or does it
anticipate a limited remaining service life?
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These aspects of maintenance practices may seem general, but they are vital elements to be considered
in designing the mechanical optimization approach. It is these factors that may need to be either modified or
accommodated in the optimization program. However, they certainly need to be identified and acknowledged,
since they represent the starting point from which maintenance and modification optimization efforts will
proceed.

2-5.4.2 Optimization Cost, Performance Value, and Net Worth. All mechanical optimization is
based on cons1derat10n of technical and economlc factors in each specific case. At trmes the technical

correction without direct economic justification. Other factors may also at times outweigh economically
preferred actions. These factors may include safety, environmental impacts, and others, and they may dictatg
that a nopeconomic course of action be taken.

most cases, however, economic analysis of a mechanical problem can serve as a primary decisiof]
making tpol. Concepts of such analyses include optimization cost, performance value, and nét worth. These fare
briefly d¢scribed below, not at the level of detailed treatment of engineering economics, but'sufficiently
enough tp introduce the general process to users.

2-5.4.2.1 Optimization Cost. For any repair or engineering solution that is being considered, if is
necessary to identify costs as accurately and completely as possible. Significant factors in cost identification
include gll materials, labor, installation and subsequent maintenance requirements as appropriate, cash flow
projectiops, cost of money, and expected life of the repair or engineering detion being considered. It may aldo
be appropriate to consider the costs of the current system or problem that.is being corrected. All of the
1dentified costs, both costs incurred and costs reduced, need to be converted to a consistent basis such as total
present worth. Once in this form, the costs for each optimization eéption may be evaluated relative to the valjie
of the expected performance change for each option.

2-5.4.2.2 Performance Value. The expected performance changes that would occur with each
correction option and the probable economic value of thes¢*changes represent the other side of the optimizagion
equation| For actions targeting the efficiency problems;\expected changes may be expressed in terms of hea

rate, opefation or performance factor, fuel consumption, or another factor that can most readily be converted to
economi¢ value. For availability problems, expected changes may be expressed as reduced number or duration
of outaggs, lesser number of load reductions;chiange in equivalent availability or forced outage rate, or another
measure [convertible to economic value. In-addition to estimating the magnitude of performance changes, it is
also necgssary to project the longevity @ver which they are expected to be effective. This is a very important
factor, sipce differences in longevity'may often cause an option to emerge as the most favorable, which on the
basis of ¢therwise apparent costindy not have been selected.

There are many different methods by which the economic value of performance changes can be
evaluated. For multi-unit systems, production cost computer models are frequently used by the operating

occur in each load range, number of hours expected to be spent in each load range over the tlme per10d being
computed, fuel type or types being burned, and the fuel cost or costs anticipated.

Combining these factors will enable the user to estimate the direct fuel savings associated with the
expected efficiency change. There are other economic effects of efficiency changes such as interconnection
accounting effects and operational impacts on other units through incremental dispatching. These are complex
variables that cannot be accurately recognized in a simplified value quantification. However, a simplified
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quantification of direct fuel savings may be supported with reasonable and realistic assumptions. It may often
be approximated when more sophisticated, model-based calculations are not available.

(b) Availability Changes. The process to convert changes in availability is a quite different efficiency
valuation. A simplified evaluation is shown.

Assume that a unit rated at 250 MW has a recurrent availability problem, correctable through an
engineered course of action. The problem causes an average of four two-day unplanned outages through the
course of a year, typically occurring during full load operating periods. Assume for estimation purposes that
these outages occur once each during winter, spring, summer, and fall periods. The unit has an average
opdrating cost of $24/MW-hr. Expected operating costs for available replacement power in the first gepr the
improvements will be in effect average $42 in the winter, $36 in spring and fall, and $60 during summer
perjods.

