TEMPORAL REASONING IN
REAL-TIME EXPERT SYSTEMS

by
Karen L. Stephens

TR91-063 April 1991

This is an unaltered version of the author's
M.Sc. (CS) Thesis

Faculty of Computer Science

University of New Brunswick
' P.O. Box 4400
Fredericton, N.B. E3B 5A3

Phone: {506) 453-4566
Fax: (506) 453-3566




TEMPORAL REASONING IN REAL-TIME EXPERT SYSTEMS .

by

Karen L. Stephens

BSc(CS), University of New Brunswick, Canada, 1983

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
Master of Science in Computer Science

in the Faculty

of

Computer Science

This thesis is accepted.

bk

Dean of Graduate Studies and Research
THE UNIVERSITY OF NEW BRUNSWICK

April 1991

(©) K.Stephens, 1991,




ACKNOWLEDGEMENTS

I wish to express my gratitude to my thesis supervisor, Dr. B, Nickerson for his |
guidaricc and much needed encouragement during the course of the. conceptualization,
design and implemenl_;ation of this thesis. |

1 also acknowledge the help and support provided by John E. Smith of AECL Candu,
Maritime Nuclear. As well, I wish to acknowledge the staff at the Dalhousie Generating
Station, especially Bob Quondum who as my liaison at the plant helped to prbvide much
of the technical information required to successfully complete this thesis.

I WOﬁld like to express a special thanks to my friends and colleagues for the heIﬁ and
encouragement received. Finaily, I would like to thank my family for the willing

sacrifices they have made to see this thesis to its successful completion.




DEDICATION
To
my hlisband, Gary
and

my daughters, Megan and Amanda

it



ABSTRACT

 This thesis presents research and development of a temporal logic for use within real-
time expert systems. The temporal logic provides a framework to represent both past and
| present temporal information. A prototype expert system was built to demonstrate the
feasibility of these ideas in the domain of sootblowing within a coal-fired .power
- generating station. -

A real—tirxie expert system prototype has been developed to advise operators of
sootblowing strategies by monitoring the performance of the boiler and thé build-up of
slag. This prototype called the Sootblowing Advisory Expert (SAX) includes several -
| components. The first component is the Temporal Preprocessor which generates temporal
events and relatioqships from operator entered information and simulated process I/O.
The second component, Temporal History, maintains the history of temporal events and
relationships. The Query Processor provides the means to transparently query both the
history and current temporal history databases. The fourth oomp;onent of SAX
implements the domain specific dynamic and static expert knoWledgc in the form of facts
én_d rules. The last element of SAX is the User Interface which provides the operator |
with the means to enter _intera'ctivel)'/ plant operating information unavailable through.
process I/O. As well, the user interface'proyides' the sootblowing advice and statﬁs
information,

This sysfem was developed using the ART-IM Automated Reasoning Tool developed

by Inference Corporation and is functional on a PS2/Model 70.
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1 INTRODUCTION

1.1 Real-Time Systems

Real-time computing systems are being used in many industrial, military and space
applications. A real-time system 1$ one in which the correctness of the system depends
not only on the logical r¢sult but on the time at which the result was produced. The

design of upcoming real-time systems will include many of the following features

- [STANSES]:
‘1.  Distributed
2. Highly dynamic and adaptive
3. Exhibit intelligent bhehaviocur
4.

Failure to meet timing requirements will be
considered catastrophic :

It is sometimes useful to categorize real-time systems into hard and soft real-time.
This classiﬁcatioﬁ provides a means of distinguishing the basic characteristics of the real-
time system in question. As described abbve, a hard real-time systém which operates
correctly is one which depends both on the result and the time at which the result was
produced. Failure to meet requiremehts of a hard real-time system is potentially
disastrous. A soft real-time system operates under timing constraints for which failure
to meet the constraints is not dangerous. In fact, it may be useful to complete the current

task even though its time has been exceeded [LAFF&8].

1.2 Real-Time Expert Systems

An expert system is a computer program that emulates the behaviour of a human
expert in a specific domain of knowledge. Knowledge in any speciality can be classified
as public or private. Public knowledge includes published definitions, facts, procedural

rules and theories. Human experts generally possess private knowledge which has not

1




found its way into the published literature. This knowledge generaily consists of rules
of thumb which have come to be known as heuristics. The main characteristics of expert
systems are identified as follows:

1. Extensive specific knowledge from the

domain of interest
2. Application of search techniques
3. Support for heuristic analysis
4, Symbolic Processing
5. Explanation of its own reasoning

Expert system technology requires the separation of the knowledge from the
mechanism which processes the knowledge. The knowledge base contains all the
knowledge which is required for decision making. The inference engine is an algorithm
~which drives the thinking process and organizes the order in whicﬁ knowledge 1s
considered to solve any problem. Generally associated with these two components is a
‘user interface mechanism which allows a user to communicate with the expert system.

To address the complex problems which are currently being encountered in real-time
system deﬂrelopment, expert system techniqties are being explored asa means of providing
more soﬁhisticated strategies. One of the characteristics of complex real-time systems is -
the vast amount of data that must be assimilated before decisions can be made. These
decisions must be reached within the timing constraints of the application. This places
a large cognitive load on the individuals involved. Cognitive overloading has been
targeted as one of the major reasons for the use of expert systems in real-time

. applications. |

A real-time expert system needs to respond to a changing task environment involving
an asynchronous flow of events and dynamically changing requirements with limitatioris
on time, hardware and other resources. There are niany problems which reduire

consideration when designing a real-time expert system [LAFF88):




10.

[SHOHS8].

Nonmonoticity - ability to handle program data

. changes during program execution as new events

occur.
Continuous Operation - systems must operate until
stopped by an coperator or a catastrophic event
occurs. :

Asynchronous events - ability to prioritize events
and process asynchronous events.

Interface to an External Environment - ability to
interface to sensors.

Uncertain or Missing Data - <capability of

processing data when information is incomplete as

well as when the validity of the data has
diminished.

High Performance (Speed) - ability to respond to
rapidly changing data. - .

Temporal Reasoning - ability to reason about past,
present and future events as well as their
sequence.

Focus of Attention - ability to focus the system on
the data of greatest importance.

Guaranteed Response Time - respond to events by the
time the response is needed.

Integration with Procedural Components = typically
interface to procedural software to perform some of
the functions of the real-time system to which
knowledge based approaches are not suited.

Temporal Reasoning
The passage of time leads to changes. Representation of temporal information and
reasoning about such information, requires a method which will capture the concept of

change over time and can express the truth or falsity of statements at different times




Reasoning about time can be found in many areas of artificial intelligence. Prediction
of the future, explanations of why current situations exist, planning of events to meet a
specific goal and learning rules based on a time sequence of events are some of the areas

in which reasoning about time is prevalent.

1.3.1 Change-Based Approaches to Temporal Reasoning

There are two main methods for expressing change over time. They'are the change-

based and time-based approaches.

Situational calculus, introduced by McCarthy and Hayes in 1969, maintains a set of
states where each state is achieved when an event occurs that causes the current state to
be modified. The example of removing slag from the boiler walls illustrates the state
concept. Slag on the waer west waterwall is state A Sc;otblowers X,Y and Z are
opei'ated which .is an event which Will modify the current state. State B, No slag on the
lower west waterwall, is then entered. |

Pratt introduced dynamic logic which is a representation for reasoning about events
based on modal logic. The basic idea of dynamic logic is to represent programs as modal
operators which ‘when applied to a program state will change it to .a new program state.
These programs are change i.ndicatoi.'s.' Modal logic can represent past, present and futui'e_

states and requires a large number of changes when an event occurs.

1.3.2 Limitations of Change-Based Approaches in Temporal Reasoning

.Situational calculus as well as other change-based approaches suffer from the
limitation of expressing time only in the sequencing of change indicators (ie. moving from
state to state). Limitations also ex_isf in the abi}ity to express many properties of actions

or events. All actions are instantaneous and have no duration. All effects of an action



are immediate and eliminate the expression of delayed effects or natural death which is
an effect which automatically stops without the requirement of further action. Concurrent
actions cannot be repre.sented.l As well, the ability to express continuous processes is not
possible since time is discrete and is specified as timé points.

Other problems which occur are more general in that irrespective of the formalism
used to expfess time these problems exist and must be addressed. The first of these
problems is qualiﬁcation which involves predicting the future without taking into account
~ everything m tﬁe past. The second issue which arises is called ramification and deals
with actions which are complex and whose effects are difficult to define completely.
Lastly, the frame pfobiem occurs as a.result of trying to express all the things which did

not change as a result of an action.

~ 1.3.3  Time-Based Appmaghes to Temporal Reasoning

In time-based approaches the passage of time is the only element of change. One
can make an assertion which can be either true or false at a point in tirﬁe. To develop
a temporal logic which formalizes the passage of time we must first define the
characteristics of time and then the formalism in which the temporal information will be
éxprcssed. For instance,_assertibns can be interpreted af a point or over an interval. The
structure of time can be, for example, linear or circular. Some of the current formalisms
used to express temporal information are classical first order logic [MCDES2] [MCDES80]
' [ALLES4], reified sentences [SHOHS88] and modal temporal logics.
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Allen

Allen relatés his temporal logic to the meaning of English sentences that describe
actions and events. This can be. used for action reasoning (problem solving) [ALLES4].
Hé views the world as a set of temporally qualified assertions. These assertions outline
what is known about thé past, present and future. The temporal logic is formalized as
‘a first order predicate calculus. The most important predicate is HOLDS(p,t) which
expresses that a property p holds over the time interval t. Time is linear and assertions
are interpreted over time intervals, Information in the world is either static, expressed
as properties, or dynamic, expressed as occurrences allowing for change over ttme. The
basic primitives of the logié éxpress the relations which can occur between time intervals,
An example of this is DURING(t1,:2) which translates to the time interval t1 is fully
contained in t2. Based on these primitives, axioms have been defined expressing their
behaviour, |
| Occurrences afe objects in Allen's logic which can be divided into processes and
events. A process is an occurrence in which no result is anticipatcd and is expressed with
the OCCURRING(p,1) predicate. Anexampleis OCCURRING(slag_building up,I) which
- translates to slag is building up in the boiler over the interval 1. An event is an
-occurrence \%/hich has an outcome or proéluct expressed as OCCUR (e, I). An example
is OCCUR( falls( slag, ﬁateﬁvall, slope ), 1) which denotes that slag has fallen from the

waterwalls to the slopes over the interval 1.

McDermott
McDermott also presents a first order temporal logic in which the two key ideas are
the openness of the future and the continuity of time {MCDES82]. His research atbempté

to express causality, continuous change and planned actions. Time is infinite and



| noncircular. Assertions or states .as McDermott calls them are point based. The universe
is an infinite collection of states where a state is an instantaneous snapshot of the

_universe. Associated with each state is a time of occurrence, - Axioms are deﬁned which
relate the ordering of states one to the other and the properties which hold. States are
organized into chronicles where a chronicle is a totally ordered set of states, There are
many different chronicles giving rise to a vast number of possible futures.

Objects in M_cDermott's logic which operate on states and chronicles afe facté and
events; A fact is a set of states (states in which the fact is true) which can change in truth
value over time. Fact p is true in state s is denoted by (T s p). An event causes _51
charige in a fact and is a set of intervals over which the event happens. An interval is a
totally ordered convex set of states. Event e happens between szdtes S1 and _SZ is
expressed as (Occ SI 52 e). a

Causality 1s defined to mean that one event type fbllows another event type denoted
(Ecause p el €2 rf i). This is interpreted as el always follows e2 after a delay in the
interval i unless p becomes false before the deldy is up. Delay is measured from rf

_through el.

Continuous change is represented by fluents. The _fundamental event invplving
fluents is a Qtrans expressed as (virans v rl r2) meaning the event consisting of all
occasions wﬁer_z v cﬁangés from rl to r2. Planning deals with the world of actiohs
denoted by McDermott as {do agent act) which is an event consisting of an agent

performing an action.

Sh d
Shoham and Goyal developed a reified first order temporal logic which expresses

temporal propositions over time intervals. The basic temporal component is a point




[SHOH88]. An interval is defined by its end. points. An instance in time is an interval
with zero duration. Time is linear in nature. The basic form of a temporal proposition
is True( t1, ¢2, p ) which is the proposition p iS true over the interval bounded by tl and
t2. Shoham and Goyal present a syntax and semantics for their temporal propositions.
Propositions are divided into two types, event-like and fact-like propositions.
Distinction of propositions types is specified by How the truth of a proposition over an
interval is related to the truth over other intervals. Rules governing the truth of
. propositions are specified by sevéral characteristics. Downward-heredity is an example
characteristic which states whenever a proposition holds over an interval it holds over all

its sub-intervals.

- Trudel

Trudel's research resulted in the development of the first order temporal logic GCH
rfRUD89a] [TRUD&9b] [TRUD8&9c] [TRUDS0]. In. this logic the basic representation |
of time is a point. The underlying temporal poiht structure is continuous and thus was
chosen as the real domainl. |

The truth of an assertion must be _reasbriecl about at a point in time or over an
interval, A i)oint assertion is expressed via the true relation. An example of the true
relation is meé(t], on (slag, boiler warerwall)j which denotes that the relation sl&g on the
boiler waterwall is true at point t1.

The truth of an assertion over an intervél is directly related .to the truth of the
assertion over all the included sub-intervals. An interval based assertion is given by the |

Reimann Integral. An illustration of an interval based assertion is




integral( t1, 2, on{( slag, boiler waterwall ), x ) which means that the variable x is the

amount of time the relation, slag on the boiler waterwall is true between the points t1
and 2.
Trudel illustrates the usefulness and compieteness of GCH in the areas of

persistence, interval representation and within the qualitative and quantitative domains.

- Balasubramanyan

Datélbase management is also an area in which the representation of time has become
prevalent. Balasubramanyan presents a historical relational database managément system
which supports the representation of the temporal dimension for real world data
[BALAS9]. In the database model time is a linearly order set modeled after real numbers
for continuity. Objects in the historical database are represented as relations where
timestamps are attributes of the relation. The Historical Relational Data Model is
characterized by:

1.  State of a database object

2. Real world time modelling

3. State and event database objects
4, Interval stamping of tuples

5. Partitioned database '

6. ° Historical query language

The basic facilities offered by the HRDBMS are time modelling, historical relational

algebra and historical structured query language.

Kowalski
Kowalski has also performed research in the area of database updates and narrative
understanding [KOWLS835] [KOWL86]. He outlines an approach for reasoning about

events and time within a logic programming framework intended for maintaining and

o




updating databases. He formalizes time using event calculus which is expressed in Horn

clauses, a subset of classical logic augmented by negation by failure. Event calculus has

the following general characteristics:

l.

8.

Updates to the database simply add information
regarding the relationships. Updates are not
destructive. :

Derivation of starts and ends of relationships from
event descriptors imposes an extra level of
semantic¢ structure on database updates.

Past and future are treated symmetrically and thus
event descriptors can be assimilated in any order.

Events are ordered relative to each other, that is
El < E2 means that El1l occurred before E2.

Events, time periods and time instances can be
defined which ultimately lead to the ability to
express concurrent events. _

Events can have duration. Events occur after the
periods they end and before the periods they start

and are not fully contained within then.

The frame problem is addressed by ‘qualifying
relationships with time periods instead of global
situationg ( situational calculus ). :

In event calculus time periods are the entity over
which assertions are made.

The basic building blocks in the event calculus are time periods, relationships and

events. Associated with a time interval is its relationship. For example

R(X, Y, after( E1 ) ) means a relation R operates on attributes X and Y during the time

period after ( EI ). Time periods are started or ended by events. As an example,

after( E1 ) is a time period expfessed in terms of event E1. This method will be

discussed further in Chapter 2.

10
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1.4 Steam Temperature Control |

- The problem ddmain chosen for research in this thesis is Steam Temperature Control
in coal-fired generating units, and in particular, sootblowing which controls the buildup
of slag on the heat transfer surfaces of the boiler. Accurate regulation of steam
temperature in coal-fired generating units will improve the heat rate of the boiler due to
the high cycle efficiency possible with high steam temperatures. It will also prevent
failure of various parts of the boiler (eg. superheaters, reheaters or turbine), prevent
thermal expansion of the turbine and avoid erosion from excess moisture in the last stageé

of the turbine. _ | |
Maﬁtime Nuclear, a branch office of AECL CANDU, is currently developing a
prototype real-time expert system for Improved Steam Temperature Control in coal-fired
generating units [MARI90], The improved steam temperafﬁre control system will be
tested under simulated conditions, The simﬁlation itself will be provided by a process
model of a coal fired unit. With the cooperation of NB Power, Unit #2 at the Dalhousie
| Plaht will be used as the target coal-fired unit for the process model. Unit #2 is a
Combustion Engineering corner fired reheat unit of 215 Megawatts net, designed for both
 oil and pulverized coal firing. The bumers are of tilting tangential type arranged on four

levels. Each level is supphed by a separate pulverizer.

1.4.1 Sootblowing for Improved Steam Temperature Control

One of the key areas where an improvement in steam temperature control can be
* realized is the control of slagging on the heat transfer surfaces of the boiler. When coal
is burned it prodﬁces slag as a by-product. Due to the high temperatures generally
reached in most boilers this slag becomes quite sticky_. Slagging is the build-up of this

sticky material on the surfaces of the boiler. As a result of slagging, the efficient transfer

211




of heat to_the water side of the boiler is inhibited. The ultimate implication of this
phenomena is the control of steam temperature becomes very difficuit, |
Slag build-up in a boiler can be attributed to several factors found in typical coal
fired units: |
1. Burner Tilt
2. Coal Quality
3. Mills in Operation

4, Excess Air
5. Fuel Flow

1.4.2 Sootblowing Operation
Sootblowing is the method by which slagging is removed from the heat transfer

surfaces of the boiler. This is not an automatic control mechanism. Sootblowing ié
manually initiated by an operator when he/she has determined that slag has accumulated
and is affecting the efficient operation of the boiler. |
Sootblowing itself is the release of steam jets directed to specified areas of the boiler.
This will cause the slag in that area of the boilef o break and fall away. . Approximately
90 sootblowers are distributed throughout the waterwalls, superheat and reheat sections

of the boiler as indicated in Figure 1-1.

1.5  Scope of Thesis

This thesis deals mainly with the implementation of a temporal logic tb provide a
* means of performing temporal reasoning in real-time domains. Towards this end a
prototype real-time expert system called the Sootblowing Advisdry Expert (SAX), using
the developed temporal logic, was designed and implemented to monitor and control slag
buildup in a coal-fired poWer 'geherating station.

The material in this thesis is presented in the following manner. Chapter 2 presents

the background and theory of the temporal logic implemented in SAX. Chapter 3 then

12



discusses the implementation of this temporal logic. Maintenance, design aﬁd implemen¥
tation of temporal history is discussed in Chapter 4. The design and implementation of
SAX is presented in Chapter 5. Chapter 6 presents the testing procedures, the tests per-
formed, test results and provides an analysis of the performance of SAX. Chapter 7 c_dm—

pletes this thesis with.(.:oncluding remarks and discusses possible future work in this area.

Section 2 1 Section 4
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K25,27,29,3! K32,30,28,28 K
1€-33 1K34
1K17,19,21,13 K24,22,28,18
1K9,11,13,15 o |ik1sae02,00
1K1,3,5,7 1K8,6,4,2
Section 1 Sectign 3
Lowet Lowar
Furanca _Furanca
IR37---42 IA43-.-48
IR25---10 IR31---3%
[R13-=-18 RG24
TIKAH-3 BURNER . BURNER )

. IKAH-4
TEAH-1 - LEVELS LEVELS : IKbH-2
|IRY---6 1A7--e12
RE3 IRGE IRE7 IRGE
iRal . IRG63

' Figure 1-1 Distribution of Sootblowers in Boiler
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2 EVENT CALCULUS FOR REAL-TIME TEMPORAL REASONING

2.1 An Overview Of Event Calculus
Event calculus _was'developed by Kowalski and Sergot [KOWASS] [KOWASB6] for

the purpose of expressing database updates and narrative understanding. It is:

1. Based on the treatment of time

2. Based on the notion of an event

3. Formalized in HORN clauses which are a subset of
classical 1logic. This is supplemented with

negation as failure.