The value of this performance change, if the correction is made, is approximated &9 follows:

Winter:

(250 MW)*(2 days)*(24 hr/day)*($42/MW-hr — $24/MW-hr) = $216,000
Spring:

(250 MW)*(2 days)*(24 hr/ day)*($36/MW-hr + $24/MW-hr) = $144,000
Summer:

(250 MW)*(2 days)*(24 hr/day)*($60/NIW=<hr — § 24/MW-hr) = $432,000
Fall:

(Same values-as Spring) = $144,000
Total First Year Performance Value = $936,000

As with the efficiency method, this methed of estimating availability value is an approximation only.
Other factors that are not represented but could-dffect the true value include reserve capacity penalties,|start-up
cosfs for this unit as well as for replacementiunits when it is out of service, and many others. It is also 4n
extfeme simplification to represent operating costs as average values and to apply these values to around-the-
clo¢k full load operation, as is done in the example. However, this method illustrates one approach, even if
very simplistically, to quantifying:the value of availability change.

2-5.4.2.3 Net Worth. Once the optimization costs have been determined for each correction option,
alohg with valuation of thé expected performance changes, it is relatively simple to determine the net worth

and the cost-benefit ratio.of each option. Optimization by definition seeks the highest performance lev¢ls that
are [feasible and that are’cost effective to achieve and maintain. Therefore, the calculation of net worth pnd cost-
benkefit ratio is ofdiey importance in making decisions as to which actions to take.

It sheuldbe mentioned that net worth is not exclusively a before-the-fact concept to be used in|
ecopomic gustifications. It definitely can be determined after corrective actions have been taken. This germits
the [true-total costs to be evaluated, which may or may not be the same as the costs projected in advancg. It also
allgwgrthe actual performance changes to be measured and assessed, to be compared to the before-the-fact
expected changes. Most importantly, such calculations atter the actions have been taken allow the true net
worth to be evaluated and to serve as data for the total performance monitoring and optimization program.

2-5.4.2.4 Economic Analysis. It is necessary to evaluate all costs and benefits associated with
any performance changes, efficiency and/or availability, in accordance with the economic evaluation criteria
used within the organization. This may involve calculations of revenue requirements, required internal rates of
return, payback periods, net present values, or other criteria. It is important to maintain perspective and
perform an economic analysis to the level of detail needed, based on the magnitude of overall costs and
benefits to the organization. Because of the potentially large costs and high values associated with optimization
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work, the proper evaluation of these net values is warranted. For further information on performing these
evaluations, financial analysts within the organization may be consulted, or textbooks on economic evaluation
and engineering economics may be referenced.

2-5.4.3 Mechanical Optimization in Practice. Mechanical optimization requires a higher level of
analysis and commitment to net economics than some of the more traditional approaches to maintenance and
modification work. More factors need to be considered in arriving at the overall best results of performance
levels and economics. Sorne of the practlcal considerations of mechanical optlmlzatlon are described below.

thereford, evaluate each of the more significant problems and thelr correction options. Choices can then.be
made as fo which options to pursue and in which order. Where multiple units are involved, the optimal
course of action is to pursue corrections on those units that will yield the highest net worth and the-best
cost-ben¢fit ratios.

2-5.4.3.2 Outage Planning Considerations. The timing and planning of scheduled outages
an important factor in mechanical optimization. Factors such as system loading and demand, local area
conditions, replacement energy costs and sources, fuel availability, and manpower considerations all have
significapt impact on total costs. Another consideration is the downtime required to-perform corrective actions.

2-5.4.3.3 Engineering Optimization. This work involves design changes, equipment
replacenients, modifications, upgrades, or retrofits. By nature it is generally expensive and time consuming {o
accomplish. It is highly recommended that any such work that is undertaken to correct efficiency or availabillity
problemg be subjected to the closest, most objective, and most critical‘analytical scrutiny possible. This is
because the costs can run so high, as well as the technical ramifications of this level of work. Close attentior]
needs to pe given to the expected performance changes to ascertain if they are realistic. It is also important tp
be sure that all reasonable alternative options have been considered and properly evaluated before the final
choice of corrective action is made. Where major physical work is involved, it is advantageous to have the
plans reviiewed in advance by operators, maintenance pefSonnel, engineers, specialists such as chemists or
metallurgists, and others, as appropriate to the nature of'the work being planned.

72}

The engineering approach to mechanicaloptimization is an important and valuable option, often being
the far syperior action compared with repetitive, Symptomatic repair efforts. However, because of the factor§
cited abgve, the higher initial cost and largertcchnical ramifications of this more complex approach deserve
very cargful optimization analysis before'the work is committed to and undertaken.