The basic elements of event calculus are time periods, events and relationships.
These elements are interrelated in that an event initiates and tei‘mihates one or more time
periods. Associated with a time period is a relationship. A time period is expressed as
a function of the event in which it is initiated or terminai:éd. For example,

An event e of operating sootblower x starts a
period of time for which x has availability y.

Refined as a HORN clause, this is represented as:

¥ has availability y for period after( e ) if e is
an event in which x is operated.

The time period after( e ) is initiated by event e and is expressed as
start( after( e ) ¢ ). The termination of a time period after{ ¢ ) is an event ¢' and is
denoted as end( after( e ) e' ). Associated with an event is a time of occurrence
represented by time( e January 12,1991 ). Figilre 2-1 is a pictorial _reprcsentation of the

time period after( e ).

14
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X availability Y
B o >
after{ E }

Time < !
Jan 12,1991

Figure 2-1 Time Period Representation

Each time period is symmetrically defined. For every after( e ) time period there is

a corresponding before( ¢' ) time period where ¢' is the event that terminates after( e)

-and e is the event that terminates before'( ¢' ). This is illustrated in Figure 2-2.

after( e )
e o >
before{ e' ) E
< —0 e
Time < : | ! >
: ' tl 2

Figure 2-2 Symmetrical Time Periods

The start and end -of time periods' is governed by the type -of event and the

relationships associated with the time period. A time period persists as long as an event

does not occur which terminates the relationship associated with the time period.

2.2  An Example of Event Calculus

In this section an example will be presented which will help illustrate the basic

- concepts of event calculus, in particular, events, relationships and the initiation and

termination of time periods.
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In this example the relationship FuelBurn will be manipulated. This relationship
expresses the type of fuel being burned at a coal-fired generating station. The following

rules govern the initiation and termination of time periods for the relationship FuelBurn.

1. Anevent e of a shutdown in a plant x terminates a time period where
fuel y was being burned in plant x and initiates a time penod where no
fuel is being burned in plant x.

FuelBum( x y before( ¢ ) ) if PlantShutDown{(xy e )
FuelBurn( x NONE after( e } ) if PlantShutDown(xy e )

2. An event ¢ of bringing a plant x online initiates a time period for
which y is the fuel being burned in plant x.

FuelBurn( x y after( e ) ) if PlantStartup (x y e )

3. Anevent ¢ of switching from fuel y to fuel z in plant x ends a period
. of time for which fuel y is burned in plant x and starts a period of time
* for which fuel z is burned in plant x. _

FuelBurn({ x y before( e ) ) if SwitchFuel (xyz e )
FuelBurn( x z after( e ) ) if SwirchFuel (x y z ¢ )

The following events occur and are shown as successive updates in Figures 2-3
L to 2-7.

1. El is an event in which Dalhousie¢ Unit #2 is brought online with
Minto Coal as the fuel. El occurred Nov 10, 1989,

Cod

PlantStartup( DalhousieUnit#2 MintoCoal EI )
time( E1 Novl0,1989 )

2. E2 is an event in which Dalhousie Unit #2 is shutdown and the
burning of Offshore Coal is terminated. E2 occurred May 10, 1990.

PlantShutDown( DalhousieUnit#2 OffshoreCoal E2 )
time( E2 Mayl0,1990 )

16




3. E3is an event in which the fuel in Dalhousie Unit #2 was switched
from Minto Coal to Offshore Coal. E3 occurred Jan 13, 1990,

SwitchFuel( DalhousieUnit#2  MintoCoal OﬁhoreC‘oal" E3 )
time( E3 Januaryl3,1990 )

4. E4 is an event in which the fuel in Dalhousie Unit #2 was switched
from Minto Coal to Offshore Coal. E4 occurred September 23, 1990.

SwitchFuel( DalhousieUnit#2 MintoCoal OffshoreCoal E4 )
time( E4 September23,1990 ) '

5. ES is an event in which Dalhousie Unit #2 is brought online with
Minto Coal as the fuel. ES occurred July 15, 1990

PlantStartup( DalhousieUnit#2 MinroC‘oal ES )
time( ES  Julyl5,1990 )

Minto Coal
Bl o - >

Time < >3
Nov 10,1989 ' : :

Figure 2-3 Update #1 Dalhousie Unit #2

After update #1, Figure 2-3, the fuel being burned at Dalhousie Unit #2 iS Minto
Coal. The time period after( E1 ) with its associated relationship,
FuelBurn( DalhousieUnit#2 MintoCoal after( E1 ) ), is initiated by event E1 and persists

indefinitely in time.

17



Minto Coal

El o >
Ooffshore Coal None
< e’ o>
EZ
Time <—| ! >
Nov 10, May 10,
1989 1950

Figure 2-4 Update #2 Dalhousie Unit #2

E2 terminates the time period after( E1 ) initiated in Update #1. Analysis of Update
#2 indicates that as of May 10, 1990 no fuel was being burned at Dalhousie Unit #2. A
new time period before( E2 ) has been initiated where the asléociated relationship is
FuelBurn( DalhousieUnit#2 OffShoreCoal before( E2 ) ). ‘From this it can be determined
that Minto Coal was not the fuel burned up to the occurrence of E2, rather an event must

have occurred between El and E2 which initiated the burning of Offshore Coal.

Minto Coal
Bl o——>
Ooffshore Coal None
< O >
Minto B2
Coal Offshore Coal .
< e’ >
E3
Time <—! ' | >
Nov 10, Jan 13, . May 10,
1989 1990 1990

Figure 2-5 Update #3 Dalhousie Unit #2

Update #3 verifies the assumption made in the analysis of Update #2 that an event
was not processed between E1 and E2. According to event E3, the fuel bumed was
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switched on Jan 13, 1990 from Minto Coal to Offshore Coal. This initiated a new time
period after( E3 ). Event E3 terminated the time period after( E1) and the time period
before( E2 ). Event E2 terminates the time period after( E3 ).

Minto Ceoal
El o—m—> .
OffShore Coal None

< O -
Minto E2
Coal Offshore Coal '
< O— >
E3 .
Minto Offshore
Coal Coal
< O -
' E4
<—1 —1 : i~ ) : >
Nov 10, Jan 13, May 10, Sept 23,
1989 1990 1990 1990

Figure 2-6 Update #4 Dalhousie Unit #2

Event E4 states that on Sept 23, 1990 there was a switch in fuel from Minto Coal

to Offshore Coal. At this point in time no event has been processed which initiates the

' burning of Minto Coal. From this update it is known that the time period after( E2) is

terminated some time before September 23, 1990, A new time period is initiated,
after( E4 ) with its associated relationship . _ ®
FuelBurn( DalhousieUnit#2 OffshoreCoal after ( E4 ) ).
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Minto Coal
El o———m——>
Offshore Coal HNone

< O >
Minto B2
Coal offshore Coal
< Q -
E3 :
Minto Offshore
Ceoal Coal
< O - >
E4
Minto
Coal

E5 00— —>

< | i — : i . ) >
Nov 10, Jan 13, May 10, July 15, Sept 23,
1589 1990 1990 1990 1990

Figure 2-7 Update #5 Dalhousie Unit #2
Fina]ly,. event ES is processed and is the event which initiates the time period
after ( ES ) and the reiationship FuelBum( DalhousieUnfi#Z MintoCoal after ( ES ) ).
As é result after( E2 ) is terminated along with its associated relationship. From
| previous updates it can be deduced that after( E5 ) is tenninatéd by event E4.

Given all the events processéd, the fuelburn relationship is summarized in

Figure 2-8.
Minto O0ffshore HNo Minto Offsheore
Coal Coal ruel Ccal Coal
o e’ O O © _ >
E1 E3 E2 E5 E4
<! | —i | : >
Nov 10, Jan 13, May 10, July 1S, Sept 23,
1989 1990 1990 1990 1990

Figure 2-8 FuelBurn Relationship Summary Dathousie Unit #2
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This exdmple iltustrates some of the basic characteristics of event calculus, All
updates are additive, as seen by the results of the successive updates. Information is
never deleted. The only information that changes are the time periods' initiated and
terminated. |

Past and future are treated Syinmetricaﬂy and thus events can be processed in any
order. This is illustrated by update #3 where event E3 is processed after event E2 but
which occurs in time, prior to E2. As disc_ussed later in this chapter Symmetrical
treatment of time is handled with .the use of the time per_iods after( e ) and before( e ).
Events are ordered relative to each other. In event calculus it is not always necessary to
associate explicit times with events, although in the FuelBurn example explicit times were
used. |

It is possible for actions and thus events to have duration. Time periqu do not
have to contain wholly the events which start or end them. For example, an event can be
large enough that it can be divided into subevents with each subevent having associated
time periods and relatibnships.

In order to justify the conclusions illustrated in Figufe 2-8 it is necessary to prove that

. the following is true about the time periods in the example:

after{ E1 ) = before( E3 )
after( E3 ) = before( E2 )
after{ E2 ) = before( E5 )
after( E5 ) =

before( E4 )

The following rules are used to prove the equality of time periods for the fuelburn -

relationshib.‘

1. The fuel burned during the time period tl1 is
egqual to the fuel burned during the time period tz.

2. Chronologically, time period t1 starts before
time period t2 ends.

21
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3. No event occurs which changes the fuel being
burned after the start of the first time period tl
and before the end of the second time period t2.

In order to conclude:

end( after( E1 ) E3 )
and start( before( E3 ) El1 )
and end( after( E3 ) E2 )
and start( before( E2 ) E3 )
and end( after( E2 ) E5 )
and start( before( E5 ) E2 )
and end( after( E5 ) E4 )

" and start( before( E4 ) E5 )

The following rules are presented by Kowalski:

end( after( e ) e' )
if after( e ) = before( e' )

and( bef6re('e' )y e) _
if after( e ) = before{ e' )

In event calculus the concept of disjoint periods is required and is defined as follows:

pl << p2

if end( pl e }

and start( p2 e' )

and e < e?

p=[after( e ), before( e' }]

Also required is the axiom which states that two periods associated with the same
relationship are either identical or they are disjoint. Relative to the example presented,
~ this means that two fuels cannot be burned at the same time in the same plant. Given this

axiom, Kowalski presents the following rule based on the FuelBurn example:

after({ e ) = before( a' )

if FuelBurn( x y after{ e ) )

and FuelBurn( x y before( e' ) )
and- e < ¢!

and not after( e ) << before( e' )

As discussed by Kowalski, the definition of start and end is in.cdmplete; thus it
sometimes becomes difficult to prove that two time periods are disjoint. The

incompleteness issue does not arise here due to the fact that events occur chronologically.

22
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~ A redefinition of disjoint results in the following rule:

after( e ) = before( e' )

if FuelBurn( x y after( e ) )

and FuelBurn( x y before( e' ) )}

and e < e!

and not [ FuelBurn( x y') after( e' ) and e < e
and e’ < e' ]

and not [ FuelBurn( X y') before( e* ) and e < &*
and e* < e!' ]

Again, referring to the FuelBurn example, if it is necessary to determine the type of fuel
being burned ata particular instant of time, Kowalski has given the following rule:
FuelBurnAt( x y t )
if FuelBurn{ x vy p )
and t in p.
t in p
1f start( p el ) and end( p e2 )
and time( el t1 ) and tlme( e2 t2 )
and t1 < £t and t < t2
P = [ after( e ), before( e )]
2.3  Simpiifications Of Event Calculus
Kowalski presents a simplification of his event calculus based on a special case scenario
found in some problem domains. This scenario is characterized as follows:

1. Events occur and are processed in chronological
order.

2. The database must contain a complete record of all
relevant past events. This is needed to guarantee all
events have been processed to obtain the current state.

3. All information about an event is complete.

4. An event can only start and end one'relationship.

When the problem domain of sootblowing advice in a coal-fired generating station
was examined, the above characteristics were identified. Due to the nature in which

process /O is obtained, chronological ordering of the data is guaranteed. The tempbral
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history mechanism implemented in the SAX system provides the complete record of al_I'

events. For this thesis, the event information was complete and a one to one relationship

between an event and a temporal relationship was maintained.  For these reasons the
simplified event calculus proposed by Kowalski was adopted for this thesis. |

Since all events which occurr are processed in order it is guaranteed that a relation-
ship will be derived first as FuelBurn( x y afier{ e ) ) before it is redundantly derived as
FuelBurn{ x y before( e’ ) ). This removes the need for the pfocesSing of before( e')
time periods. The resultant temporal predicates are FuelBurn( x y after( e } ),
staﬁ( after( e ) e ), and end{ after(e ) e’ )

in the simpﬁﬁed case, it is also appropriate to say thét a relationship holds at time
tif it is started and t has not ended. '

| t in P
if start{ after( e ) e )
and time{ e t')
and t' < t
and not end{ after( e ) e' )
2.4  Event Calculus - The General Case -

In the general case it is convenient to associate relationships directly with time
ﬁeriods denoted as gfter{ ¢ u ), where e is the event initiating the time period and u
represents thé relationship associated with the time period. A general predicate which
expresses that the relationship associated with the ﬁme period p holds for the time period
D 1S holds( p ). As an example _

holds( after( el FuelBurn( DalhousieUnit#2 MintoCoal ) ) )

represents the time period after ( el ) in which the specified relationship FuelBurn holds.

To prove that the holds predicate is true the following rule is used:

holds( after{ e u ) )
if initiates( e u )
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The initiates predicate is proven based on rules specific to the relationship u. The

ending of a relationship in the general case can be expressed in the following way:

end( after( e u ) e' )

if holds( after{ e u ) )

and holds( after{ e' u'j) )

and e < e!

and not ( after{ e u" ) e < &* < @' )

Since all events occur in order and all events are reported this rule can be simplified to
end( after{ e u ) e' )
if holds( after( e u ) )
and initiates( after( e' u' ) )
Figure 2-9 illustrates the successive updates from the previous FuelBurn example as

they would now be processed given the simplifications made to the event calculus. In this

figure, events are processed in chronological order.

Minto Coal
El o—>

offShore
B3 o0—rnnnu- >

None
E2 owrm—————»

Minto
E5 o—«—>

OffShore
B4 o0—7 —>
I ! ! L | -

! y ! i | .
Time Nov. 10, Jan 13, May 10, July 15, Sept 23,
1989 1990 1990 1990 1990

¥

Figure 2-9 FuelBurn Updates Using the Simplified Event Calculus
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3 IMPLEMENTATION OF THE TEMPORAL LOGIC - EVENT CALCULUS .'

In this chapter the implementation of the temporal logic event calculus will be

discussed. Two approaches were explored. Each approach will be presented and a

summary of the advantages and disadvantages given. The temporal logic was
implemented as a preprocessor to SAX since all input data must first be processed

temporally before it can be utilized by the SAX knowledge base.

3.1 Temporal Data

Before the temporal preprocessor can be implemented there first must be an under-

~ standing of the data about which it will have to reason. As seen in chapter 2, time

periods are initiated and terminated. These time periods have an associated relationship.
A relationship represents the state of a temporal object over the time period in which it

was initiated. In the SAX problem domain there are two types of data. The first type

of data is real-time process I/O which consists of analog values that are scanned every

five seconds. This data must be captured by the temporal preprocessor and assimilated

before the next 1/0 scan begins. If the temporal preprocessor is slow, data may be lost,

resulting in a possible loss of vital information. As discussed in Chapter 1, SAX is
classed as a soft real-time system and thus a response time of more than five seconds is
not conside.red' detrimental to the correct operation of the system. The second type of
data is operator generated data. This data is entered by the operator through the SA_X

user interface.

26

T



On initial examination of the problem domain the following list of process I/O data

was compiled:

1. Reheat Steam Temperature

2. Main Steam Temperature

3. Gas Exit Temperature

4. Main Steam Pressure

5.  Excess 02

6. Steam Flow

7. Burner Tilt

8. Reheat Steam Attemporating Spray
9.  Main Steam Attemporating Spray
10. Heat Absorption - Waterwalls
11. Heat Absorption - Reheater

12. Heat Absorption - Secondary
"13. Heat Absorption - Primary

14. Heat Absorption - Economizer

. The list of operator generated data was determined to be:

1.  Boiler Observations
2. Mills In Operation
3. Current Fuel Type

4.  Sootblowers Operated
The following two sections discuss each of the data types and how they are reasoned

about in the temporal preprocessor.

32  Process VO Data

For the purpose of the temporal preprocessor it was necessary to determine what

)

relationships must be monitored for the process I/O variables. In general an analog
variable value can increase, decrease or remain steady each time it is sampled, relative
to the previous sample. A variable can be further classified based on the position of the
value in the range of the variable; that is high, normal or low. High indicates that the
vaiue is high relative to the sétpoint. Normal specifies the value is within an acceptable

range of the setpoint. Low represents the value is below an acceptable distance from the
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setpoint. For each variable it is necessary to determine the limits of the normal range,
thus delimiting the range of the high and low regions of the variable. Combining the
variable characteristics the following relationships were derived:

Increasing High
Steady High
Decreasing High
Increasing Normal
Steady Normal
Decreasing Normal
Increasing Low
Steady Low

- Decreasing Low

R RN T W TS

Figures 3-2, 3-3 and 3-4 pictorially represent the low, normal, and high temporal
relationships respectively for the process 1/O variables. '
The variables were divided into three types as follows: |

1. Setpoint variables
2. Process variables
3. Control device variables

A setpoint variable must be maintained at a given value called its setpoint which is

accomplished using a control device. The correction made by the control device to the |

variable to maintain it at sefpoint is determined by the error. The error is calculated as
{ setpoint - actual value ). Figure 3-1 pictorial rebresents the setpoint variabie logic.
A setpoint variable can be reasoned about based on the error. The maghitude, sign and
slope of the error indicates the size of the error, whether it is above or below the setpoint
and the direction of the change. |

Since each variable speciﬁed has a possibility of representing different units and
different \-ralue ranges, a common method of internal representation was reqﬁired . This

was accomplished by normalizing variable data as a percentage of its engineering Tange.
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A-normalized variable is calculated as follows:

normalized value = _ variable value
(high range-low range)

Setpoint Error Control
s - >{ ~ Device
Actual
Process <

Figure 3-1 Setpoint Variable Control

Process variable values can vary over their full engineeﬁng range. There is no
control mechanism available to maintain these variables at a setpoint value. From
information acquired during the lmowlédge acquisition phase, these variables have
values at which they should be maintained to achieve eflﬁ‘cient boiler operation. These
values are based on load éonditions. Fof this thesis, a decision was made to limit the
scope of the knowledge base by handling only the full load plant state. In so doing, it
waS possible to identify the acceptable values for these process variables. These
values were established by the plant operating staff and are the optimum value at -
which the variable shouiti be maintained to achieve efficient boiler operation during
full load plant conditions. For this thesis these established operating values will be |
referred to as the internal setpoints. Since process variables now have defined

setpoints they can be processed in the same Ifashion as setpoint Qariables.

| For control device variables a true setpoint value cannot be established. It is still
possible, however, to set a value about which temporal reasoning can occur. This

value will be called the control device setpoint.
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VARIABLE \
: ERROR
VARIABLE  "'EM
VALUE .
HORMAL [} TIME
SET PCENT
(4175
TIME
INCREASING LOW - ERADR +VE"
SLOBE -VE
VARIABLE
ERRGR
vaRiABLE  "'°H
YALUE HORMAL M TIME
S5ET FOQINT
LOW
Tiug
STEADY LOW - EARORA +VE
SLOPE NEAR ZERD .
VARIABLE
ERRGR
WARIABLE o™
VALUE NORMAL i TIME
SET POINT
LOW
~—
TIME

DECREASING LOW - ERROR +VE
) SLOPE +VE

Figure 3-2 Low Va.rié.ble Temporal Relationships

By fitting the control device variables into the setpoint variable model it 1s possible to
use the same mechanism for temporal reasoning established previously for setpoint
variables. | | |

For Burner Tilt, which is a control mechanism for steam températ‘ure control, the
desired information is the position of the tilt relative to the horizontal position. There

is no established normal range for burner tilt operation. Since burner tilt is reported
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VARIABLE
. ERROR
WARIABLE HIGH ;
VALUE /
KDRMAL 1 TIME
/ BET BOQINT
Low
TIME
INCREASING HORMAL - ERAOR - +VE QR -VE
SLOPE - -VE
VARIABLE
ERROR
VARIABLE HIBH
YALUE [T )
NORMAL q TIME
—  FET POIAT —_—
Low
TINE
STEADY NORMAL - ERROR - +¥E OR -VE
. SLDPE -~ CLOSE TO ZEROD
VARIABLE
ERRQOR
YARIABLE HIGH '
VALUE \ _ /
KORMAL 4 TIME
N SET RPOINT . /
LOW
TIME

DECREASING NORMAL - ERROR - +¥E OR -VE
SLORE - +VE

Figure 3-3 Normal Variable Temporal Relationships

o

as a percentage of its signal range, by setting the normal range value to 0 and the

setpoint at 50, where 50 is the horizontal position the following variable relationships
are valid:

1. increasing high

2. decreasing high

3. steady high

4. steady normal (horizontal)
5. increasing low

6. steady low

7. decreasing low
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Low
TIME
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TIME
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SET POINT .
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--""/’
COTIME
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Figure 3-4 High Variable Temporal Relationships

W

Reheat and main steam attemporating sprays are also used to control steam

temperatures. Optimally, they should not be used as they reduce the efficiency of the

boiler. By setting the normal range of operation to 0 and the setpoint to 0, where the
sprays are measured in 1bs/hr, we establish the following temporal relationships:

1. increase high

2. decrease high

3. steady high _
4, steady normal (no sprays)
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‘Table 3-1 has the established variable data which will be used by the temporal

processor to establish temporal relationships for the vanables specified.

Variable Units Type ‘Setpoint Low High Normal
: at full Engineering | Engineering Range
load Range Range '

P R R N — e —— -1
Main Steam Fahrenheit | Setpoint 1000° 0 1600 +10
Temperature : _

Reheat Steam Fahrenheit” | Setpoint 1000° 0 1600 +10
Temperature '

Gas Exit Fahrenheit | Process 660° 0 1600 +10
Temperature : ‘ :

Main Steam PSIG Setpoint 1800 0 12000 +10
Pressure

"Excess 0, % Process 2.3 ¢ 10 +0.2
Steam Flow Ib/hr Process 140 0 150 +0.5

(x 10,000) '

Bumer Tit | % Control 50° 0 100 0
Main Steam - | Ib/hr Control 0 0 30 0
Attemp. Spray | (x 1000)

Reheat Steam | Ib/hr - Control 0 0 0 o
Attemp. Spray | (x 1000)

Table 3-1 Process I/Q Variable Data

33  Operator Generated Daa

There are static temporal objects which must be reasoned about in the temporal -
preprocessor. For these objects temporal relationships must be developed. Along - | _
with this the rules to initiate and terminate the relationship must be established. The

temporal objects types are categorized in the following way:

1.. Socotblowers
2. Boiler Observatlons
3. Fuels

4. Mllls
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Each of the abové temporal object types contain multiple temporal objects. For
instance in the sootblowers there are app.roximately ninety individual sootblowers.
The boiler observations are broken down into boiler sections such as the waterwall.
There are approximately one hundred boiler sections identified. There are four.

possible fuels types identified and four mills that can be operated at the plant.

3.3.1 Sootblower Temporal Relationships

Two temporal relationships have been identified for sootblowers. They are
Available for operation by the operator and Unavailable for operation by the operator.
These relationships are based on the cﬁteﬁa that a recently operated sdotblower should
not be operéted again for a period of eight hours. Frequent operation of the same
éootblowérs causes corrosion damage to occur around pipes, fittings, etc. Also, if a
sootblower has been operated in the last eight hours it WOuld be more effeétivé to

- operate alternate sootblowers when removing detected slag.

3.3.2 Boiler Temporal Observations
Boiler observations are used to assess the slagging conditions in the boiler.- The |

buildup of slag in the boiler is classified according to the type and amount of buildup.

The type of buildup can be either dust or slag. The amount of buildup is measured m

inches and can be classified as follows;

1. o

2. o#=-1,5"

3. 1-5""'3-5"

4. 3.5" and up

no buildup

low buildup
medium buildup
high buildup
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Corﬁbining the characteristics of type and amount the following temporal relationships'

were identified:

1. Dust none
2. Dust low

3. Dust medium
4. Dust high
5. Slag none
6. Slag low

7. Slag medium
8.

Slag high

3.3.3 Fuels and Mills Temporal Relationships

Fuels are simple temporal objécts which are either Selected or Deselected. A
fuel which is selected is the fuel currentiy being utilized at the plant. Only one fuel
can be selected at a time. ' )

Mills are also simple temporal objécts which are either Selected or Deselected. A
mill which is selected is currently operational whefeas a mill which is deselectéd is not

operating in the plant.

3.4. Overview of the Temporal Preprocessor |
The terhporal preprocessor can be .logicaliy divided irito the following com’po-.
nents: o - '
Event Initiator | _
Significant Event Processor

. Temporal Relation Initiator
‘Temporal Relation Terminator

LRV IS I

Figure 3-5 pictorially represents how these components are organized to form a
temporal preprocessor. Execution of the temporal preprocessor fes_ults ina tf:mporél
database upon which the SAX knowledge base can make decisions about sootblowing

strategies.

35

T



|Event Significant
Initiator Event
| Processor
. 1
A . A i
<—>» Inference
N < Engine
Temporal
Database
EE— ' < Working
/ <—>1 Memory
Temporal Temporal
Relaticn Relation
Initiator Terminator

Figure 3-5 Temporal Processor

The event initiator obtains raw event data about a temporal object and creates an

event descriptor. The event descriptor contains information about the event such as

the temporal object, the time of occurrence of the event and other event specific data.

The significant event processor is a set of rules which determines if an event is
sighiﬁcant. An event is significant if it results in a change in the current relationship
of a temporal object. An event which is not significant is deleted from the temporal
database as it serves 1o useful purpose. |

The temporal relation initiator starts a temporal relationship for a temporal object
based on a signiﬁcant evenf. The temporal relation terminator ends a temporal
relatioxiship and is .invoked when there are two temporal relationships in existence for
one temporal object. When a new relationship is generated for a temporal object, the

old relationship automatically becomes obsolete and must be terminated. Termination

of a temporal relationship automatically activates the temporal history processor which

will be discussed in the next chapter,
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3.5 Prolog Temporal Preprocessor

The SAX system was an idea conceived as a result of the Improved Steam
Temperature Control Real-Time Expert System being developed at Maritime Nuélear.
Ih_ this syStem the Turbo C procedural language was used in conjunction with the daté
driven Turbo Prolog language td provide a combination approach to the expert system
solution. Since these software tools were already in place, Turbo Prolog was chosen
as the first software tool in whicﬁ to implement the temporal preproccssOr.. By
choosing this language the steam temperature control simulator already developed as
part of the Steam Temperature Control Real-Time Expert System was made available
for testing of the temporal preprocessor.

To test the feasibility of using Turbo Prolog to implement the temporal

preprocessor a subset of the problem was chosen. This included the processing of two

variable temporal objects, reheat steam temperature and main steam temperature,

which was a small subset of the actual number of temporal objects required.

3.5.1 Data Acquisition
‘Variable data is generated periodically by the Steam Temperature Control
Simulator. The availability of this _ddt_a is signalled to the temporal preprocessor via a
call to a Turbo Prolog predicate pass_temporal_vars. This predicate then calls Turbo
C based routines to obtain the variable data. For example ¢_ger reheat_vars ﬁvas
called from pass_temporal_vars to obtain the reheat steam 'témp'erature data.
" For the above operation to successfully take place a complicated set of procedures
for Turbo Prolog to Turbo C language interfacing were followed {PROLSS]; An
example of one of these rules involves the complications which occur when the two

languages are linked to form an executable program. Normally when a Turbo C |
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program is compiled all unresolved references are preceded by an underscore "_".
During the linking phase of the Turbo C compiler these references are resolved.

When linking a Turbo Proiog program, however, these underscores have no meaning
and the references remain unresolved._ For this reason a Turbo C compiler opfion is
used to inhibit the generation of underscores during compilation. A second stumbling
block occurred when parameters were passed between the two languages. To
‘minimize these problems simple data types were used when passing parameters

between Turbo Prolog and Turbo C.

3.5.2 Data Structures

The implementation of the temporal preprocessor began. by designing the data
representation for event calculus. A Turbo Prolog database was defined to maintain
the temporal database. _The.temporal predicates were defined as follows:

holds( relation_desc )
start( time_period )
end( time_period )
event_in{ event_list }
The holds predicate is asserted into the database when a relationship is initiated. _
The relationship is identified by the relation_desc. The start predicate is asserted to
associate a time period with the relationship. The end predicate is asserted when a

temporal relationship is terminated. The event_in predicate maintains the list of valid

event descriptors. To support these predicates the following compound data structures

were defined:
time_period = gfter( relation_desc ) | |
relation_desc = relation_desc( relation_type,
: object,
event_key )
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event_list = event_desc*

event_desc( eventkey,
object,
act,
event_date_list,
init_relation,
term_relation )

event_desc

3.5.3 Event Initiator

Once the temporal data is acquired by the temporal preprocessor it is stored in a
temporary raw dafa format. The create_event prédicate is called and matches the data
from the raw temporal data_base, retracts the data a_nd via the create_event_desc
Ipredicate generates an event descriptor. - An event key is generated for the event
descriptor which together with the event time uniquely identifies the event. The event
is then added to the event list, evem’jn found in the temporal database. This list

maintains all the events currently active in the temporal database.

3.5.4 Significant Event Processor and Temporal Relation Initiator

The significant event processor is initiated by a céll to process_temporal_events
which processes new events from the event_in list found in the temboral database.
For each temporal objecf type the possible felationships that can be started have béen
previously identified. A relationship predicate is asserted for each possibie
~ relationship of the temporal object. For example, the temporal relationships for the
reheat steam temperature temporal object which can be initiated are increa'se_high,
increase_steady, decrease low etc (see chapter 2). The significant event processor

matches an initiation rule against each relationship predicate'which has been asserted.
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If the temporal initiation rule for the temporal object and its associated relationship is |

successful then a holds( relation_desc ) is asserted into the tempbra} database. A start

‘predicate start( after( relation_desc ) ) is also asserted into the temporal database.

'3.5.5 Temporal Relation Terminator |

The tempoi'al relation. terminator asserts an end( gfter( relation_desc } ) into the
‘temporal database when a relationship is termiﬁated. This is invoked when a new
relationship is initiated since the initiation of a new .relationship automatically means
the termination of the old relationship for that temporal object. A-comparison of the

event times for the temporal relationships determines which relationship is terminated.

3.5.6 Results

From this _imp.lementation of the temporal preprocéésor in Turbo Prolog, simple
tests were performed to initiété and terminate relationships. These tests and results
were limited as a result of complications which occurred during testing (see the next |

section for details).

3.5.7 Advantages and Disadvantages of the Prolog Implementation
The advantages of the Turbo Prolog implementation of the temporal preprocessor
are as follows: |
1. Kowalski presenté his evenﬁ calculus in a
predicate calculus form and gives implementation

details for the Turbo Prolog language.

2. There is a simulator in Turbo C available to
properly test the temporal preprocessor.
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3.6

The disadvantages of the Turbo Prolog implementation are as follows:

i. The Turbo € - Turbe Prolog language 1nterface is
cumbersome and very prone to error.

2. Because of the inter-language linkage there are no
debugging facilities, thus making testing and
verification of the system impossible.

3. Turbo Prolog is a backward chaining inference
engine. The data driven nature of SAX lends itself
more to a forward chaining inference engine.

4, A physical memory limitation was reached when

linking the two languages even with the small subset
of the temporal preprocessor.

ART-IM Temporal Preprocessor

A second implementation of the temporal preprocessor was developed using the

DOS based expert system tool, the Automated Reasoning Tool by Inference

Corporation., Some of the features of ART-IM are:

1. A forward chaining inference engine

2. An Interactive development environment

3. Provides extension and integration with 'C!

4. A user interface toolkit _

5. It breaks the 640K barrier by accessing extended
memory '

6.  Allows deployment of ART-IM applications as an
executable progranm :

7. - Allows external data 1ntegratlon

Since ART-IM provided many features which were not available in Turbo Prolog

a complete implementation of the SAX temporal preprocessor was realized. In this

section, presentation of the developed temporal preprocessor will begin with Data

Acquisition, followed by Data Structures, Event Initiator, Signiﬁcan_t Event Processor,

Tempora] Relation Initiator and Terminator. |
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3.6.1 Data Acquisition
Data acquisition, as discussed previously, can be divided into two main

components, process 1/0 data and operator generated data.

Process IO

Process I/0O data acquisition in the SAX system was handled differently than in
the Turbo Prolog implementation of the temporal. PIeprocessor., Ih Turbo Prolog a
front end simulator written in Turbo C providéd data peribdically to the temporal |

preprocessor, For the prototype SAX system in ART-IM, process I/O data is

acquired from an external data file and read periodically. This process 1/O data is
asserted as a fact in the factbase for processing by the temporal preprocessor.

" Formulation of the external data file will be discussed in detail in Chapter 6.

Operator Data
Operator generated data is acquired via the SAX user interface which was.

developed using ART-IM'S user interface toolkit. This data was then asserted as a
fact in the factbase for processing by the temporal preprocessor. The implementation

~ details of the SAX user interface will be discussed in Chapter 5.

T

3.6.2 SAX Data Structures

Within the SAX temporal preprocessor the different temporal 'objects. were
~ defined as schemas. A schema is a collection of information about a particular object
stored in the database. It allows an object to be reasoned about as a whole or based

on individual characteristics of the object. Two features of schemas which SAX takes

extensive advantage of are (1) the ability to structure objects into related groups and
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(2) the ability to organize these schemas into hierarchies in which knowledge about an

object can be automatically deduced based on the class to which it belongs.

The following is a list of the groups of schemas which have been defined for the

temporal objects:
1. Mills
2.  Fuel
3. Socotblowers
4, Boiler Observations
S. Variables

An example of how.the'se are defined in a hierarchial scheme is illustrated in
Figulje 3-6. In this figure, all sootblowers are defined as plant sootblowers with
common attributes. This is then divided into groups from superheater sootblowers to
slope sootblowers. Each of these groups of sootblowers are subdivided accordingly.

" The waterWaIll sootblowers, as illustrated, are broken into fhree subgroups; lower,
middle and upper. At the lowest level the individual sodtblowers are defined, as
shown, for the middle waterwﬁll. In this hierarchial repreéentation it is possible to
reason about all sootblowers by using plant sootblower or the sootblowers defined
under middle waterwall or at the lowest level, sobtblower IR 13,

Inheritance of 'afnibutcs_automatically occurs as a res_uit of the hierarchical
schema structure. The plant sootblower schema is assigned a group of attributes.
"I_'hese attributes will be inherited by all objects in the hiérarchy. In other words if the
attribute (Sootblower, State Operate) is defined in the Plant Sootblower Schema, the
* schema IR_13 at the lowest level of the hierarchy would also have this attribute.
Attributes defined in the waterwall schema will be inherited by the lower, middle and
upper waterwall schema but not by the superheater schema. Figure 3-7 gives
examples of schema deﬁnitions_ for each level of the sootblower hierarchy after

inheritance has automatically propagafed the attributes.
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PLANT
SOOTBLOWER
I ] ] ]
SUPERHEATER| |WATERWALLS| . . . . |ECONOMIZER SLOPE
[ i I
LOWER MIDDLE | UPPER
WATERWALL WATERWALL WATERWALL
i
l |
SOOTBLOWER| + + . . . . SOOTBLOWER
IR 13 IR 36

Figure 3-6 Schema Hierarchy for Sootblowers

A frame based knowledge rejiresentation was chosen because the organization of
data to be incorporated into the systerr_i was object oﬁen@ in nature. ‘ Secondly, it
was necessary to be able to reason about all, part or individual components of the
hierarchy. The ability' to use default knowledge allowed for automatic updates and

consistency constraints in the knowledge base.

3.6.3 Event Initiator

The event initiator is divided into sections of rules where each section generates

an event for a particular type of temporal object. As discussed earlier, the type of

temporal objects included variables, mills, sootblowers, fuels and boiler observations.
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{ defschema plant_sootblower
' ( operation_time 5 )
{ activate 28800 )
( operation_status inactive )
( soot_action nil } )

{ defschema waterwall_sootblower
ig-a plant_; sootblower )
type IR }
area waterwalls )
operation_time 5 )
activate 28800 )
operation status inactive )

" soot_ action nil ) )

Py~ i, p— —

{ defschema middle waterwall sootblower
is & waterwall sootblower )
section above burners )

type IR ) '

area waterwalls )
operation_time 5 )

activate 28800 )
operation_status inactive )
soot_action nil ) ) h

A [y . i i

{ defschema IR _13

instance-of middle _waterwall sootblower }
orientation mww s bcor } -
location south b corner }
section above burners )
type IR )

area waterwalls )}
coperation_time 5 )

activate 28800 )

cperation status inactive )
gsoot_action nil ) )

Ny gy iy . .

Figure 3-7 Plant Sootblower Schema After Inheritance

For the purpose of event initiation the temporal object types were divided into

3

two kinds, those that required manipulation of the event data and those in which the
event data could be used directly to initiate an event. Tem;ioral‘ process variables fell
into the first category which required data manipulation; There were two ways in

which the data manipulation could be accomplished, as part of the event initiator or as
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a data processor external to SAX. Incorporating the data manipulation into the event

initiator required taking the variable value, setpoint and time and performing the

following:
1. Normalization of the variable value and setpoint
2. Calculation of the error
3. Calculation of the slope of the error
4. Calculation of the average slope
5. Conversion of the time string to a unique number

relative to 0:00 hours on Jan. 1, 1990.

\ The data calculations in each of the above items has been discpssed previously in

: - this chapter except for the time string. The time string is used for the chronological

ordering of. events and is received in one of two possible formats; an externaily

defined time stamp YY-MM-DD/HH:MM:S$S or an internal ART-IM time stamp

MON JAN 05 09:31:59 1991. The time Stamp is converted to a numeric number

which is calculated as the number of seconds from 0:00 hours on January 1, 1990,
Given the amount of numeric calculations tequired before the variable data was

ready for processing by the event initiator, it was decided to make these calculations -

external to the ART-IM temporal preprocessor in a data preprocessor which will be

discussed in Chapter 6. This decision is a result of timing tests performed using each

of the methods. Including the numeric calculations in the event initiator caused a
signiﬁcant increase in the time required to process events.