2-5.5 Integrated Operationaland Mechanical Optimization

practice, it is difficult.té separate completely these two areas of optimization. Operational efforts
will requfire certain maintenanee and modification support; similarly, maintenance and modification efforts
must be gccompanied by-sound, knowledgeable, and conscientious operating practice.

(senerally spgaking, operational optimization can be accomplished at relatively low cost once it is
under wdy. It is helpful to have certain prerequisites provided, particularly including good operating
instrumehtationj\an operator-controllable parameters program, training, and a positive environment.
Operatiopal ©Optimization can also be done under a wide range of equipment conditions, including impaired fnd
in need qf major work. Under very impaired equipment conditions, a unit will not be able to perform well eyen
with the best of operator attention, but performance improvements can be made, nonetheless.

Operational optimization also serves as a valuable source of information for mechanical optimization
efforts. Through operational work, mechanical problems that otherwise may have been too subtle to have been
recognized can often be detected and brought to attention. This does not imply subtlety in terms of their effects
on performance, but rather, in their degree of visibility.

Mechanical optimization may often require higher cost than operational work to implement and
maintain. It requires or benefits from some analytical tools that may be fairly complex, and requires cost outlay
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to perform the corrective actions indicated through optimization analysis. The repair level is an ongoing
function essential to reliable unit operation, but requires a commitment of human and financial resources to
perform that maintenance at a reasonable level. Certainly the engineering level of mechanical optimization may
be extremely complex and expensive, yet in some circumstances it can also yield the most valuable results
concerning major or recurrent problems.

In the ongoing optimization effort, it is best not to attempt to separate the operational and mechanical
areas from each other. Rather, they can be viewed as hlghly integrated aspects of unit performance that need to

avajlability levels achieved for a unit in a cost-effective manner are the result of team effort and cont
Thdt commitment must be to both the results of performance optimization as well as the team approac
to gchieve them.

needed

2-5.5.1 Reliability Versus Efficiency Tradeoffs. Many tradeoffs exist in the enlianecement off power

plant performance. With respect to modifying operational methods, short-term gains in(efficiency can be made
by sacrificing long-term availability. There are also methods to increase generating eapacity that are
accpmpanied by a heat rate penalty. Several methods to reduce boiler emissions yesult in heat rate and fapacity
penfalties, and may reduce reliability. A few examples of these will be given and\discussed. This will npt be an
all-jnclusive list, as many others exist.

Increasing main steam temperature improves the efficiency of thé.steam turbine, but can lead tp
damage of both the high pressure turbine and the associated piping if. design limits are exceeded. The tprbine,
boiler, and piping manufacturers provide recommended limitations\for main steam and reheat steam
tenperatures. Those limits are usually adhered to, though for seme plants that compliance comes with p cost. If
combustion controls alone (including burner tilts in tangentially fired boilers) cannot maintain main stgam
tenjperatures at or below the recommended level, attempetation water is injected that causes a small hdat rate
penialty. Unit heat rate is increased by increasing the usé.of main steam and reheat attemperation, althopgh the
heaf rate penalty for the main steam is considerably less than the effect from reheat spray. Allowing th
tenjperature to increase beyond the recommended\limits improves the heat rate and efficiency of the stpam
turbine, but will lead to eventual damage of the high pressure turbine, associated piping, and some boiler
components.

&

A common method to reduce the formation of NOX is to stage combustion by limiting the amaunt of
secpndary air introduced at the burners and permit the completion of combustion at lower temperatureg higher
in the furnace by injecting over fife'air (OFA). Another option is to utilize various coal nozzle designs [that
have longer flames and loweypeak temperatures. Combustion at lower temperatures will reduce the formation
of thermal NOx. If sufficient over fire air is correctly introduced, then complete combustion should oc¢ur and
boiler efficiency will nof suffer, as the amount of unburned fuel and dry gas losses remain unchanged. [Boiler
efficiency would decrease should the percentage of unburned carbon in the ash increase; this is a frequpnt
consequence of low NOx firing systems for certain type of fuels.

In a limited number of cases, waterwall tube wastage has been seen in the reducing zone betwgen the
burhers and_the over fire air ports. This is a function of a number of factors, including the fuel fired, bdiler
desjgn, anda preexisting corrosion problem.

As mentioned earlier in this subsection, the steam supply systems are typically designed with Water
attemperation as a method to control high and potentially damaging steam temperatures. The heat rate penalty
in the case of the reheat attemperation spray flow is greater than that incurred on the main steam system.
However, the generated output increases when introducing RH attemperation flow, since the total reheat steam
flow that enters the boiler and the IP turbine is increased. While this is an atypical case, it is an example of
incurring a heat rate penalty while increasing MW generation.

The optimal point of operation can be estimated on a system or component basis utilizing fuel and
operating costs, known heat rate penalties, generation gains or losses, emission allowance costs, and an
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estimate of the reliability effect. This engineering economic evaluation contains a moderate degree of
uncertainty. Several of the longer term inputs are estimated. These include the reliability effect and capacity
factor. Additional contributors to the overall uncertainty include the inadvertent variations in operating
parameters and interrelationships between parameters throughout the plant. Even with these uncertainties, these
evaluations are key to optimizing performance and in many cases can be proved or disproved in the long term
via careful testing or performance monitoring.

In some cases, the economic analysis does not support revising operational methodology to improve
heat rate as the penalty for decreased reliability is too great. These cases can be the impetus for research and
developrhent. For example, decades ago, the desire for increased efficiency via higher steam temperatures dd
to improyed materials used in steam piping and boiler heat transfer surfaces. In some cases, fuel switching can
either improve or further worsen the prospects to make an operational change economically attractjve!

summary, these three examples depict typical tradeoffs power plant operators encouiiter. Finding
the optinmpal point of operation is difficult because for most cases, that best point of operation(isynot constant
day to dqy, or even hour to hour. Small variations in fuel or changes in unit load can move, the optimal point
Also the [control variables have complex relationships. The best trained operators are oftent unable to take all
the subtl¢ and even obvious interrelationships into account, as they would be overwhelmed with informatior.
In these ¢ases the use of computer-based optimization systems may be beneficial.

2-5.6 Online Optimizers

2-5.6.1 Introduction and Description. In step with the increasing‘complexities in the
interrelationships of the controllable parameters of power plants came(the increased capabilities of compute
generateql solutions to complex problems. Optimizers were first developed and installed on power plant boilgrs
in the eafly 1990s. These devices were focused on the complicated-fole of reducing NOx emissions without
increasing unit heat rate. They were used in an operator advisary mode, where their outputs were suggestion
to the plgnt operators. While the operator gained trust in the\recommendations of the optimizer, as he/she
manipuldted the equipment controls, the optimizer “learniéd” from the results of the operator’s actions and the
process improved upon itself. Optimizers and their users later permitted closed-loop operation, where the
optimizef, once set into action, directly manipulated.certain controls without operator interaction.

[72)

Dptimizers are software packages that:ditectly affect the manner of equipment operation, in some cgses
with minfimal manual interaction. The optimizer senses the cause and effect of the adjustment of certain
parametdrs and strives to improve perfortmance based on predefined end goals. These packages are analyticql in
nature (neural networks, fuzzy logic,(oy mathematical based) and utilize a set of measured values with compjlex
interrelafionships. From those values] the optimizer revises control settings to move the unit’s performance

towards {t goal. The optimizers.aré tied directly to performance monitoring, but typically without continuou
human ifjteraction and the aceempanying limitation.

The first applications for optimizers were to reduce NOx emissions without increasing heat rate.
Reasonable success was experienced in that area, so most optimizers currently in power plants focus on the
boiler and combustion. Focus has recently expanded to sootblower operation and steam temperature
stabilizafion.

The fradeoff between reliability and efficiency is also very great in soot blowing operation. Too litt]
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typically steam, water, or air, that causes another heat rate penalty and can damage the boiler tubes causing
reliability problems.