To generate an event the event initiator aftempts to match a fact in the factbase of
the foliowing format: _
! | - Data-Z)rpe - TemporalObjectType Object Datal....Data2....DataN TimeString )
If a match occurs, event specific data processing is done resulting in an event

schema being asserted into the knowledge base having the following structure:
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( schema Zevent

( instance of . evemt )
( event_type Zetype )

{ object _ Zobject )

{ time_str - ?time_str)
( time ’time )

{ SPECIFIC ATTRIBUTES ?attr )

{ processed _ No ) )

The variable 7event is a unique event name. This uniqueness 1s guaranteed by
‘using an ART-IM function called genremp. All events are grouped in a simple schema
hieraxchy. The event_type attribute contains the temporal object type. The object
attribute specities the temporal object in the designated type. An example of an
event_type is variables with reheat stedm temperatyre being.'the specific temporal
object. The time attributes,. time_str and time, repi‘esent‘fhe time the event occurred
in"string form and numeric form respectively. Depending on the type of temporal .
object other attributes are specified which contain the event specific data obtained from
the matched fact. The processed attribute is a flag which indicates whether the event
* has been pquessed by the significant event processor.

Once the event schema has been asserted into the knowledge base the function of

the event initiator is complete.

3.6.4 Significant Event Processor
The significant event processor attempts to match on an event which has not been
processed. As discussed above, processed is an attribute of an event schema. As in

the event initiator, the significant event processor is divided into rule sections based on
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the temporal object type. EthMMnammmsmeqmdﬁcmmsmrammmxm
object which determine if the event being processed is significant. An event is
significant if it changes the current relationship and thus the time period for the
- temporal object in question. It is possible that an event is processed. which does not
alter the current reiaﬁonghips or time periods. This event is insigniﬁcan_t and is
automatically deleted from the event hierarchy and thus fhé temporal preprocessor,

There w.ere' two implementation metl.lods' investigated for the signiﬁcant event
processor. They were the query method and the relation method. | | |

The query method begins by determining the relationship which will be génerated
by the event being processed irrespective of the current relationship of the temporal
| object. This relationship is called the new relationship. . A query is then initiéted to
.determine the current tempbrai relationship for the temporal object in question. On
completion of the query the current relationship for the object is known. Given the
new relationship and the current relationship several possible scenarios can occur. If
" the new relationship equals the current relationship the event is insignificant and the
event Wili be deleted. If the new and current relationships differ the temporal relation
initiator is in{roked to create the new relationship. |

Ih the relation method, every temporal relationship which may be generated has
three possible scenarids where each of these is represented by a rule. These rules are
summarized as follows: |

1. If this is the first event processed for an object
then determine the current relationship and invoke the
temporal relation initiator to start the new temporal
relationship. '
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2. Determine the new temporal relationship. Conpare
this to the current relationship. If they are not
equal invoke the temporal relation initiator to create
the temporal relationship specified by the new
relationship.

3. Determine the new temporal relationship. If

the current relationship is equal to the new
relationship then delete the processed event as

it is insignificant.

Comparison of the two methods was based on the number of rules required, the
levels of processing and the amount of schema processing. The query method
required three levels of 'p'rocessing; obtaining the current relationship, generating the
query, and processing the query. The relation method required one level of
processing. In éomparing the number of rules the query method required 19 whereas
the relation method reqilired 55. By increasing the number of rules the relation
method decreased the amount of schema processing reqliired. It was generally
determined that the processing time for the relation method was marginally faster than

the query method. The relation method was chosen because it provided a more

modular stand alone implementation of the significant event processor. As a result the

testing and maintenance of this component was simplified.

'3.6.5 Temporal Relation Initiator and Terminator

Before discussion of the temporal relation initiator and terminator it is necessary
to understand how the event calculus predicates holds, start and end é.re represented in
ART-IM. Initially, each predicate was represented separately as a fact in the factbase
denoted as follows:

(holds after (event relation))
(start after (event relation))
{end after (event relation})
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However, it was determined that more efficient processing could be achieved if the

components of the temporal logic were rep_resented as attributes in a schema. The

temporal time period, event, and relationship components as well as the start, end and

holds predicatés are represented as follows:

(Schema ?temporal)

( instance-of : temporal_relation)
( start-event ?s_event )

( start-hfile ?s_hfile )

( object ' ?object )

{ relation ' ’relation)

( end-event ’e_event )

( end-hfile 7e_hfile ) )

In this schema ?temporal is the unique name for. the temporal relation and is created
using ART-IM's gen?emp function. The temporal_relation attribute specifies the class
of abjects for temporal 'relationships. The start_event and end_event attributes specify
the event schemas which initiated and terminated the relationship respectively. The
start_hfile and end_hfile attributes specify the history file schemas in which the start -
and end of the temporal relationship were recorded respectively. The specific |
| -temporal object for this temporal relationship is specified in object. The relation
attribute contains the n.'ime of the reIationship initiated for the object.

The temporal relation iitiator is invoked as a function call from the significant
event processor. It is passed the new relationship, temporal object and the initiating
event. Given these, it asserts a new temporal relationship in a temporal relation
schema as discussed above. The attributes of end_event and end_hﬁle are not asserted
until the temporal relation is terminated.

The temporal relation terminator matches on pairs of temporal rélaﬁonships for
the same temporal object. If this situation occurs, it is known, based on past

assumptions, that one of these relationships has terminated. The temporal relation to
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be termmated will be the one which is chronologlcally earlier in time. Thisis
determined by using the time attribute in the initiating event schema. When a
temporal relatlonshlp is termmated the end evenr and end_hfile atiributes are asserted
into the tempofal relation schema. The end_event recorded will be the event which

 initiated the new relationship.

3.6.6 Advantages and Disadvantages of ART-IM
- Several advantages were realized when using ART-IM as the software tool.

These advantages included:

1. Forward chaining inference engine :

2. A knowledge base which is object oriented, frame—
based with inheritance capabilities :

3. Asynchronous processing :

4. User Interface Toolkit _

5. External Programming Interface

The disadvantages of using ART-IM occurs in the area of testing the SAX
system. In the Turbo Prolog ir‘ﬁplementation there was a steam temperature control
simulator which provided a test bed for the tcmporal' preprocessor. By using
ART-IM, an alternate method of testing was required. Given the insurmountable odds
of a Turbb Prolog implementatioh as discussed previously in this éhaptcr, it was
determined that ART-IM would be fhe soffwate dévelopment environment used for the

complete implementation of SAX.
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4 TEMPORAL HISTORY PROCESSOR

4.1  Introduction _ |

As discuseed in Chapter 2, one of the requirements of the simplified event
calculus is that the temporal database contain a complete record of all relevant past
events. 'This is needed to guarantee that all events have been taken into account to
obtain the current state of the temporal database. To achieve this, a temporal history
processer was implemented in SAX.' To access the temporal history as well as the
curfent temporal database, a query processor was also implem'ented. The temporal

history processor is made up of the following components:

1. Store Hlstory
2. Restore History
3.  Query Temporal Databases (current and history)

Before these oomponents are discussed it is necessary to present the file structure
used for the accumulation of temporal history data, as well as the type and structure of
the data which will be stored. |

4.2  History Files

Temporal history data accumulation is significant because SAX is.a real-time
system where temporal relationships can change quickly. Histery files have the
possibility of growing large rapidly. For this reason, temporai history is stored in

files which have a maximum of three hour duration. An advantage of keeping history
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files relatively small occurs during the query cycle. A small file limits the amount of
information which must be loaded into SAX for temporal history processing.
Each history file is identified in SAX by a class of objects called Aistory_file, the

basic format of which is identified in the following schema:

{schema ?h_name '
(instance-of history_file)

(file ?h_file )
(stime_str . ?stime_str )
(stime ?s_time )
current yes ))
fetime_str %e str )
fetime Zetime J

In the history_file scherha ?h_name is the unique name identifying the history file
schema. The stime_str contains the start ti_mé of the history file represented as a |
string. The stime contains the start tirhe of the history file in a numeric form.
Current is an attribute which indicates whether this is the current history file for tem-
poral history accumulation. When a history file is closed for accumulation of
temporal history the attributes etime_str and etime are asserted into the history file
schema. These two attributes contain the time in which the history file was closed in
string and numeric form respectively. |

| The opening and closing of history files is automated by using a timing
mechanism. When a history file is opened an associated time fact is asserted into the
factbase of the form (history time history file end file_time). The history_file
specifies the history file schema and endﬁle__time.'contains the calculated time at which
the history file should be closed and the next history file opened. The timer rule is
triggered periodically but at. a lower salience ﬂlan other rules, where salience specifies

the priority of rule execution., If there is no rule remaining on the SAX rule agenda
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with a higher salience then the timer rule will fire. In this rule, the endfile_ime is
compared to the current time. If it is greater, the file is closed and the current
attribute is updated to No. A fact is then asserted to indicate the requirement of a new
history file. |

It is necessary for every history file to contain all the temporal information
necessary to assess the temporal relationships contained within. The reason for this is

illustrated in Figure 4-1.

Offshore Coal

E20 >
) Minto Coal
Elo >
Create Create
o >0 >
History file 1 History file 2

i | | | 1
T I | i !
3:00 am 4:90 am 5:00 am 6:00 am 7:00 am

Figure 4.1 Temporal History and Temporal Relationships

In this figure we have history file 1 created at 3:00 a.m. Recorded in this file is the
start of the time period kolds( after( el FuelBurn( DalhousieUnit#2 MintoCoal ) } ).

History file 1 is terminated at 6:00am and a new history file, history file 2 is created.
| In order for history file 2 to contain all the temporal information it must not only
record the time period holds( after( E2 FuelBum( DalhousieUnit#2 OffshoreCoal } } }
but also rerecord the time period relative to E1. As illustrated by this example, when
a new history file is created the first thing that must occur is that all temporal -

relationships which are currently in existence be recorded in the history file. Any new
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temporal relationships should then be recorded as they are initiated. Temporal

" relationships which are terminated must also be recorded.

4.3 Hlstaory File Records

| As discussed previously when a new history file is created, the first step taken is
to record all tﬁe current temporal relationships. Newly generated rélatjonships are
then recorded as they occur, as well as all termiﬁ_ated relationships. There are three
basic types of records which are used in history files. They are the history start
record, history end record, and history event record. In each record the first field
identifies the record type. A history start record has the following format:

( def external_data history_start_record

( rec_type 0 3: char : symbol }
*(s_name 3 20: char : symbol )
 { object " 23 15: char : symbol )
( relation - 38 15: char : symbol )
( start_event 53 10: char : symbol ))
- where : -
rec_type - type of history record
s _name - unique name of the temporal
relation schema being stored
object - temporal object
‘relation - temporal relationship

start_event - the name of the event which
started the temporal relationship

A history end record has the following format:

| ( def_e.xtemal_dafa history__end_rec. :

( rec_type -0 3: char: symbol )
*( s_name 3 20: char: symbol )

 (end_event 23 10: char: symbol })

The rec_type'and s_name fields are the same as in the start record. The s_name

field provides the link between the history_start and history_end records. The field
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end_event contains the name of the event which terminated the relationship. The

history event record is specific to the type of temporal object being stored. The basic

event structure is as follows:

( def external_data history_event_rec

{ rec_type 0 3 : char : symbol )
{ s_name 3 20 : char : symbol )
( event_type .23 10 : char : symbol )
( object 33 15 : char : symbol )
- ( time_str 48 17 : char ! string )

( DATA_SPECIFIC ATTRIBUTES } )

" The only new fields introduced are event_type which indicates the type of event
and rime_str which is the numeric representation of the time of the event. The
DATA_SPECIFIC_ATTRIBUTES are dependent on the temporal object type. Figure

4-2 is an example of the history records which would be generated for the initiation

and termination of a sootblower temporal relationship.

Sootblower History Start Record

str |TP_REL233( IR_13 lavail | event_55

Sootblower History Event Record

sbe |event_55{socotblower|IR 13 91-01-20/12:12:12] TP-REL23

YES

Sootblower History End Record

v

end |TP_REL23 |event_100

Figure 4-2 History Record Examples for a Sootblower Temporal Relationship

Within the temporal relation schema there are two attributes, discussed
previously, start_hfile and end_hfile which are used for the purpose of updating

temporal history. When a temporal relationship is initiated a start_hifle attribute with
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no value is asserted into the temporal relation schema. “The temporal history processdr
is continually trying to match a temporal relation schema which has a start_hfile

attribute with a value which is not equal to the current history file schema. When this

match occurs the temporal relation schema is written to the current history file and the

start_hfile attribute is given a value of the current history file. If a new history file is
opened this match would occur again because the start_hfile would be incorrect as it
would contain the value of the old history file. In the same fashion the end_hfile

attribute is used to record the termination of a temporal relationship,

4.4  Querying the Temporal Databases

The query processor was designed to transparently accéss eifher the current or
history temporal databases depending on the fype of query. A transparent query is
one in which the quéry processor will automatically deféfmine if an access of temporal
history is required and will perform the necessary actions accordingly. A simple
query mechanism was developed where a valid query type consisted of the temporal |
object of interest and time for which the temporal relationship query is to be made. A
query is initiated by asserting a query schema which .has the following attributes:

{ schema ?query

( instance_of query )
{ gry_type relation )
( gqry_request rule_base )
( gqry_object Zobject )
{ gry_time time )
( gry_complete No )
{ history Zhis_sync )

( history_file ?h file ))

The gry_type and gry_request. attributes of the query schema specify the type of
query. The qry_objécr specifies the temporal object of interest in the query. The

57

i !.;



query_time is the time at which the query was initiated and gry_complete specifies if
- the query has been processed. The hz’story and history_file aitributes are asserted into
the query schema once the query pi'ocessor has 'detcrnﬁned that the infonﬁa_tion |
required is in a history file. To choose which history file to load from disk, the
gry_time is compared to the history file schema to determine which file contains the
relationship in question.

Once the history file is identified and placed in the history file attribute, the value
of the history attribute is updated to READ. The history processor contains a rule
which matches on a query whose history attribute contains the value READ. This
initiates the reading of the history file. All temporal data loaded from a history file is
marked as history via a history attribute whose value is the name of the query history
file. When the history file data is loaded into the temporal database, the history
attribute in the query schema is updated to the value LOADED

Since the history file is now loaded, the query processor attempts to satlsfy the
~ query for the query temporal object. If a match on a temporal relationship is found-
for the temporal object at the required query time, the temporal relationship is asserted
into the quer.y' schéma The history attribute is then updated to PURGE and the
qry_complete. is updated to yes. The temporal hlstory processor has a rule which
matches a query schema w1th a hzs:ory attribute having the value PURGE. As a result
all temporal schemas containing the history attribute whose value is the query history

file are retracted. On completion of the purge the query schema is deleted.
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This query mechanism is complicated in that events must be sequenced. As well',
a query must be implemented in two stages. The first stage is a rule which generates
a query. The second stage is a fule which waits for the completion .of the quei'y and
uses the result for the desired function.

As discussed earlier this is a simple query processor which could be further

developed; however, it is adequate for the immediate needs of the SAX system.
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~ 5 IMPLEMENTATION OF THE SOOTBLOWING ADVISORY EXPERT

5.1  Introduction

| This chapter discusses the implementation of SAX which encompasses all the
-components covered so far; temporal preprocessor, temporal history processor and the
query processor and in addition, contains one of the most important components of
SAX, the domain knowledge base. The domain knowledge base consists of the rules
which determine the sdotblowing_ strategies by utilizing the above mentioned
components. An interactive user interface was developed for SAX which allows the
operator to enter information for use by SAX as well as provides the operator with the
continuous feedback of recommended sootblowing strategies. - Figure 5-1 shows the
Mxmmm%ﬁ&MWmmmmmTMMJmﬁQmmmmme
software developed for SAX. |

5.2  SAX Knowledge Acquisition
The knowledge base for SAX was acquired from various sources. They were:

Plant Operations
Plant Engineers
- Plant Operators
sootblowing Log Book
Operation Log Book
Strip Charts =
Hourly Logs
‘Shift Logs
Online Performance Monitoring System

LRSI W

Knowledge Acquisition was conducted in five steps presented as follows:

1. Familiarization of the problem

2. Interviews

3. Data Gathering

4. Formulation of the knowledge base rules
5. Verification of the knowledge base rules
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Temporat Prepracessor Query Procassor Tsmg;rcalsf-isi:rtory
o . History File ;
Evani Initintor Currant History :
Query Query Monogement :
Significant
History Flls :
Event Processor 'y - Update :
¥
Temporal Relation PR Knowledge Hase Pa— History Fils
Initiator . Load
. History Tempernl :
Tempornl Relxtlon Fact Base || Temporal Database H's;"urr‘a:”a :
Terminatar Drtabase ;
SAX
SAX User Intarface ) \
SaX Initializer
: SAX ;
Dperator tnput KNOWLEDGE BASE
RULES
Sootblowing Precass 170
Sirelegy File
Advice Maaagament

Figure 5-1 SAX System

Familiarization of the problem was attained from research carried out at the
Department of Chemical Engineering, University of Waterloo. This research involved

empirical studies of the mechanisms of foﬁl_ing on the walls of large boiler combustion

chambers. Studies of three different power stations burning different typés of fuel

.provided a foundation for understanding fouling characteristics associated with fuel

types [WYNN79][WYNN80]. Along with this, papérs on steam temperature control
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and general boiler control providéd a basic understanding of the control concepts and |

in particular steam teniperatlire control. [MARI®0] [DUKES6].

ART-IM Schema Classes '_ 3
ART-IM Schemas Runtime 1000
ART-IM Rules | 140
ART-IM Functions : _ 85
Turbo C Functions 8
Table 5-1 Summary of SAX Code
ll ART-IM Lines of Code _ | _ ll
Functions - . | .. 1233
Schemas o : 3049
Rules ' | 7824
Turbo C Lines of Code

|| Functions
| Total Lines of Code 12611

Table 5-2 Summary of SAX Lines of Coae

Once an understanding of the problem was achieved, interviews were conducted.

The first interview included plant engineers from Dalhousie Unit #2. Appendix 1

Y

contains the set of questions presented and information gathered. -

" The second set of interviews was conducted with plant operations with particular
emphasis on the Online Performance Monitoring System. From this interview it was
determined that the monitoring system was inadequate and the data calculated for the
purposes of slag control and heat abs@rpfion was unrel_iablé. This was later conﬁrme.d

by the operators.
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A third set of interviews involved talking with operators during plant operation.
This was an informal setting where obseﬁaﬁons of operator action, based on plant
state, was the most important information gathered. From these interviews which
included different operafors but similar operating conditions, different approaches to
sootblowing were established. It became clear that in most cases there were several
solutions to a pérticular sootblowing situation.

In order to obtain enough information about sootblowing during plant operation
the operators were given a sootblowing information form found in Appendix II, which
they were to fill out at each sootblowing operation, for a period of two weeks. The
information included process variables before and after the sootblowing operation, the
sootblowers operated and the reason.for the sootblowing operation. For the same two
week period the strip charts, hourly logs, and shift logs were obtained. This
information was summarized and recorded in Appendix 1L

From this information a set of sootblowing rules was defined (see Appendix IV).
These rules were presented to the operators at Dalhousie for verification. The
necessary modifications were made. Further verification of the rules are discussed in
Chapter 6 during the testing phase of SAX. |

The knowledge acquisition phase in this thesis proved to be very difficult. There
appeared to be a.broad consensus in the area of steam temperature control but when it
came to when, why and how to operate sootblowers many different approaches were
used. Data obtained about mills in operation and fuel quality play an important part in
predicting how slag is formed and deposited on the heat transfer surfaces of the boiler.
At Dalhousie Unit #2, data in this area was not a?ailable to support developing an
extensive set of rules for sootblowing. As well, after this thesis was under way, the

main source for obtaining heat absorption information, the Online Performance
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Monitoring System, was removed from. operation. As a result heat ébsorption process
1/O was not incorporated in the SAX system. The availability of this information was
important in the detection and confirmation of slag buildup. However, this was not

the only means of detecting slag'buildup rather it would have provided an extra dégree

of certainty in the detection process.