1)

New and future optimizers are attempting to optimize more than just the boiler operation; they will
cross equipment, system, and unit boundaries to optimize the total plant performance. These future optimizers
can be multiobjective, attempting to optimize the circulating water system, backend emissions controls (e.g.,
SCR, ESP, and FGD), and total plant performance.
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2-5.6.2 Methodology. The brain of the optimizer is a computer-based solution technique. These
techniques include neural networks, fuzzy logic, linear modeling, and mathematical solutions, some of which
operate in a feed forward mode to predict, preempt and compensate for the cause and effect of certain operating
modes.

The first step in installing an optimizer is to set its objectives. These can be as simple as increasing
boiler efficiency or reducing emissions. Next, the control variables must be identified and methods to monitor
the results should be developed.

The actuat mstattatiom s votved omtwo planes:software and tardware O the software side) links
must be established to the control variables, data inputs, and resulting outputs. The hardware installatiqn
includes a computer where the optimizer resides; wiring, cabling, or wireless connections; the cennectjon to
datg highway/DCS; and additional instrumentation as needed.

After initial installation, parametric testing using all optimizers must be conducteds.where the ¢ause
and effect of the adjustment of certain parameters are recorded. This establishes the initial model and tgaches
thal model by establishing relationships between variables. This action is conducteddn-plant, either mgnually
with operator intervention every step of the way, or, in some cases, automatically<via the optimizer’s
connections to the control variables.

Once the initial model is created, the plant operator sets limits and €onstraints to ensure the opfimizer
dogs not permit operation that might compromise equipment or personnel safety. For example, if the s¢le
purpose is to minimize NOx emissions, without any constraints, the-0ptimizer might back down air to the level
thaf dangerously high amounts of CO remain in the flue gas. Onée the model has been installed, the plant
opdrators conduct reasonability tests in an advisory mode. If acCurate, the optimizer has learned the capise and
effgct relationships and proves itself, so operator confidence rises and closed-loop operation can comnjence.

Optimizers have a self-tuning process, where thtough continuous or batch learning periods, its|internal
mofglel and the variable interrelationships are modified'in time to better achieve its goals.

2-5.6.3 Issues. While optimizers can be of great benefit to plant operation and performance, witlh them
come several issues that might detract from their usefulness unless properly addressed.

The optimizer must gain the trust\of the operators. Without the operator’s willingness to keep the
devfice in closed-loop operation, optimal’performance will not be continuously achieved. That level of frust is
built via several channels. First, thé:constraints must be realistically set or the optimizer might drive thg plant’s
performance into an unsafe, unstable, or otherwise unwanted regime. Second, beyond orientation on the
opgration of the optimizer, operators should be trained on how to best use it, restore it, and keep it in s¢rvice.
Do¢umentation should accompany the training and be readily available in the control room. Third, the [rationale
on why the optimizer has-been installed must be clear and plant leadership support must not waiver. Operators
shopld understand thatthe optimizer is not replacing them for any reason, e.g., their prior performance|or other
labgr issues, and that they are still responsible for the safe and efficient operation of the plant.

The eptimizer must be maintained, much like other pieces of plant equipment. A site champion or
chaF\pions, typically an engineer or lead operator, should be assigned both the responsibility and authgrity to

keep the-optimizer in service and operating correctly. The instruments supplying critical parameters myist be
maintained and calibrated or the optimizer will base its decisions on erroneous inputs. With age, as soffware is
updated and DCSs are upgraded, the connections to the optimizer and its operation should be verified.

The constraints on the optimizer’s operation should be reviewed periodically. As plant operation
changes, due to fuel switching, lower load, off-design operation, or other reasons, the optimizer should return
to learning mode and its constraint reset to realistic values. If the optimizer is permitted to operate outside
knowledge base, its behavior might be unpredictable and undesirable. The tradeoff of reliability versus
efficiency must be addressed in addition to ensuring proper and up-to-date constraints.
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The last issue is that of the unmeasured parameters. These parameters are not available continuously
and therefore do not feed into the logic and decision process internal to the optimizer. For boilers, as an
example, unburned carbon and water wall wastage cannot be measured in real time. They should be
periodically monitored by plant engineers and the effect on them by the optimizer should be understood.
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Section 3
Case Studies/Diagnostic Examples

31 AIR HEATER PLUGGING DUE TO FAILED SOOTBLOWER
3-1.1 Summary

Exit gas temperatures on a coal fired generating unit having two rotating-basket regenerative air

preheaters were observed to be slowly diverging from one another over a 2-week period. The “A” heater gas

erature was trending upward, while the “B™ heater was trending downward (see Fi1g. 5-1.1-1). Alrrlheater
X-rfitios and gas-side efficiencies were also noted to be diverging. However, the average of the two X=jatios
wag near normal, indicating a flow imbalance between the two heaters. Gas-side efficiencies, when avgraged,
showed a decrease, indicating fouling. An internal inspection during a weekend outage revealed a ruptyired
elbpw in the air heater sootblowing piping resulting from extensive erosion along the outetradius, likely due to
water entrainment from malfunctioning steam traps upstream. This resulted in ineffectiveicleaning of the “A”
air heater, gradual plugging, and a biasing of gas flow to the relatively clean “B” heatet-.

3-12 Key Performance Indicators

The key performance indicators for this example are air heater exit.gas temperature, air heater
differential pressure, gas-side efficiency, and X-ratio. Air heater exit gas temperature is a measured pagameter
and a general indicator of overall boiler efficiency. Air heater differential pressure is a measured parameter and
is aluseful indicator of fouling/plugging due to ash build-up. Gas-side‘efficiency, a relative indicator off air

heafer heat transfer effectiveness, is the gas temperature drop expressed as a percentage of the temperafure
head. X-ratio, expressed as the ratio of the gas temperature drop-to air temperature rise, is an indicator pf air
floy relative to gas flow.
Fig. 3-1.1-1 Air Heater Exit‘Gas Temperature 2-Week Trend
(Courtesy.General Physics Corp.)
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Fig. 3-1.3-1 Air Heater Differential Pressure 2-Week Trends
(Courtesy General Physics Corp.)
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3-1.3 Initial Observations and Corroborating Evidence

The problem was initially detected bytrending the measured air heater exit gas temperatures using 4
plant’s op-line performance monitoring system (see Fig. 3-1.1-1). X-ratios for both heaters were also observ|
to be trending away from one another, indicating a potential imbalance in gas distribution between the two
heaters. The X-ratios, when averaged, were close to normal, which was consistent with a flow imbalance.

failure. The elbow was replaced and the sootblowmg system returned to service. An air heater wash was
performed at a later date to return the “B” heater to normal effectiveness.

3-1.5 Capacity, Efficiency, and Reliability Impacts

The primary efficiency loss in this example is decreased boiler efficiency (—0.2%) due to increased
boiler exit gas temperature (+8°F). This corresponds to an approximately 21 Btu/kWh heat rate penalty.
Although no capacity shortfalls were noted at the time, continued operation without the repair would have
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likely resulted in a derating due to the flow restriction in the air heater and an increasing inability to remove
products of combustion.

3-1.6 Financial Analysis

The increase in fuel consumption is equal to the decrease in boiler efficiency, which may be
determined following the calculation procedures in ASME PTC 4 or using any commercial software program
suitable for the purpose. For the example here, the boiler efficiency decrease, and thus fuel consumption
increase, was estimated to be 0.21%. Since the repair was considered necessary from both safety and reliability
viewpoints,; am ROTamatysis was ot deemed recessary:.

3-2 BOILER EXAMPLE
3-21 Summary

This subsection briefly describes the problem scenario, the key performance indic¢ators (KPIs) used to
detgct and analyze the problem, and the problem diagnosis.

A large utility boiler had performance monitoring data over a 10-yr peried; which indicated a gradual
inctease in the gas temperatures leaving the two air preheaters. This resulteddnreduced boiler efficiengy,
incfeased unit heat rate, and decreased precipitator collection efficiency. An’eévaluation by the boiler OEM was
performed to determine possible causes. A number of possibilities were(@valuated, the data and testing|results
led|to the conclusion that uncontrolled infiltration air into the backpass of the boiler affected the air prgheater
performance, and this alone accounted for as much as a 37°F incféase in the air heater exit gas temperdtures.
OtHer contributing but less important factors included the large-amounts of tube shields covering the
ecopomizer and horizontal reheater heat transfer surfaces, cold tempering air leakage into the pulverizgrs, and
incfeasing excess air levels. The primary recommendationas to replace the peg finned backpass walls with a
wellded wall design to reduce the infiltration of ambient @ir into the boiler. Lower cost recommendatioms and
operational recommendations included improved pulverizer maintenance, air heater testing and inspecfions,
and improved sootblower maintenance and optimization. The installation of additional economizer surface was
alsq proposed as a means of further improving.boiler efficiency and heat rate.