5.3  SAX User Interface

The SAX user interface provides the operator with an interactive environment in
which he can enter plant information and at the same time obtain sootblowing strategy
ad-vice. Selection of options is via a mouse interface.

The SAX user interface was designed based on the staﬁdard user interface toolkit
provided in ART-IM. This toolkit provided the means to construct stahdard interfaces
consisting of the following: .

1. Status line

2. Menu bar with pull-down menus

3. Scrollable, overlapping windows

4. = Specialized windows called Dialog Boxes for
displaying messages and prompting for answers or
data. : : :

5. Input handling via a keyboard or mouse

6. Hypertext Help System

7. Sound Generation

The second important feature of the Ul toolkit is its capability to accept asynch-

ronous input while SAX is still executing, This is essential in a real-time system since

process 1/0 must be acquired periodically independent of operator actions in the user

interface.
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5.3.1 Main Menu |

| The SAX main menu is a menu bar containing pull-down menus. Figure 5-2
shows the SAX Main Menu. This menu provides the means to seléct one of four
items.

Sootblowing Operations

Boiler Observations

Fuel /Mill Entry
Exit SAX

W R

5.3.2 Sootblowing Operations

The Sootblowing Operations pull-down menu consists of three components:

1. Advice
2. Status
3. Operate -

Advice

- The sootblowing advice is the key component of the user interface and presents
the sootblowing strategies to the operator. The basic design consists of a sootblower
action list. and a sootblower advice window. The sootblower action list as shown in
Figure 5-3, is a scrollable list where each item in the list is .a sootblowing strategy |
i:eoommendéd by SAX. A sootblowing strategy can consist of one Or more |

sootblowers which should be operated together. For each sootblowing strategy in the

list it is possible to delete or obtain an explanation of why the strategy was chosen by

SAX. |
The delete action removes the strategy from the list. It was provided to allow
deletion of a strategy which the operator felt was incorrect. If the condition which

originally placed the strategy on the list is still in existence, the strategy will again be
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~ placed on the list. This type of action can be used to detect errors or refinements

required in the SAX knowledge base.

xit_SHX

ootblowing_Dperations| Boiler_ bservations uel/Mill Entry
X, S00tb lowing Advisory Expert

it
tatus
perate

Display the curreat soatblowing actions. =

Figure 5-2 SAX Main Menu/Window

The second dption provided is advice. When invoked for a selected sootblowing
strategy an advice window pops up as shown in Figure 5-4. In this window the
sootblowing strategy, the date the strategy was invoked, and the reason the strategy

was chosen by SAX are displayed.
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ootblowing Operations Boiler_ bservations uel/Mill Entry  xit 36X
SAX Sootblowing Advisory Expert

(1K 33 1K _34
(IK_35 1K 36 IR 3V

operator.

B list of sootblouer actions chosen by SAX to be activated by the

Figure 5-3 Sootblowing Strategy List

The original intent for the sootbloﬁring advice component was to use the
- ARTS-IM's justification system which tracked how énd why facts and schemas were
placed in the knowledge base. However, this was not p_ossible since justification data
for items retracted from the knowlédge base became unév.ailable for use. Since SAX
is a real-time system, its data is constantly chahging making this problem 'mor.é
prevalent. It was decided that é simple tracking method could be used to determine

the reasoning behind a strategy choice. This will be discussed later in this chapter.
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Status

The status option provides the means to obtain the current status of a particular
sootblower. This is done by successively moving down the sootblower schemd
hierarchy, for example, from a plant sootblower tb a waterwall sootblower to a section
of the waterwall, and finally to the list of sootblowers of which one can be chosen.
This interface was accomplished using a series of multiple éhoicc dialog boxes.

The status information displayed includes the sootblower name, the date last operated, -

whether it is available to be operated and whether it is currently in the sootblower

action list. This is illustrated in Figure 5-5. A deficiency in the user interface design
is found in the limitation of ﬁelecting one sootblower at a time. For instance, if an
operator required the status of four sootblowers in the lower Watefwall he/she would_

- need tol repeat the entire sootblowing selection process four times. A more efficient
approach would be to travel the hierarchy to the desired area and select all |
sootblowers required for status. With the toolkit provided there was no readily
available Ul tool to prbvide multiple selections in a dialog box. For the purposes of |

“the SAX prototype, it was not important to attain the most efficient user interface. If
SAX wére to be implemented in the plant envirom_ﬁent, however, the user interface
would be unacéepnable as it contaiﬁs too many steps making it time cbnsumihg and

difficult to use.

Operate

Since SAX is an open loop system, once a sootblowing strategy is prbposed, and
- sootblowers are operated (indeperident of the SAX system), it is up to the operator to
update the SAX systerﬁ with the sootblower operation information. The selection of

the sootblower is achieved in the same way as explained above for sootblower status.
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cotblowing Operations Boiler_ bservations uel/Milt Eutru xit_SAX
SAX Scotblowing Advisory Expert

[I—i*ﬂecsmendcd Sootblower Actions

Sk e e dustifiodiug - -0

Sootblower Action - 1K 35 IK_36 1K 37
was chosen for the following reasons:
* fiction Time - Twe Mar 12 17:07:41 1991

» Primary Regular Mzintenance - Minto Ceal |
» {k_35 has not been operated in 8 Hours
* [K_36 has not been operated in 8 Hours
* [K_3? has not deen operated in 8 Hours

Displeg the SAX reasons for selecting this sootblower action '

Figure 5-4 Socotblowing Advice Window

“Ongce the selection has occurred an input window pops up to request the time at which
the sootblower was operated. This provides the time stamp for the sootblower
temporal event. An acknowledgement of a sootblower operation is shown in the

message window in Figure 5-6.
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ootblowing_Operations Boiler hserwtiﬂns vel/Hill Entry  xit_SAX |
SAX Socotbiowing Advisory Expert ——

Sootblower - 1K 37

frea - SUPERHEATER_REHEATER
Section - MIDDLE_PRIMARY

Location - EAST MIDDLE

Operation Time - 91-03-05 13:59:35

fwailability - AURIL

Dperation Status - ACTHE

Display the current sootblower status. '

Figure 5-5 Sootblower Status Window

5.3.3 Boiler Observations

The boiler observation pull—down' menu consists of the following options:

1. Status
2. Clear
3. Change
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potblowing Operations Boiler_ bservations uel/Mill Entry  xit_SAX
SAX Sootblowing Advisory Expert

Sootblower ~ IR 36
Area - WATERWALLS
Section - ABOUE_BURNERS
Location - WEST B _CORNER

Initiation Time - 91-03-05 14:09:45

Enter the sootblover operated. *

Figure 5-6 Sootbiower Operation Window

Statug

| During every shift at the plant, observations are made.to determine the slagging
éonditions in the boiler. These observations access the buildup of slag or dust on the
surfaces of the boiler and are used by the SAX syStem to select or support proposed

sootblowing strategies.
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In order to provide é user interface which the operator could use effectively to
enter the boiler observations, it was necessary to understand where and how these
observations were recorded. From the sootblowing log book it was determined that
the boiler could be divided into areas of observation. Each area could then be divided
based on orientation, that is the north, east, south and west walls as shown in Figure
5-7. At the lowest level each wall can be divided into the left corner, middle, and

right corner. With this organization the following areas were defined:

Slopes

Lower waterwall
Middle waterwall
Upper Waterwall
Secondary

Cold Reheat

Hot Reheat

Final Reheat
Primary

A e A ol o ol o

North

West East

South

Figure 5-7 Orientation of Boiler Walls
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It was deemed important that the operator should be able to, at a glance, obtain a
general idea of the observed state of the boiler. To provide this a spread_shee.t type of
interface was designed for boiler observations as shown in Figure 5-8. The columns
of the spreadsheet i'epresent the boiler areas and the rows of the spreadsheet represent
the orientation of each area, The actual entry in the spreadsheet indicates the current

temporal relationship for this area.

Clear and Modify

To modify an observation two functions were provided, a clear function and a
modify function. The clear function provided a method to change all observations to a
no_slag state or in other words to a clean boiler state. o

The modify option ﬁrovided a méthod to selectively enter boiler observations.
Entry of boiler observations can be made on three levels: by area, (ie. upper
watei'wall), by wall (ie. north) or by wall component (ie. corner or middle). '

When a sclectioﬁ 1s made the operator is prompted for the slag type, the amount |
in inches and the time the observation was made_.. Once these inputs are obtained the

temporal preprocessor initiates the appropriate temporal relationships.

5.3.4 Fuel/Mill Entry |

The fuel/mill section of the user interface allows the Operafor to enter information
apd obtain the status on the fuel being burned and the mills currently operating iln the
plant. When the fuel/mill option is chosen on the main menu the pull-down menu is

displayed and contains the following options:
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) ootblowing_Operations Huilr“ bserwations uel/ill Entrg xit_SAX f
3AX Sootblowing Advisory Expert I

todify the current boiler observations.

Figure 5-8° Boiler Observation Window

Status Fuel/Mill
.. Clear Fuel/Mill Status
Enter Fuel Type
Enter Mills Operating

Y

B

Status Fuel/Mill

The status option provides information about the fuel being burned and the mills

currently operating. The status window is shown in Figure 5-9 and contains the fuel
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type being utilized in the plant. Associated with the fuel type are two distinguishing

characteristics. They are the percentage of moisture in the fuel and the BTU content
of the fuel. These values are obtained from tests performed on the fuél by operating
staff at the plant. These two characteristics providé a measure of the quality and
burning characteristics of the coal. Along with fuel information-the status win_dow
provides a list of the currently operating mills, where a mill is the mechanical

equiprhent through which the coal is crushed, passes and is ignited.

Select Fuel Type
From recent history in the Dalhousie Plant a list of possible fuel types was

defined as follows:

1.  Minto Coal

2. Lingan/Phalen

3. Columbian-Maturin Coal
4. West Virginian Farrel

When the fuel type is changed in the plant, the operator must inform the SAX
system of this change. This is accomplisﬁed by seIecﬁng Select Fuel Type in the'
Fuel/Mill Entry pulldown menu. From this the list of fuel types is presented in a
| hmltiple choice window (Figure 5-10). The operator can select one of the fuels. The
- operator is then provided with input inndows to enter the moisture content of the fuel
and the BTU content of the fuel type in question. The operator must then enter the

time the fuel was changed in the plant,

"Enter Mills Operating
When the miils operating in the plant are changed the operator must inform the
SAX system by selecting the mill option in the Fuel/Mill Entry pulldown menu. A

checkbox type window is displayed, shown in Figure 5-11, which allows the selection
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ootblowing Operations Boiler_ bservations uel/Mill Entry  xit SAX
34X Sootblowing Advisory Expert

el AL Shtay e e

The current fuel being durned is MINTO_COAL
The moisture content of this fuel is 6.00

The BTU potential of this fuel is $3245.00

The mills carrently operating are MILL3 MILLS MILL? |

Display the current fuel/mill status

Figure 5-0 Fuel/Mill Status Window

of one or more mills by the operator. The time the mill configuration changed must

be entered to provide a time stamp for the temporal event in question.

5.3.5 Exit SAX

The final item on the bar menu is Exit SAX. Selection of this item provides the

* means to terminate the running of the SAX System.
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_Bperations Boiler_ bservations nel/Mill Entrg_ xit_SAX

—==3AX Sootblowing Adwisory Expert

ootblowing

e pader The Tl Bjpe- -~

Select the current fuel type:

MINTD_COAL

- [COLUMBIAN MRTURIN

LRGN IAN FARREL -

:

Enter the fuel type curvently being burned.

Figure 5-10 Fuel Selection Window

ol

5.4  Konowledge Base

The components of SAX which have been discussed so far. in this report were
- created as tools to be utilized by the SAX knowledge base. The temporal |
| preprocessor and the .histo_ry processor both maintain temporal information which is
used by the SAX knowledge base to make sootbiowing strategy decisions.

The SAX knowledge base can be divided into three sections. The first section,
periodic sootblowing strategies, invokes sootblowing strategies based on periodic
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ootblowing_Operations Boiler_ bservations uel/Mill Entry
SAX Sootblowing Advisory Expert

xit_SAX

SENIF
X} Hill &
X1 Mill 4

;

(X} Hill ¢

Select miltls currently operating. |

Figure 5-11 Mill Operation Window

sootblowing ruies established by plant operating staff. The second section,

observation sootblowing strategies, inﬁtiates sootblowing strategies based on boiler
observations entered by the operafor via the SAX user interfaice. The last section,
plant state sootblowing strafe_gies, in.v\okes sootblowing strategies based on the
established state of the plant. Once a requirement for a sootblowihg strategy is
established, a selection from a defined set of sootblowing strétegies is 'made‘. How this

is accomplished will be discussed later in this chapter.
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5.4.1 Periodic Sootblowing Strategies

Plant operations haye ésiablished periodic sootblowing rules for various areas of
the boiler. These periodic rules are based on the fuel type and mill configuration.
For example, the foﬂowing rules for the primary, economizer and air heater areas of
 the boiler were established for the fuel Minto Coal: |

1. - In the primary region, operate 3 éootblowers
during every shift. '

2. In the air heater region, every shift, operate
IKAH 1 and IKAH 2 sootblowers. On alternate
shifts operate IKAH 3 and IKAH_ 4 sootblowers.

3. In the economizer region operate all sootblowers,
IK 33 and IK 34 every 4 weeks.

These periodic rules were developed using a timing mechanism. When a periodic
“sootblower timer expired an appropriate sootblowing strategy was chosen and placed

on the sootblowing strategy list.

5.4.2 Observation Sootblowing Strategies
Rules have been established by plant operations with regards to sootblowing
requirements based on the boiler observations which are periodically made by the
plant operators. The standard rule is as follows: |
1. If a medium to high buildup of slag or dust
is observed by the operator during his '
periodic beiler observation task then
choose appropriate scotblowers to. remove
the buildup. _
This rule is implemented in SAX using the boiler observation temporal
relationships. If a boiler section has a temporal relationship of dust_med, dust_high,

slag_medium or slag_high then an appropriate sootblowing strategy must be chosen.

This strategy is chosen based on the sootblowers which are defined for that area of the
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boiler. This link between boiler observation sections and individual sootblowers was |
established during definition of the schema hierarchies. In a sootblower schema an
attribute, orientation is defined. The vélue of this attribute is the boiler section to
which this sootblower is associated and if operated, would remove the slag or dust
buildup. An example of this would be as follows: | |

Sootblower:
( defschema IR _1
( instance_of lower_waterwall_sootblower )
- { orientation tww_s bcor )
{ location south_b _corner ))

boiler section:
{ defschema Iww s bcor
{ instance_of lww_south }
{ row_pos 9 ))

Observation rules collect all the sootblowers fdr a boilet section and then asserts a
sootblowing strategy schema which is added to the sootblower strategy list.
5.4.3 Plant State Sootblowing Strategies |

Thesé rules were developed from known operating knowledge and heuristic
- information obtained from plant operations combined with the evaluation of plant
operating data. | |

- These rules are established based on combinations of variable temporal

Y|

relationships which, together, infer a plant state indicative of slag or dust buildup.
The following sample rules determine which sootblowing actions are required based
on a series of plant states. Appendix III contains a complete list of the plant state

sootblowing rules.
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PLANT S8TATE 3

IF the plant is operating at full load AND
the control system stable timer is zero AND
this plant state has been in existence for a
minimum of time determined by the
PLANT STATE 3 timer AND
Reheat Steam _Temp is in the high range AND
Main_ steam _Temp is in the norm range AND
Gas Ex1t Temp is in the high range AND
Burner Tilt is in the low range AND
Excess Air is in the normal range AND
Reheat Steam Spray is in the normal range AND
‘Main_ Steam _Spray is in the normal range

THEN _
assert slag_primary section AND
assert slag_upper waterwall section AND
assert slag_middle _waterwall section

PLANT STATE 4

IF the plant is operating at full locad AND
the contrel system stable timer is zero AND
this plant state has been in existence for a
minimum of time determined by the
PLANT_ STATE 4 timer AND
Reheat Steam _Temp is in the normal range AND
Main_ Steam Temp 'is in the high range AND
Gas_ Exit Temp is in the high range AND
Burner Tllt is in the low range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main Steam_Spray is in the normal range. ' -
THEN ' '
assert slag middle waterwall section AND
assert slag_lower waterwall sectlon_
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PLANT_S8TATE_9

IF the plant is operating at full load AND
the control_ system stable timer is zero AND
this plant state has been in existence for a
minimum of time determined by the
PLANT STATE 9 timer AND S
Reheat_Steam Temp is in the low range AND
Main_Steam Temp is in the normal range AND
Gas_ Exit Temp is ‘in the high range AND
Burner _Tilt is in the low range AND
Excess Alr is in the normal range AND
Reheat Steam Spray is in the normal range AND
Main_ Steam Spray is in the normal range

THEN
assert slag hot reheat_section
assert slag_secondary section

PLANT STATE_13

IF the plant is operating at full load AND

the control_system stable timer is zero AND

this plant state has been in existence for a

minimum of time determined by the -

PLANT STATE_13 timer AND

Reheat Steam Temp is in the high range AND

Maln_steam Temp is in the high range AND

Gas Exit Temp is in the high range AND

'Burner Tilt is in the low range AND

Excess Alr is in the low range AND

Reheat Steam_Spray is in the high range AND

Main Steam _Spray is in the high range :
THEN ' .

assert slag upper_waterwall_section AND

assert slag middle_ waterwall section AND
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PLANT STATE 17

IF the plant is operating at full load AND
the control_system stable timer is zero AND
this plant state has been in existence for a

" minimum of time determined by the

PLANT _ STA’I'E 17 timer AND
Reheat Steam Temp is in the normal range AND
Main_ Steam Temp is in the high range AND
Gas Exit Temp is in the high range AND
Burner Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat Steam Spray is in the normal range AND
Main_ Steam Spray is in the high range

THEN
assert slag middle waterwall section AND
assert slag lower waterwall section

From these rules, the area of slag buildup is established. Sootblowing strategies

are then chosen for the targeted areas.

5.4.4 Selection of Sootblowing Strategies

The selection of sqbtblowing strategies is based first on establishing the area
which requires sootblowi_ng and secondly choosing a sootblower sequence from an
established set of sootblowing strategies.

Soofblowing regions were defined. For each of these regions one or more
sootblowing Strategies wei'e established. A sootblowing strategy consisted of one or
- more sequences of sootblowers. A sootblower sequence included one or more
- individual soofblowers. An example of a sootblower strategy as defined by the

hierarchial schema structure used is found in Figure 5-12.
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{ defschema primary strategy
( ig=a sootblow1ng strategy )
( sequences ( pri strat 1 pri strat 2 prl strat 3 nil ))
{ current strategy pri_ strat 1))

{ defschema pri_strat 1
is-a. pr;mary strategy )
strategy 1 )
type staggered_across )
sequences ( psl seql psl_seqg2 psl_seq3 nil nil nil ))
current seq psl seqgl )
Lnoperable advice "All sootblowers in this strategy
inoperable™ ))

i i

{ defschema psl seql
{( instance-of pri strat 1)
( seq ( IK_38 IK_ 39 IK_22 nil )))

( defschema psl_seqg2
{ instance-of pri_strat_1l1 )
{ seq ( IK_32 IK_ 30 IK_ 1 nil )))

{ defschema psl_seq3
{ instance-of pri strat 1 )
{ seq ( IK_36 IK 37 IK_32 nil )))

Figure 5-12 Example of Primary Sootblowing Strategies .

In this example there are three stratcgles defined for the primary boiler reglon
from a maximum of four possible strategles They are called pri_strat_I, pri_strat_ 2
and pri_strat 3. Pn_srrat_} is defined as a staggered-across type strategy and
contains the sequences of psI;_squ , ps1_seq2 and ps1_seq3. There are a maximum of
six pbssible sequences which can be defined in each stfatcgy. A sequence within a |
strategy can have a maximum of four sootblowers as shown in sequence ps]__seq.l .

For each region, the types of strategies and the combination of sequences defined
were dictated by sootblowing patterns established in the day—to—day sootblowing
operations in the pla:it. In the initial formulation of sootblowing strategies an attempt

was made to develop sootblowing strategies based on the sootblowers operated during

different plant situations. From further analysis of the data it was determined that the

same sootblowing strategies were not uniformly used for the same situations.
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Selection of sootblowers for operation appeared to be very dependent on the operator

and not on the plant situation. For this reason a more generalized approach to the
foi‘mulation of sootblowing strategies was taken. The following criteria was
~established based on data collected and sootblowing logs:

1. Divide the boiler into sootblowing areas:

a) Primary region

b) Final Reheat region

c) Hot Reheat region

d) Cold Reheat region

e) Secondary Superheater region
f) Upper Waterwall region '
g) Middle wWaterwall region

h) Lower Waterwall region

i) Economizer maintenance

'j) Air heater maintenance

k) Primary maintenance

2. . In each area, establish which sootblowers are
operated {(in some areas there are sootblowers
which appear never to be operated).

3.  In each area determine if any patterns exist in
the grouping of sootblowers operated. Utilize
these as socotblowing sequences.

4, Determine if groups of sootblowers are activated
in any particular way.

5. = If no patterns exist in sootblowing operations
sequentially group sootblowers in sequences which
can then be utilized seguentially.

In the primary region of the boiler a fairly clear set of sootblower strategies were
utilized by operators. They can be classified as staggered_across, double_across,

double_one which are named as such for the orientation of the sootblower on the

boiler wall as shown in Figure 5-13.
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| ! | °
-] o =] o
Staggered double double
across across ' one

Figure 5-13 Sootblower Strategies Sootblower Orientation

In the reheat and secondary superheater regions, establishing sootblowing
strategies proved difficult. From the sootblowing operétion data i.t was determined
~ that the sootblowers in this region were not operated very often and some not at all.
It was determined, however, that sootblowers in the ﬁnal reheat section of the boiler
were opérated more frequently than either the hot or cold reheat sections. The
sootblower strategies in the reheat region were developed in much the same way as 'fhc

primary region. The secondary superheater region received very little sootblowing |

action and as a result sootblowers were grouped into sequences of two and placed ina

single stratcgy.

Waterwéll sootblowing provided several strategy types as established above for
the primafy region of the boiler as well as several others due to the fact sootblowers
in this region are distributed on all four boiler walls. Some exceptions were made
with regards to the use of upper waterwall and lower waterwall sootblowers, These
sootbloWers appear less frequgntly in sequences than middle waterwall sootblowers
since this was a pattern determined from the plant operation data.

Slope sootblowing was based on boiler observations only. Selection of

sootblowing strategies for boiler observations was discussed earlier in this chapter.
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Once the sootblowing strategies were detcrmiried,’ utilization of these strategies by

SAX occurred sequentially. In this .fashion the first strategy for a region was selected.
If a sootblowing operation for the region was determined by the SAX knowledge base
rules, then thé first sequence of the strafegy was chosen a.nd.piaced on the sootblowing
strategy list. Each time a sootblowing operation was required the next sequerice in the
| Strategy_ was selected until all sequences in the strategy were utilized. At this point,

the next strategy in the region was selected. When all the stratgies were exhausfed the

selection proéess would begin at the first sootblowing strategy again.

5.5  SAX Operation

In this section a typical scenario in the operation of SAX will be giveri whicﬁ will
provide a means of logically joining all that has been discussed so far into one
cohesive software packagg. | |

When SAX is started, it initializes all the temporal schemas and other
miscellaneous Yariables;.. Asynchrbnous operation begins. Process variaBle
information is acquired from an external data source and is processed by the temporal
preprocessor generating temporal relationships. The temporal history processor
automatically begins the collection of temporal information in the temporal history
database. - The inference enginé at the same time utilizeé the SAX knowledge base
rules to continuously establish the presence of slag in the boiler. Selecticjn of
sootblowers occurs if slag buildup is determined. At the same time this is occurring,
SAX is processing interactive _operatof input from the input devices (keyboafd or
mouse). Modifications to temporal objects, such as operating a sootblower, entry of
boiler observations, éhanging the fuel types, or changing mill configuration are

processed by the temporal preprocessor. This data is again used by the SAX
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knowledge base rules to determine if slagging conditions have occurred. The operator
is also continually monitoring, via the user interface, the sootblowing strategy list to
find out the sootblowing strategies recommended by SAX. The justiﬁcatibn for the
selection of these strategies is available via the sootblowing strategy advice window.
At any time the operator can obtain, via the user interface, the status of individual

sootblowers, boiler observation status or fuel/mill status.
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6 TESTING OF THE SAX SYSTEM

6.1  Introduction

To test the SAX system it was necessary to provide continuous real-time input of
process 1/O variables. In the course of the development of SAX several methods of
testing were discussed. The first option was to use the boiler simulator déveloped by

Maritime Nuclear. This was not considered feasible in the time frame of the thesis,

since the simulator required further development to meet the needs of SAX. As well, |

the simulator software required a conversion between Turbo C and Lﬁcrosoft' C.

The second option considered was to provide a process 1/0 generator which
would supply the process I/O variables over their engineering range. This would
require a front end processor _in.Microsoft C which would capture the process 1/0
from the generator, manipulate it and pass it to the SAX-system, This option waS not
chosen because the process I/O generator hardware was not readily available.
Secondly, it would have been difficult to manually manipulate multiple process 1/0
variables to -produo.e real plant situaﬁons. |

The third option considered was the_generation of process I/0 data files which
could be read by the SAX system in real-time. The data contained in these files
‘would be obtained from actual plant operation data. This option provided the
advantage of having the plant operation.data_ with which to compai'e the SAX system

operation. This option was chosen as it appeared the most feasible.
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6.2 ’_I'he Collection of Raw Test Data

The generation of the data files was accomplished according to the following

steps:
1. Obtain raw test data
2. Generate process I/0 files from raw test data
3 Design an ART-IM interface to process I/0 data

_ files :

As discussed in Chapter 5 and found in Appendix III, plant data was collected for
sootblowing operations during a period of time in January énd February of 1990.

This data focused on sootblowing operations performed by the operators. For each
sootblowing operation the operator stated a reason for the actiong taken. It was

~ decided to collect plant process data for the variables needed in SAX, based at
intervals aroﬁnd key sootblowing operations. For example, in Appendix III, there is a
sootblowing Action 12, which occurred on Jan 26, 1990 at 21:50." For this action
plant process I/O data was collected over the interval 21:30 to 22:30.

The plant process data was collected from strip charts, hourly logs and shift
reports. The following data was obtained by painstakingly taking readings at five
minute intervals from strip charts obtained from the plant:

'ﬁeheat Steam Temperature
Main Steam Temperature
Main Steam Pressure

Excess Air
Steam Flow

Nk WP

The following data was obtained from logs which were available at one hour
intervals. |
1. Gas Exit Temperature
2. Main Steam Attemporating Spray
3. Reheat Steam Attemporating Spray

Finally the Burner Tilt was obtained from the shift report which was generated

approximately every eight hours. For the data collected from the hourly logs and shift-
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report it was necessary to manually interpolate the data to produce values at five _
minute intervals as none were available at this resolution.

Real-time process I/0 data for SAX was requiréd every.ﬁve seconds. The raw
data collected was not available at this resolution. For this reason a method of
linearly interpolating the data between readings at five second intervals was required.
A five second interval was chosen to simulate the real-time processing which would be
required in the plant. It should be noted that some accuracy in the data is lost,
however, not to the point where it would have a detrimental affect on the testing of
 the SAX system.

| When the test data was compared to. the plant operating data provided by the
operators, discrepancies were found (ie. reheat temperature given by the operator at
time x did not have the equivalent value when read from the strip chart). Given this,
some of the sootblowing strategies results prbvided by SAX may differ from the plant

operator chosen strategies.

6.3  Generation of Process I/0 Data Files

Once the raw data was c;ollected it ﬁvas entelféd in Lotus 123 for the purposes of
thesis preséntatibn as well as to generate an ASCII file of the test data. For each test
case the data file covered a time span of one hour with five minute inferval readings.
Figure 6.1 shows an example record of this ASCII file. As mentioned above SAX
requires the data in five second intervals. As well, process /O variables require the
generation of additional informatton as mentioned in Chaptér 3. To perform these

functions a two stage front end data processor was developed.
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- Time YY-MM-DD/HH:MM: 88
Reheat Steam Temperature Fg8.2
Main Steam Temperature ' Fg8.2
Gas Exit Temperature ' F8.2
Steam Flow ' ' F8.2
Main Steam Pressure F8.2
Excess Ailr FB8.2
Burner Tilt F8.2
Main Steam Attemperating Spray F8.2
Reheat Steam Attemperating Spray F8.2

- Figure 6.1° LOTUS 123 - Record Format - SAX Raw Data Test File

In stage one of the data processor the five minute variable readings were linearly
interpolated to produce a file with process I/O data every five seconds. Along with
| this, the time field in each record was converted from a time string to a numeric
representation (described in Chapter .3) The process data was also_norrﬁali_zed in this -
stage of the data processor (d1scussed in Chapter 3).
Stage two of the data preprocessor generated the add1t10na1 information required
by SAX for each process variable. This information included the error, error slope

and average error slope of the variable.

6.4  ART-IM Interface to External Process /O File

_ ART-IM has the capability to interface with external data files through the
déﬁnition of an external data file record. This record defines the conversion of
external data to ART-IM objects. For the SAX system an external data definition
record was created to read the process I/O file. This record definition is shown in
Figure 6.2. | |

The SAX system reads the process data file on a periodic basis. The rule which

initiates the reading of the data file in SAX has a éalience of -5 which means that it is

fired only when all the rules on the agenda which have a higher salience have fired.
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def-external-data pic_fact

* process io record defined as a fields™ 424

{ time o 10 :char sstring )
{ time_string ' 10 17 :char tstring }
( reheat _temp val 26 7 :char :float )

{ norm reheat _temp val 35 9 :char :ficat )

{ reheat temp setpt 44 9 :char :float )

{ reheat_temp error 53 9 schar tfloat )

( reheat_temp_ slope &2 9 tchar tfleoat )

( main_temp val 71 8 schar :float )

( norm_main_temp_val 79 9 ichar  :float )

( main temp setpt B8 9 :char sficat )

( main temp error 97 9 :char sfloat )
( main_temp_slope 106 9 tchar tfloat )

( gas_temp wval 115 8 tchar :fleoat )

{ norm gas_temp val 123 9 :char sfloat )

{ gas_temp setpt 1329 :char sfloat )

{ gas“temp_error 141 9 :char sfloat )

{ gas:temp_slope 150 © schar sfloat )

{ steam flow - 189 8 :char :fleoat )

{ norm_steam_flow 167 9 :char :flcat )

( steam_flow setpt 176 © :char :flecat )

{ steam flow error 185 © schar . :1fleat )

{ steam_ flow _slope 194 9 tchar :float )

{ main press 203 8 tchar :flocat )

{ norm main press 211 9 :char :float )

{ main press_setpt 220 9 :char tfloat )

{ main_press_error 229 9 :char :float )

{ main press_slope 238 9 ichar :fioat )

{ excess_air 247 8 tchar :float ).
{ norm excess_air 285 9 :char sfloat )

( excesBs_air setpt 264 9 :ichar :float )

( excess_air_error 273 9 :char :float )

{ excess air slope 282 9 :c¢har :fleoat )

{ brn tilt’ 291 8 :char :float )

{ norm brn tilt 299 9 s:char :float )

{ brn_tilt setpt 308 9 :char sfloat )

{ brn tilt error - 317 S :char sfloat )

{ brn Teilt _slope = 326 9 :char sfloat )

{ main _spray 335 8 :char :filcat )

{ norm_main_spray’ - 343 9 :char tfloat )

( main_spray_setpt :char :float )

{ main spray error 361 9 ichar  :fleoat )

( main_spray_slope 370 9 :char tfiocat )

{( reheat spray 379 8 schar :ficat )

{ norm reheat spray 387 9 schar sfloat )
{ reheat _8pray setpt 396 9 :char sfloat )

{ reheat_spray_error 405 9 :char :float )

{ reheat_apray_slope . 414 9 schar :float )

Figure 6-2 SAX Process I/O External Data File Record

The majority of rules in SAX are at the default salience which is 0. This_ihdic'ates

that the reading of process 1/0 only occurs if there is nothing else on the agenda.
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- Once the process I/O data file is read the temporal preprocessor begins processing the |
data (described ih Chapter 3). |

6.5  SAX Tests
There were five test data files created to exercise the SAX sootblowing advice
capabilities. These files are found in Appendix V. As discussed, these tests were

chosen based on sootblowing actions in the plant during the two week period that

sootblowing data was recorded. They represented together, the majority of reasons
' .operators cited for performing sootblowing operations. - '

As a result of running SAX , sootblowing strategies were chosen. These
strategies specified individual sootblowers which were to be operated together to
reduce the slag or dust buildup in the boiler. By so doing, improved heai abSorption
would be achieved. |

Table 6-1 summarizes the tests and results. In this table the actual operator
sootblowing actions and reasons are presented. Along with this, the sootblowing
actions and associated reasons chosen by SAX are given. For the purpose of

interpreting the sootblowing reasons cited by the operators the following list is given.

1 -~ Gas Exit Temperature High

2 - Temperatures High =
3 =~ Air Heater Maintenance

4 = Boller Observations

5 = Balance Temperatures

6 - Economizer Maintenance

7 = Primary Maintenance

8 - Reheat Steam Temperature High
9 = Main Steam Temperature High
10 - Eliminate Main Spray

11 - Eliminate Reheat Spray

12 - Burner Tilt Low

13 - Temperatures Low
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A complete discussion of the test results are included in Appendix V with the
associated test data file and SAX screens. Following is a brief analysis of the tests
perforined. | |
For SAX test #1, the operator cited the main steam, reheat steam and gas exit
temperatures high as reasons for operating the specified sootblowers. SAX detected
low main and reheat steam temperatures and a high gas exit temperature from the test
data resulting in selecting the appropriate strategies to improve the heat absorptions.
For SAX test #2 the operator felt the reheat steam temperature was high.
SAX defccted the. main steam temperature and gas exit temperatures high with excess
air moving from normal to high. As a result, SAX chose waterwall sootblowing
strategies to reduce the radiant heat absorption.
For SAX test #3 the operator detected a high gas exit temperature combined
- with low main and reheat steam temperatures. SAX détectéd similar conditions and
“chose strategies to improve the heat absorption in the radiant areas of the boiler. |
For the fourth SAX test the operator cited gas exit and main steam
| temperatures high with the requirement to eliminate the use of main steam
" attemporating spray. SAX also detected this condition alohg with other plant states
which required sootblowing actions. It should be noted here that the plant had just
been brought online after a boiler trip had occurfed (unexpected plant shutdown).
This probably explains the large number of sootblowing operauons recommended by
the operator. SAX also noted a significant number of conditions in the test data on

which to recommend sootblowing operations.
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TEST | SOOTBLW | SOOTBLW OPERATOR SAX
# ACTION/ | DATE/ STRATEGIES RULES/
REASONS | TIME SPAN SOOTBLOWING
STRATEGIES
1 Action 12 | 01/26/90 Prim PS 1 - Mww
1,3,5,7 21:30-22:30 Sshtr PS 18 - Prim
{ Uww Sshtr
Mww Maint - Prim
Ahtr Econo
Ahtr
2 Action 22 01/28/90 Uww PS 8 - Prim
3,8 21:30-22:30 Mww PS 4 - Mww
" Ahtr Lww
Maint - Prim
Econo
Ahtr
3 Action 27 | 01/29/90 Prim PS_18 - Prim
1,13 12:30-13:30 Frhir Sshtr
Hrhtr Mww
4 Action 46 02/02/90 Prim PS 1 - Frhtr.
1,3,9,10 8:30-9:30 Frhtr Mww
Hrhtr PS 9 - Prim
Uww Sshtr
Mww PS 17 - Lww
PS 5 - Prim
Mww
5 Action 49 | 02/03/90 Prim PS 1 - Frhtr
3,4,7 12:30-3:30 Slope Mww
' Ahtr PS_20 - Prim
: Mww
Table 6-1 SAX Test Summary

For SAX test #5, the operator cited regular maintenance and observations as
the reasons for the chosen sootblowing strategies. SAX, however detected high reheat

steam, main stearn and gas exit temperatures at one point in the test (plant state 20)
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and low reheat and main steam temperatilres at another point in the test (plant state 1)..
Appropriate sootblowing strategies were chosen to ri_mprove fhe heé.t absorptions where
required. |
The analysis shows that the operator sodtblowing actions chosen do not
directly correspond to the SAX sootblowing actions. This is related to the
inaccuracies of the operator data provided frorh the plant as well as difficulties in the
collection of the data from the strip charts and logs. Given the existing knowledge
base, SAX makes correct sootblowing decisibns for the situations arising in the test
data. The principal reason for different sootblowing decisions by the operator is the
difference in the data seen by SAX compared to what the operator actually saw. Eor
example, the reheat stearﬁ temperature in test 1 was recorded as low whereas the strip
“charts had this temperature recorded as high. This is also noted in -section.6.2 above,
and is supported by the data recorded in Appendix IV. -
A further validation of SAX's knowledge base was done by showing the rules
to a senior operator with_25 years experience in various power plaﬁts. He made '
several recommendations for rule improvements, but was in agreement with most of

the SAX rules.
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7 CONCLUSIONS

7.1  Overview of the Thesis Work

This thesis deals primarily with the extension of expert systems to consistentiy -
: handlé real-time information typical of process confrol systéms. A survey of current
literature on real-time systems and real-time expert systems, in particular, provided an
understanding of the issues involﬂred. This lead to an in-depth study of approaches to
temporal reasoning which formed the theoretical basis of this thesis. As a result, the
event calculus model of temporal réasoning originally proposed by Kowalski was
chosen for implementation. |

: A complete domain indeﬁendent temporal processing syStem was developed for

use in a forward chaining expert system shell. This includes (1) a temporal processor
to identify significant events and initiate and terminate tér‘nporal relationships based on
these events, (2) a temporal history processor to store and retrieve past tempbral
information and (3) a query processor to transparently handle requests from the expert

sysi:em for either current or historical temporal relationship information.

The temporal processor handles analog temporal data typical of a process control .

- environment as well as operator generated data received through an interactive CRT
based user interface. The analog data included three generic types called setpoint |
variables, process variables and control device variables. The operator generated data
- included the entry of such information as boiler observation and boiler corﬁﬁgﬁration
changes.

A prototype sootblowing advisory expert (SAX) was built using this
methodology. Specific rules about sootblowing at the Dalhousie Unit #2 coal-fired

generating station were captured and are specified in Appendix III. This system |
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comprises 140 rules with ap_proximately' 12,600 lines of ART-IM code. It runs on a
IBM PS/2 model 70. -

Five sample one hour tests with interpolated plant data were performed to
validate SAX's operation. These tests showed that SAX will correctly respond to the
a subset of the sootblowing decisions required at the Dalhousie plant. Further teSting

at the plant would complete the validation of the SAX system.