3-2.2 Key Performance Indicators

This subsection reviews the specific KPIs used for detecting and diagnosing the root cause of the
proplem, including appropriate references to pertinent sections containing KPI definitions and formulag.

The key indication of changes in boiler performance was the measured gas temperatures leaving the
tw( air preheaters. Paragrdph 2-3.8 of this document discusses boiler monitoring and diagnostics, and fncludes
disg¢ussion of the boiler, pulverizers, and air heaters. Paragraph 2-3.8.6.3 discusses air preheater calculgtions.
However, temperature.measurements around the air preheaters do not by themselves provide complete
infgrmation concérning air preheater performance, the air and gas flows must also be determined.

3-2.3 Initial:Observations and Corroborating Evidence

This’subsection describes the pattern in KPIs that indicated the presence of the problem, any adlditional
parameters taken into consideration, and the provisional diagnosis.

The plant computer historical information trending the air heater gas temperatures showed an
increasing trend over a 10-yr period, although downward changes were also evident in this data.

A series of tests were performed by a testing contractor to determine the amount of backpass
infiltration. These tests were conducted by measuring the oxygen levels at different locations within the boiler
backpass, using high temperature water cooled sampling probes. These tests confirmed an unusually large
increase in the oxygen level between the furnace outlet plane and the economizer outlet plane. Testing
performed after some backpass wall repairs also indicated a decrease in backpass leakage.
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This plant fires a Texas lignite coal; over many years their coal had a trend of an increasing percentage
of relatively erosive ash. The plant maintenance records revealed that a large number of tube shields had been
installed in many of the boiler sections to prevent tube failures from the thinning of the tubes due to fly ash
erosion. Laboratory testing by the boiler OEM had shown that tube shields cause a certain amount of reduction
in heat transfer rates. This would not normally result in a measurable change in boiler performance; however,
the very large number of tube shields was calculated to result in a 5% to 10% change in the heat transfer of the
shielded economizer and reheater sections. The calculated effect was an additional 12°F increase in air heater
exit gas temperatures as a result of tube shields.

3-2.4 Il’hysical Inspection
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the backjpass repairs was estimated at $800,000, and would require an outage of 4 weeks.

3-3
3-3.1

.

This subsection describes the results of a further tests or physical inspections used to determine-the

e of the problem.

Inspections by the plant revealed that the backpass walls were in deteriorated conditions} with

| tubes and gaps in the refractory between the tubes. The expansion joints to the aif heaters were in
dition; these are often a source of infiltration air. The air heater baskets and seals/were inspected ar
ood condition.

Capacity, Efficiency, and Reliability Impacts

This subsection describes impact of the problem on plant capacity, beth for current conditions and

rating periods (e.g., warmer weather). It also describes the additiénal fuel consumption that may oc|
5 long-term and short-term reliability considerations.

The main effect of the increasing exit gas temperatures was.a*1.0% decrease in boiler efficiency, an

in the required coal flow, and an increase in plant heat rate. Other effects included an increase in LI
power, and decreased precipitator performance leadingto increase stack opacity. Although the tubg
ere judged to have an averse effect on efficiency,the plant seldom had a forced outage due to tube
sed by fly ash erosion damage.

Financial Analysis

This subsection describes the basis of determining the financial impact of the problem scenario in

pdditional fuel consumption and reduced capacity. It also considers the cost of repair, replacement,
change to determine ROI, if applicable.

he 1.0% calculated decreas¢ int boiler efficiency was estimated to approximately equal a
kWh increase in heat rate.\This was estimated to be a cost of $500,000 per year. The installed cost q

[EMPERATURE CALIBRATIONS

roblem

erformanee tests were run on a reheat turbine with test grade instrumentation RTDs (resistance

temperatpire detectors). When the data were analyzed, the throttle and reheat temperatures did not change
during tHe test. The field check of data showed reasonable temperatures.