7.2  Foture Work

The future work can be broadly classified in two areas; (1) Temporal Logic
Development and (2) Expansions of the SAX prototype to a production quality expert
system. | ‘ |

For this thesis event célculus was developed based' on the assumption that all
events occur chronologically. This could be .further devéloped to handle events which
occur in any order. This encompasses the need to efficiently handle the ramification,
qualification and frame problems which occur in time-based approaches of temporal
reasoning. | |

The SAX prototype can be expanded and improved in several areas. The
lmow_ledge base can be improved by adding new rules to handle different .plant loads,
different boiler types, and different fuel types. The user interface could be further

devéloped to achieve the quality necessary for plant operation. This would involve

| chaﬁging the interface frdm its current textual format to a graphical format. The
query processor could be expanded to provide more query types. An example would
be a qﬁery of a temporal object over a range of time
( que'ry object timel time2 ). The SAX system could also be deployed at the

- Dalhousie plant by connecting to actual process I[/O which would provide a realistic
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test of the proper operation of SAX by the intended users of the system.
In my opinion the SAX prototype is worth further development. Plans are
being made to incorpofate SAX into the Improved Steam Temperature Control System

currently being developed at Maritime Nuclear.

i ‘_}
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1.

APPENDIX 1

PLANT OPERATIONS INTERVIEW

INTERVIEW QUESTIONS

Is there a difference in Operétion when the burner tilt changes? Is the

following true? When the gain term is over 30° positive tilt there will be a

rapid change in steam temperature to a small change in burner tilt. When the

burner tilt is negative the change in steam temperature will be flat.

What specific conditions in the plant cause you to take action, and what
action?

Under what circumstances do you anticipate problems in maintaining tight
control on steam temperature (ie. when is steam temperature control easy and
when is it hard)?

How good is the soot monitoring (ie. heat absorption method) at the Dalhousie
Plant? Does it represent the conditions in the boiler? How does the heat
absorption method irididatc slagging conditions in the boiler? |

How fast do circumstances change in the boiler with regards to slag buildup?
What criteria is used to operate the sootblowers? .-

Is thefe other infonnation that contributes to your decision for controiling
steam temperature (ie. high positive burner tilt, heat absorption. in the
superheater and reheater receives little change, then the superheater and.
reheater region is more .highly fouledj? |

There are small detail differences m a boilef design. What épproach would
you say is specific to the Dalhousie boiler in controlling the reheat
.tempem'tures?

Where are sootblowers? How are they controlled? How are they operated?
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10. |
11.
12.
13.
14,

15.

16,

17.

What information does the operator have available on which to base his
decisions for steam temperatlire control as well as sootblowing? _

How does the operator know once he has taken an action (ie. operated
sootblowers) that his control of the situation is working?

Under what circumstances is the decision to switch from automatic to manual |
control and vice versa made?

Do you allow fouling to occur in certain areas? If so, where? Why?

Do you receive information from temperatures in the flue gas?

‘What fouling characteristics have been observed with the different coals being

burned? |

Are the operators aware when the boiler sheds large amounts of slag rapidly?
What seems to cause this cleaning phenomena? Do you. try to avoid this boiler
cleanihg phenoména or do you just ride out the lﬁrge transient in steam
temperature that occurs? What control actions are taken, if any?

How do you control while you are sootblowing? What is the effect of the

control while sootblowing? Is the control switched from auto to manual?
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INTERVIEW ANSWERS

Dalhousie Unit #2 is a Combustion Engir_leering boiler with Bailey
Control#. At full power the reheat steam temperature can be basically
con&olled by burner tilt. Different slagging conditions would result in
different combinations of burner tilt and therefore, there is more than
one gain curve for burner tilt. There is a limiting of burner tilts at
‘minimum load. Below 50% load, the tilt is Iimited to 65% of the
signal. (50% = 0° tilt). This occurs because the flame scanners will
detect a loss of flame and trip as the fire ball will have been moved
~above the top of théir range. If the burner tilt is 'down the fire ball is
not as clean, a lot of smoking occurs.
The following conditions in the plant require action:
- Steam Temperature is too low penalized in dollars
- Spraying too much attemperator water counteract by blowing soot.
- Burner tilt is out of range +80 eind above or -30 and below.
- - Negative burner ﬁlt indicates to much heat in the superheater region or
the waterwalls are dirty. |
' The tight control of stéam temperature is hindered when:
- Change over of mills occurs |
- Sootblowing occurs
- High degree of slagging (ash content 18%-29%)
which occurs when the ash content is high which causes the heat
| content of the fuel to decréase. Moisture and heat content (BNI) are

measured once a week.
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The Computer Plant Technology System (CATS) perfdrrns boiler efficiency
calculations as well as heat absorption calculations. The CA’fS system uses
heat absorptions as an indication of slag buildup. The calculated heat
absorptions are not necessarily indicative of slagging conditions since the target
heat absorptions are not' set correctly. In CATS, the mill arrangements, as
well as burner tilts, are not included in the calculations. The heat absorption
method can indicate problems in the v\;‘aterwalls, superheater, primary and
economizer regions. A visual inspection can confirm this and thus indicate the |
need for a sootblowing operation, Howevér, the calculated heat absorptions
are not necessarily indicative of slagging since the targets which are used for
comparisons to detect irregular conditions have not been determined correctly.
Transients in temperature occur depending on siagging conditions.

Steam temperature moves quickly when certain 6hanges occur.It is

possible to see a 20° change in temperatﬁre if a wall sootblowin.g

action effectively moved a lot of slag.A good operator would adjust
“burner tilt first before the wall blowing to accommodate for the

transients which will occur. B

Slagging occurs depending on the combustion of fuel when combined

with different burner tilts, spray, coal .and mill arrangements. Sets of

ol

blowers are common to both the reheat and superheat regions which
requires a judgement on whether to sootblow. You may not want to
affect the temperature in one region. Sootblowing occurs more in the
- primary superheater region because of the higher convection action.
Wﬁen reheat spray is used then sootblowing woui_d be required in the

-'prirhary since the heat was too high in the reheat region.
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A percént change in excess air has a greater effec_t than a percent

change in load. An incfease in excess air increases the gas exit

temperature. Steam temperature control is gover'ned.by tilt, excess air,

load, wall cleaning and coal quality. It is more difficult to control

reheat temperature thus operators blow soot to attempt to reduce the
temperature, _

At full 1oad, when burner tilts are high, to maintain reheat temperature the use
of spray will be required. Except on the coldest months .you might use less
excess air to reduce the need for reheat sprays. It is necessary to watch the |
outside air temperature. If there is not enough heat in the flue gasses you will
lose 250° at the low end. When attemporating spray. is used in the superheater
region a response in temperatures occurs in about 3-4 minutes/7-8 minutes.

~ Reheat spray has a longer response time.. Sootblﬁwing in the waterwall region
takes 3 minutes with a 3 minute respond before the steady state is obtajﬁed
again. The secondary section is a radiant heat region in the boiler. The
primary superheat is both radiant and convection. This modifies with load.
When the reheat and superheater temperatures are down adjust burner tilts,
adjust excess air and bring sprays off auto (generally on auto).

It is possible to modulate sequences of sootbiowers or operate them all
separately. Sootblowers _blow.'steam when they are retracting into the

wall, not when they are on their way into the boiler. | Superheaters are
shielded to cut down on efosion during sdotblowing. Repetitive |

sootblowing in the same areas of the boiler will cause erosion and is

considered to_be' a big problem. The sootblowers are checked every

shift. The burners are checked every twenty-four hours for possible
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10.

11. -

12,

13.

14,

i5.

clogging. An operator requires two indicators of slag buildup before
he will perform a sootblowing operation. |

Sootblowing\ is based on a visual inspection of the boiler interior. As
well as visual inspections, sootblowing needs are determined from gas
exit temperatures and burner tilts. Under 4 mill operation there iS |
more slagging in the bottom regions of the boiler, Slag also builds up
in the cavities between the superheater banks.

Once an operator has instituted a control or sootblower action he must
watch the available plant information and access from experience
whether the action was successful. It is possible that the action taken _
does not produce the results required in a timely fashion.

When the controls are on manual and the load is increased, the steam
temperature increases because with more fuel thete is more gas flow.
Burner tilts are always on manual and when the mill or air
configuration changes.

Dalhousie is dependent on a certain amount of slag in the boiler. The
boiler is seasoned on startup after the annual Plant Shutdown by not
blowing soot for a day to a day and a half.

Gas Exit temperature should be maintained at 660° on the furnace gas
out before the air heaters (boiler exit out). If the gas exit temperature
reaches 660° then this indicates that fouling has occurred and
sootblowing is needed. |

Minto Coal, which is normally burned at Dalhousie, is a high slagging
coal. Dalhousie Unit #2 was designed to burn Minto coal. In the

winter months four mills are operated and air flow changes. During
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normal operation three mills are used. Coal characteristics such as
moisture content or mud content generally requires that more coal to be

used (ie. a need for more mills). There is a problem with weekend

coaI_ since it comes from the stock pil'e rather than fresh and thus tends
to block mills and burners and increases slagging probiems"(indicatcs
the need to modify rules). Mills are overhauled every two months,
Minto coal contains 20-23% ash. Nova Scotia coal has 10% ash, it's

cleaner and has less mill wear, less soot but has too much heat in

reheat region. Columbia coal causes the boiler to self clean over a
period of two days.There seems to be little self cleaning with Minto
coal.

Configuration of Burners

4 burners 1 mill '

4 burners 1 mill 7_
4 burners 1 mill °
4 burners 1 mill i

Yes the operators are aware of sheets of slag dropping from the boiler

T

'~ walls. They attempt to deal with the large transient in steam
temperature that occurs using standard control procedlires.lf the slag

| buildup is thick reducing the load (any major disturbance) will cause
the slag to fall away (self cleaning effect). Reducing the load helps to
remove the slag buildup at the bottom of the boiler (ie. the slopes).

Self cleaning will occur if a large pressure, temperature, load changes,
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17.

or upset condition occurs. Sootblowing occurs in the superheater

banks to obtain more heat absorption. Changing the mill setpoint to

change the BTU input into furnace (2 mins longer). A transport delay
occurs when you change the output to the pulverizer.

This is dependent on the current situation and the operator involved.
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APPENDIX II
SOOTBLOWING DATA ACQUISITION PROCEDURE
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APPENDIX I |
SOOTBLOWING DATA ACQUISITION PROCEDURE

PROCEDURES FOR THE SOOTBLOWING SUMMARY SHEET

When an operator is about to perfdrm a sootblowing operation could he/she
please fill out a SOOTBLOWING SUMMARY SHEET. On this sheet you will find

the following items:

1. BEFORE - The variables listed under the column BEFORE are to
be filled out just before the sootblowing action is started. The Time
entry is the time the sootblowing action was started. On the Mills In
‘Operation entry please give the list of all mills currently operating., All

other entries are as stated (ie. Reheat Steam Temp. is the Reheat Steam

Temperature before the sootblowing action is started).

2. AFTER - The same vanables are to be recorded after the sootblowing
action has completed and the control system has settled. If you initiate another
sootblowing action before the system has settled then record the readings

before you start the next sootblowing action. Record the time these variables

ol

readings are taken.

3. SOOTBLOWERS OPERATED - n this section please list the sootblowers
activéted and why- you chose these sootblowers.

4, SOOTBLOWING REASONS - In this section please state the
reasons you have decided to sootblow and the results you expect to see

from the sootbldw.
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 SOOTBLOWING SUMMARY SHEET

VARIABLES BEFORE

Time

Main Steam Temp.

| Reheat Steam Temp.

Main Ste_am Press.

~Main Steam Spray

Reheat Steam Spray

Burner Tilt

Excess Air

Furnace Gas Exit Temp.

Mills In Operation
SOOTBLOWERS OPERATED -
SOOTBLOWING REASONS |
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APPENDIX HI

SOOTBLOWING ADVISOR RULES
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APPENDIX IIT

SOOTBLOWING ADVISOR RULES

These rules were prepared for implementation in the SAX system. The first section

provides background information on boiler orientation and sootblower distribution in

the boiler.
BOILER OR{ENTATION
North Wall
C Corner D Corner
West . East
wall : Wall
BOILER . '
B Corner ‘A Corner
South Wall
SOOTBLOWER DISTRIBUTION
BOILER SECTION . SOOTBLOWER,
Slopes -
North IR67, IR63, IR66 '
East IR65, IR61, IR68
Lower Waterwalls
North - IR7, IR8, IR9
East IR4, IRS5, IR6
South IR1, IR2, IR3
West IR10, IR11, IR12
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Middle Waterwalls
North
East

South
West

Upper Waterwalls
- North
East
South
West

Secondary Superheater

East
West

Cold Reheat
East
West
Hot Reheat |
East
West
Final Reheat

East
West

Primary

East
West

IR19, IR20, IR21, IR31, IR32, IR33
IR16, IR17, IR18, IR28, IR29, IR30
IR13, IR14, 1R15, IR25, IR26, IR27
IR22, IR23, IR24, IR34, IR35, IR36

IR43, IR44, IR45
IR40, IR41, IR42
IR37, IR38, IR39
IR46, IR47, IR48

IK1, IK3, IKS, IK7
IK2, IK4, IK6, IK8

IK9, IK11, IK13, IK15

- IK10, IK12, IK14, IK16

K17, IK19, IK21, 1K23
K18, 1K20, IK22, IK24

IK25, IK27, IK29, IK31
IK26, IK28, iIK30, IK32

IK35, IK37, 1K39, IK41
IK36, 1K38, 1K40, IK42
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Economizer IK33, K34

Air Heater IKAH1, IKAH2, IKAH3, IKAH4

Y
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RULE TYPE: Select Sootblowers

Select sootblowing strategies for the areas in which slag has been detected.

slag on slopes AND

from the list of available slope_sootblowers choose the number of
slope_sootblowers depending on the slag type AND

display the sootblowing advice from the sootblow_list with appropriate

reasoning.

slag on lower_waterwalls

from the list of available lower_waterwalls_sootblowers choose the
number of lower_waterwall_. sootblowers depcndmg on the slag type
AND

display the sootblowmg advice from the sootblow list with appropriate

reasoning.

slag on middle__waté_rwalls

from the list of available middle waterwalls sootblowers choose the
number of middle waterwall_sootblowers depending on the slag type
AND

display the sootblowing advice from the sootblow_list with appropriate
reasoning. : .

- slag on upper_Waterwalls

1. IF
THEN

2 IF
" THEN

3 IF
THEN

4 IF
THEN

from the list of available upper_waterwalls sootblowers choose the
number of sootblowers depending on the slag type AND
display the sootblowmg advice from the sootblow_list with approprlate

reasoning.
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1IF

IF

THEN

THEN

IF

THEN

THEN

slag on secondary_superheater

from the list of available secondary_superheater_sootblowers choose

‘the number of sootblowers depending on the slag type AND

display the sootblowing advice from the sootblow_list with appropriate
reasoning.

slag on cold_reheat

from the list of available cold_reheat sootblowers choose the number
of cold reheat sootblowers depending on the slag type AND

dlSplay the sootblowing adwce from the sootblow list with appropriate
reasonmg :

slag on hot_reheat

from the list of available hot_reheat sootblowers choose the number of
hot_reheat_sootblowers depending on the slag type AND

dlsplay the sootblowing advice from the sootblow_list with appropnate
reasoning.

slag on final_reheat

from the list of available final_reheat_sootblowers choose the number
of final_reheat sootblowers depending on slag type AND

dlsplay the sootblowing advice from the sootblow_list with approprlate
reasoning. :

| slag on primary

from the list of available primary_sootblowers choose the number of
primary_sootblowers depending on slag_type AND
display the sootblowing advice from the sootblow_list with appropnatc

~ reasoning.
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RULE TYPE : Slag On Manual Observation

Slag accumulation is described by two parameters, the type and amount of buildup.

The type of buildup is either dust or slag. The amount is described by the inches of |

slag is manually observed on boiler_slopes

assert observe__slag_boiler__slopes'.

slag is manually observed on boiler_lower_waterwalls

assert observe_slag_lower_waterwalls.

 slag is manually observed on boiler middle waterwalls

accumuiation.
10. IF
THEN
11. IF
THEN
12. IF
THEN
13. IF
THEN
14. IF
THEN
15. IF
THEN
16. 1F
THEN

assert observe slag middle waterwalls.

slag 1s manually observed on boiler;upper_waterwalls

assert observe_slag_middle_waterwalls.

slag is ménually observed on boiler_secondary_superheater

assert observe_slag_secondary_superheater.

slag is manually observed on boiler_cold_reheat

assert observe slag cold reheat.

- slag is manually observed on boiler_hot reheat

assert observe_slag_hot_reheat.
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17.

- 18,

19.

iF _

slag is manually observed boiler_final reheat
THEN .

assert observe_slag_final reheat.

IF

slag is manually observed boiler_primary

THEN '
assert observe_slag primary.

RULE TYPE : Hold On Selection Of A Sootblowing Strategy

IF :
a sootblowing action has been initiated
THEN : _ _
: wait an appropriate amount of time for the control system to reach
steady state before determining if further sootblowing actions are
required. - '
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RULE TYPE : Determination Of Slag

20. PLANT STATE 1

IF the plant is operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT _STATE 1 timer AND
Reheat Steam Temp is in the low range AND
Main_Steam_Temp is in the low range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN
assert slag_final reheat section AND
assert slag_middle waterwall section

21.  PLANT STATE 2

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT _STATE 2 timer AND
Reheat Steam Temp is in the norm range AND
Main_Steam_Temp is in the norm range AND
Gas_Exit Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is'in the normal range AND
Reheat Steam_Spray is in the normal range AND
Main_Steam Spray is in the normal range
THEN
assert slag_primary_section AND
assert slag_secondary_section AND
~ assert slag_upper_waterwall_section
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22.  PLANT STATE 3

IF the plant is operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE 3 timer AND
Reheat Steam_Temp is in the high range AND
Main Steam Temp is in the norm range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN _
assert slag primary section AND
assert slag_upper waterwall _section AND
assert slag_middle waterwall section.

23, PLANT _STATE 4

IF the plant is operating at full load AND
the control_system_stable timer is zero AND .