3-3.2 Analysis

The three temperatures in question were calibrated RTDs. Three RTDs, A, B, and C, had about 18
samples collected at five different temperatures between 850°F to 1,050°F (see Fig. 3-3.2-1).

cur

or
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Fig. 3-3.2-1 Three RTDs: Readings Collected at Five Temperatures
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Fit data with third order polynomial. Note that the standard.error of estimate values (SEEs)
are[very low
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The fit looks'good (Fig. 3-3.2-2). But look at a histogram of A of residuals (Fig. 3-3.2-3).
Note that\distribution of errors is not balanced around the mean (Fig. 3-3.2-4).
These\RTDs were calibrated at 0%, 50%, 100%, 75%, and 25% of calibration span. This prodiyces
a by

ptter ealibration for high accuracy, but the fit does not bisect the hysteresis loop because heating an

coTing points are not balanced in number (50 vs. 75 and 25) and because they are not replicated (50 up and
‘[he 30 r‘n\xzn)

What would happen with an open circuit or 0 Q? Figure 3-3.2-5 describes the situation.

Note that with B that zero ohms would indicate 1,000°F if the RTD was not plugged in. Note that
RTDs calibration data are very linear.
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Fig. 3-3.2-2 Fit of RTD Data
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Fig. 3-3.2-4 Distribution of Errors for the Three RTDs
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Fig. 3-3.2-5 Fits of RTDs A, B, and C in Open Circuit

1,200

Fits of A, B, C

1,000

210]0)

600

Temperatuile, °F

400

200
0

Doo DATA] ]
S
— B N
——=C
1 L
200 300 400
Ohms, )

Fig. 3-3.2-6 Fits of RTDs A, B, and C Using the Calendar-Van Dusen

Eq. (3-3.2) for Calibration
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What if-thé Calendar—Van Dusen Equation was used to fit the calibration data? Refer to eq. (3

3.2).
(R 28R, R,y)
=0 50 1 4005 7 1 75 1 o j
= —-(6+100)—{—- — . L S+ = —J-(I{mo—Ro)+RO—Rt -—+32J (3-3.2)
5 & \R,, R, 400 5 2 5

The fit looks good (Fig. 3-3.2-6).
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about the
polynomjal forms shown in eq. (3-3.3)

function

knowns fo the test RTD. So if a third order fit is used, there is one more “known” or the fit has another degr¢
of freedg
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Fig. 3-3.3-1 Fits With and Without Replicate Data
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The details are very complicated, but the critical point is the SPRT has only three “knowns” as a

1
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(a) Fit Without Replicate Data {b) Fit With Replicate Data

Calibration Method

An SPRT (standard platinum resistance thermometer) was used as a transfer standard. All we know
SPRT is 8*, Ry, and Ry¢g. These constants substituted into eq. (3-3.2) carcbe reduced to the simple

ohms(t)=a+b*t+c*t’ (3-3

of temperature. When a calibration is run, these calibration *knowns” transfer these temperature

m. It is believed that this additional degree of freederahas allowed the false conclusion that reduce
hnge of calibration actually improved the fit. Reduced range neither changes the magnitude of the
the SPRT, nor does it increase the accuracy ofithe SPRT. Most likely the model (fits) specific

n run variation. The fit can wiggle more topass through the data hysteresis. These questions need
y work to determine the best approach. Figr3-3.3-1 shows that with proper replicate data the

er fit would have been a “better” calibration because it would include the balanced high and low

5 deviations.

Conclusions

la) RTDs have hysteresis.

) Span adjustment and statistical grading of the quality of the fit without additional study can shov
rovement in a fit.

c) Using the calendar eq. (3-3.2) would have prevented the false readings when the device was
d.

d) RTDs were not plugged in during the test.

CAPACITY LOSS INVESTIGATION DUE TO FOULING OF FEEDWATER

FLOW NOZZ| E (NUCLFAR PL ANT)

3-4.1 General

Nuclear power plant maximum capability can be affected by several components and systems. A logic
tree may be constructed showing the effect on capacity of these various components and systems and their
performance parameters.
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