_ this plant state has been in existence for a minimum of time
determined by the PLANT STATE 4 timer AND
Reheat_Steam_Temp is in the normal range AND
Main Steam Temp is in the high range AND
Gas_Exit Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND _
Reheat Steam Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN :

-assert slag_middle_waterwall_section AND

assert slag lower_waterwall_section

Y
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PLANT STATE 5

IF the plant is operating at full load AND

the control_system_stable timer is zero AND

this plant state has been in existence for a minimum of time
determined by the PLANT _STATE 5 timer AND
Reheat_Steam 'I‘emp is in the normal range AND
Main_, Steam _Temp is in the normal range AND
Gas_Exxt_Temp is in the high range AND .
Burner_Tilt is in the low range AND

Excess_Air is in the normat range AND

Reheat Steam Spray is in the normal range AND
Main_Steam_Spray is in the high range

THEN -

assert slag_primary_section
assert slag_middle_waterwall_section

PLANT STATE 6

IF the plant is operating at full load AND

the control_system_stable timer is zero AND

this plant state has been in existence for a minimum of time
determined by the PLANT_STATE 6 timer AND
Reheat Steam_Temp is in the normal range AND
Main_Steam Temp is in the normal range AND
Gas_Exit Temp is in the high range AND

Burner Tilt is in the low range AND

Excess_Air is in the high range AND

Reheat Steam Spray is in the normal range AND
Main_Steam_Spray is in the high range

. THEN

assert slag_middle_waterwall_section
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26. PLANT STATE 7

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE 7 timer AND
Reheat_Steam_Temp is in the high range AND
Main_Steam_Temp-is in the high range AND
Gas_Exit_Temp is in the normal range AND
Burner Tilt is in the low range AND
Excess Air is in the high range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN
assert slag_cold_reheat section AND
assert slag secondary_ section AND
assert slag upper_ waterwall_section

27. PLANT STATE 8

IF the plant is operating at full load AND _
the control_system_stable_timer is zero AND -
this plant state has been in existence for a minimum of time
determined by the PLANT STATE 8 timer AND
Reheat_Steam_Temp is in the normal range AND
Main_Steam_Temp is in the high range AND .
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess Air is in the high range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN '
assert slag primary section AND

. assert slag_lower_waterwall_section

v
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PLANT_STATE 9

IF the plant is operating at full load AND

the control_system_stable timer is zero AND

this plant state has been in existence for a minimum of time
determined by the PLANT_STATE_9 timer AND

Reheat Steam_Temp is in the low range AND
‘Main_Steam_Temp is in the normal range AND

Gas_Exit Temp is in the high range AND

Burner_Tilt is in the low range AND

Excess Air is in the normal range AND

Reheat Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN

assert slag_hot_reheat_section
assert slag secondary_section

PLANT STATE 10

IF the plant is operating at full load AND

the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE_10 timer AND
Reheat_Steam_Temp is in the low range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the high range AND

- Burner_Tilt is in the high range AND

Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN

assert slag_final_reheat_section
assert slag_cold_reheat_section

128

Y




30. PLANT_STATE 11.

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT _STATE_11 timer AND
 Reheat_Steam_Temp is in the normal range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the normal range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
‘Main_Steam_Spray is in the normal range
THEN
 assert slag_lower_waterwall_section

31.  PLANT_STATE 12

IF the plant 1s operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT _STATE_12 timer AND
Reheat_Steam_Temp is in the low range AND
Main_Steam_Temp is in the low range AND
Gas_Exit_’I‘emp is in the normal range AND
Burner_Tilt is in the high range AND
Excess Air is in the hlgh range AND
Reheat Steam_Spray is in the normal range AND
Mam_Steam_Spray is in the normal range

THEN
assert slag_primary_section AND
assert slag_final reheat_section AND
assert slag_middle_waterwall_section
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32.  PLANT STATE 13

IF the plant is operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE_13 timer AND
Reheat_Steam_Temp is in the high range AND
Main_Steam_Temp is in the high range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Alr is in the low range AND
Reheat_Steam_Spray is in the high range AND
Main_Steam_Spray is in the high range

THEN
assert slag upper_waterwall_section AND
assert slag middle waterwall_section AND
assert slag_lower_waterwall_section

33. PLANT _STATE 14

IF the plant is operating at full load AND
the control_system_stable _timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE_14 timer AND
Reheat Steam_Temp is in the high range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat Steam_Spray is in the high range AND
Main_Steam_Spray is in the normal range

THEN '
assert slag_upper_waterwall_section AND

“assert slag_middle waterwall_section

Y

130




34,  PLANT STATE_I5

IF the plant is operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT_STATE 15 timer AND
Reheat_Steam_Temp is in the normal range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the high range AND
Main_Steam_Spray is in the normal range
THEN
assert slag upper waterwall section

35.  PLANT STATE 16

IF the plant is operating at full load AND
the control_system_stable timer is zero AND _
“this plant state has been in existence for a minimum of time
determined by the PLANT STATE_16 timer AND
Reheat_Steam_Temp is in the normal range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess Air is in the normal range AND
Reheat Steam_Spray is in the high range AND
Main_Steam_Spray is in the high range
THEN -
assert slag primary_section AND
assert slag_upper_waterwall_section
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36. PLANT STATE 17

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE 17 timer AND
- Reheat_Steam_Temp 1is in the normal range AND
Main_Steam_Temp is in the high range AND
Gas_Exit Temp is in the high range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the high range
THEN
‘assert slag_middle_waterwall_section AND
~assert slag_lower_waterwall_section

37. PLANT STATE 18

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT STATE_18 timer AND
Reheat Steam_Temp is in the low range AND
Main_Steam Temp is in the low range AND
Gas_Exit_Temp is in the high range AND
Bumer_Tilt is in the high range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main_Steam_Spray is in the normal range '
THEN '
assert slag primary section
assert slag_secondary_section
assert slag_middle_waterwall_section
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38. PLANT STATE 19

IF the plant is operating at full load AND
the control_system_stable_timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT_STATE_19 timer AND
Reheat Steam_Temp is in the high range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit Temp is in the normal range AND

- Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat_Steam_Spray is in the normal range AND
Main_ Steam _Spray is in the normal range

THEN
assert slag_middle_waterwall_section

39.  PLANT_STATE 20

IF the plant is operating at full load AND
the control_system_stable timer is zero AND
this plant state has been in existence for a minimum of time
determined by the PLANT_STATE_20 timer AND
Reheat_Steam Temp is in the high range AND
Main_Steam_Temp is in the normal range AND
Gas_Exit_Temp is in the normal range AND
Burner_Tilt is in the low range AND
Excess_Air is in the normal range AND
Reheat Steam Spray is in the normal range AND
Main_Steam_Spray is in the normal range

THEN
assert slag_primary_section AND
assert slag_middle_waterwall_section

Cod
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40.

41.

42.

43.

44,

IF

THEN

IF

THEN

THEN

THEN

IF

THEN

RULE TYPE : Boiler Configuration Rules

the fuel type is Minto Coal AND
the primary sootblowers have not been operated in a primary_cycle( 8
hrs)

select a primary sootblowing strategy.

the fuel type is Minto_Coal AND

the hot air_heaters have not been operated in a hot air heater cycle (
24 hrs)

select a hot_air_heater sootblowing strategy.

the fuel type is Minto_Coal AND

the cold air_heaters have not been operated in a cold air_heater cycle (
8 hrs)

select a cold_air_heater sootblowing strategy.

the fuel type is Minto_Coal AND

the economizer sootblowers have not been operated in a economizer
cycle ( 2 week )

select an economizer sootblowing strategy.

a mill is added or deleted from the boiler configuration

wait 10 mins for control system variables to reach a steady state before
scanning for slagging conditions
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APPENDIX IV

SOOTBLOWING PLANT DATA
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DALHOUSIE UNIT 2 ~ OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHCUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - CPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA
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DALHOUSIE UNIT 2 - OPERATING DATA

Sootblowing Reason Legend

1 - Gas Exit temp High

2 - Tomperatures High

3 - Air Heater Maintenance
4 - Observation

" § - Balance Temperatures

§ - Economizer Malntenance
7 - Primary Maintenance

8 - Reheat Temp High

g - Main temp High

10 - Eliminate Main spray
11 - Eliminate Reheat Spray
12 - Burner Tilt Low

13 - Temperatures Low
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SOOTBLOWING TEST DATA AND RESULTS
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APPENDIX V
SOOTBLOWING TEST DATA AND RESULTS
A SAX test consists of running the SAX system using the test data presented in this

appendix. The results of these tests will be presented in the following way:

1. The analysis of the test data and results
2. The test data set at five minute intervals .
before it has been linearly interpolated.

3. For each plant state in this data which

requires a sootblowing action the sootblowing
strategy list and corresponding advice windows
- will be presented.

It_shou.ld be noted that there are discrepancies between the data collected by the
operators and the data obtained from the strip charts for the test data sets. These
discrepancies may have occurred for various reasons. It is possible that operators did
not record thé data as accurately or c'onsistently.as required. Inconsistencies in data
test sets may have occurred for various reasons. The ﬁrst‘probler_n is the determination
of the position on the strip chart at which to start the readings. The only reference
point available is a shift supervisor's initials which may occur every eight hours.
Since the process variables are recorded on different strip charts these initials may not
correctly represent the time recorded by the supervisor. As a result, each variable
may be read at slightly different times, With this in mind the best possible test data

sets were collected.
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SAX TEST #1

In this test data the reheat temperature began high but since there was no indication of

a high gas exit temperature SAX took no action. As both main and reheat steam
temperatures dropped and the gas exit temperature rose SAX detected a situation
which required sootblowing, Plant State 1. As the bumef tilt rose and the reheat and
main steam temperatures still remained low, Plant State 8 was detected and further
sootblowing strategles were chosen. The following pages contain the test data set and

the SAX screens Wthh display the results.

catblouing Operations Boiler_bserwtioss wel il Entry  xit SAX

=43 Soothlouisg Mvisory Dapert

i e upsbioonn futboni

£IRAH, IRAH 2)
{Ie 28 18 29 I3
HUERURY

{1k 33 K30

(1835 183 [230)
UETENL

Bsplay the advice for the soothiowr.

Figure AS5-1 SAX TEST #1 - Plant State 1 - Sootblowing Strategy List
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ootblowing Operations Boiler_ bserwations vel/Mill Ity xit 3AX

Sootblower Action - 1R_13 IR_16 IR 19 1R 22
was chosen for the following reasons:
» fiction Tiee - Tee Mor 32 18:01:21 1991
» PLANT STATE 1:
Reheat_Steaw Temp is in the fow range AMB
Moin Steam_Tenp is in the [ow range AND
gas_Exit_Tewp is in the high range 48D

Burrer_Tilt is in the low range AMWD

Excess fir is in the normal range AND
Beheat_Steam Spray is in the normal range AND
thin_Steam Spray is in the normal reage.

The abave sootblouers were chosen to be

aperated to decrease slag in the specified region.

Display the SAX reasons for selecting this soatbloer action

Figure A5-2 SAX TEST #1 - Plant State 1 - Middle Waterwall Strategy

it X

Sootbiower fAiction - 1838 [839 1R 42
ws chosen for the Following reasons:
# Action Time - Tue Mar 12 18:01:28 1331
» PLANT STRTE 8.
Reheat Steam Temp is in the [ow range AND
thain_Steam Temp is in the low pange ANK
Gas_Exit Temp is in the high range AND
Burner Tilt is in the high range AND

Excess_ir is in the vorm range AND

Reheat_Steam Spray is in the norm range AND

Main Stesm Spray is in the norm range

The 2bove seotblosers were chosen to be

pperated to decrease slag in the specified reginn.

o

Figure A5-3 SAX TEST #1 - Plant State 18 - Primary Strategy
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nntbluuing_ﬂperatiuns Boiler_ bserwations wel A1 Entry  xit_SAX

SUOR IR S PRI [ TR TI SR

Sootblower Action - 183 X4
was chosen for the following reasons:
*» ficdion Tine - Tue Mar 12 18:01:27 1991
« FLANT STRTE 18:
Reheat_Steam Temp is in the tow range 44D
Main Steam Tewp is in the low range AND
Gas_Exit Tewn s in the high range AMD

Burner Tilt is i the high range AXD

Exress_fir is in the norw range AND

Reheat_Steam Spray is in the norm range AND

Main Stean Sprag is in the norn range

The above soctblowers were chosen ts be .
operated to decrease slag in the specified region.

.

W Display the 3AX reasons far selecting $his soothlouer action

Figure A5-4 SAX TEST #1 - Plant State 18 - Secondary Strategy
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SAX TEST # 1

SOOTBLOWING ACTION 12

o

Process Variable

Units

Record 21:30

21:35

21:40

21:45

2150

21:55

Main Steam Temperature Fahrenhaeit Strip Chart - 850.00 | 1070.00 | 1070.00 940.00 800.00 950.00
Reheat Steam Temperature Fahrenheit |Strip Chart 1000.00 950.00 [ 850.00 850.00 880.00 880.00
Gas Exit Temperature Fahrenheit Hourly Log £60.00 665.00 667.00 670.00 680.00 685.00
Main Steam Pressure PSIG Strlp Chart 179000 | 179000 | 1790.00 | 1790.00 7 1795.00 [ 1795.00
Excess 02 % Strip chart 2.40 2.30 2.40 2.70 2.30 2.60
Steam Flow tos/hr 104 [Strip Chan 136.00 | 140.00| 135.00| 13500] 137.00| 137.00
Burner Tilt Degreas Trand Log 35.00 35.00 35.00 35.00 60.00 60.00
Main Steam Atternporating Spray Ibs/hr Hom Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Rehoat Steam Atternporating Spray tbs/hr x 103 {Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Process Variable 22:00 22:05 22:10 22:15 22:20 22:25 22:30 |
Main Steam Temperature . 945.00 §$50.00 800.00 620.00 700.00 890.00 900.00
Reheat Steam Temperature 900.00 750.00 500.00 | 600.00 860.00 900,00 850.00
Gas Exit Temperature 680.00 675.00 670.00 660.00 655.00 652.00 650.00
Main Steam Prassure 1796.00 1795.00 § 1800.00 | 1855.00 | 1805.00 | 1800.00 | 1800.00
Excess 02 2.40 2.40 2.20. 2.60 2.30 1.70 2.40
Steam Flow 138.00 138.00 135.00 138.00 135.00 135.00 138.00
Burnaer Tilt 60.00 60.00 | - 75.00 75.00 75.00 75.0071.  75.00
Main Steam Attemporating Spray 0.00 0.00 0.00 0.00 .00 0.00 0.00
Reheat Steam Attemporating Spray 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00
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SAX Test #2

In this test SAX detected the slagging con'diti'on, Plant State 8 in which the main steam

temperature and gas exit temperatures were high. The excess air was also high.' SAX

recommended a primary strategy for this Situation_. SAX also detected a change in
excess air and matched on Plant State 4. This resulted in the selection of lower and

middle waterwall strategies.

ootblowing Jperations Boiler_ bservations wel/Mill Enfry  xit _SAX
SAX Sontblowing Advisory Expert

([RAH_2 RRH_2)
(1833 I¥ 31
(1%_35 IK_36 1K 3D

(IR A3 ER_I6 TR 19 ER_-

(IR 186 139 IR 12)

o

Display the adwice for the sootblouer,

Figure A5-5 SAX TEST #2 - Plant State 8 - Sootblowing Strategy List
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ootblowing Gperations Bpiler_ bservations uelr!‘li]!{ntrg xit_$4X

Sootblower Action - K 33 1K 3% ¥ 42
ws chosen for the following reasons:
» fietion Tize - Tue Mer 12 18:39:24 199t
» PLANT STRIT B:
Reheat Steam Temp is in the norml range AND
Main_Stear Temp is in the high range AMD
Gas_Exit_Temp is in the high range AND
Burser_Tilt is in the Tow range 4ND
Excess_fir is in the high range AND
Relieat_Steas Sprey is in the mormal rauge AN)
Main Steam Sgray is in the normel renge
The above sootbiowers were chosen to be
operafed to decrease slag in the specified region,

Display the $AX reasans for selecting this sootblawer action

Figure A5-6 SAX TEST #2 - Plant State 8 - Primary Strategy

nntblnuingﬁﬁperatnns Bni[er_hewatians uel Mill Entry  xit_SAX

PO oty

Sootblover Action - IR_13 IR 16 1R_13 Ik 22
was chosen Tor the follawing reasons:
= fiction Tiee - The Mar 12 19:39:23 1991
* PLANT STRTE 4:
Reheat _Steam Temp is in the normel range AMD
Main_Steam Temp is in the high ravge SND
Gas_Exit Tewmp g In the high range AND
Burner_Tilt is in the low range ANE

ol

Excess_fir Is in the noreal range AND

Beheat_Steaw Spray is in the normal range AMD
Main_Stean Spray is in the normal range

The above soothiowers were chosen to be :
operated to decrease slag in the specified regicn,

Dislag the SaX reasuns for selecting this soothlower action

~ Figure AS-7 SAX TEST #2 - Plant State 4 - Middle Waterwall Strategy
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agtblowing_Operations ui ler_ bservations

uelMild Entrg  xit SAX

Sootblawer Action - 13 iR6 1R9 iR_12
ws chosen for the following reasons:
* Action Time - Tue Mar 12 $6:39:23 1991
» PLANT STATE 4:
Rehezt Steam Temp is iw the norml range AND
Main_Steam Temy is in the Righ range AND
Gas_Exit_Temp is in the high range RND
Burner Tilt is in the low range AND

facess_fiir is in the normal range AND

feheat_Steam Spray is in the normal range AND
Mein_Steam Spray is in the normal range

The above soathlmers were chasen to be _
operated to decrease sfag in the specified region.

- -
Figure A5-8 SAX TEST #2 - Plant State 4 - Lower Waterwall Strategy

e
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SAXTEST#2

SCOTBLOWING ACTION 22
Process Variable Units Record 19:30 19:35 19:40 19:45 . 19:50 1955
Main Steamn Temperature Fahranhait Strip Chart 1025.00 | 1005.00 | 1000.00 998.00 | 100000 | 1050.00
Rehsat Steam Yemperature Fahrenhaeit Strip Charnt 990.00 980.00 950.00 1 - 980.00 [ 1000.00] 1000.00
. |Gas Exit Temperature Fahrenhelt  |Hourly Log 660.00 660.00 660.00 665.00 665.00 670.00
Main Steam Pressure PSIG Strip Chart | 1795.00 | 1795.00 | 1795.00] 1795.00 | 1795.00 | 1795.00
Excess 02 % Strip chart’ 2.60 2.60 2.80 2.40 2.40 240 |
Steam Flow ibs/hr x Hom_. Steip Chart 137.00 135.00 135.00 135.00 135.00 136.00
Burner Tilt Degreas Trend Log 30.00 30.00 30.00 30.00 30.00 30.00
Main Steam Attemporating Spray Ibs/hr 5 10 {Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Reheat Steam Attemporating Spray Ibs/hr y 103 [Hourly Log 0.00 0.00 0.00 000 . 0.00 0.00

Process Variable

20:00

20.05

T 20:10

2018

20:20

20:25

20:30

Main Steam Temperature 1045.00 1045.00 [ 1050.00 | 1045.00 | 1020.00 | 1030.00 900.00
Reheat Steam Temperature 1000.00 1005.00 | 1000.00 990.00 940.00 750.00 610.00
Gas Exit Temperature 669.00 667.00 667.00 670.00 672.00 674.00 675.00
Main Steam Prassure 1800.00 1800.00 [ 1800.00 | 1800.00 ) 1800.00 | 1800.00 | 1800.00
Excass 02 2.40 240 240 2.80 2.60 2.80 3.00
Steam Flow 136.00 136.00 136.00 136.00 135.00 135.00 135.00
Burner Tilt 30.00 30.00 30.00 40.00 40.00 40.00 40.00
Main Steam Attemporating Spray 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Reheat Steam Attemporating Spray 0.00 0.00 Q.00 0.00 0.00 0.00 0.00
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SAX Test #3

In this test data set SAX detected Plant State 18 in which the reheat and main steam
temperatures were low and the burner tilt was high. The gas exit temperature was

also high indicating a loss of heat in the boiler. SAX responded by récommending

sootblowing actions in the primary, secondary and middle waterwall boiler sections.

ootblowing Operations Boiler_ bservations wel/Mill fatry  xit_SAX
SAX Sootklowing Advisory Expert

(33184

(1R_13 18_16 IR_19 1R_

Figure A5-9 SAX TEST #3 - Plant State 18 - Sootblowing Strategy List

158




ootblauing Dperations Boiler_ bservations wel MM Entry  xit SAX '

Sootblower fiction - IK 38 ik 39 18 42
was choser For the following reasons:
» fiction Time - Tue Mar 12 18:57:70 1991
» FLANT STRTE 18:
Reheat_Stean Temp is in the Tow range ARD
Main_Steam Temp is in the low range AKD
Gas_Exit_Tewy is in the high range AND

Burner_Tilt is in the high range AND

Excess_pir is in the nosm range AHD

Reheat_Steam Spray is ia the norm renge AND
Main_Steam Spray is is the norw range

The above sootblowers were chosen to le ,
operated to decrease slag in the specified region.

L]

Display the SAX reasons for selecting this soothlower action

Figure AS-10 SAX TEST #3 - Plant State 18 - Primary Strategy

gotblowing Operations Boiler_ bservations uel Al Entry  xit_SAX
T - ' L1 -:-'._':"!‘."

Sootblower Action - IX3 1K 4
wis chosen for the following reasons:

» fiction Tive - Toe Mar 12 18:57:13 1991

» PLANT STATE £8:
Reheat_Stean Temp is in the low range AND
Main_Steam Temp is in the low range AND
Gas_Exit_Temp is in the high range AND
Burner_Tilt is in the high ravge AND
Excess_pir is in the narn range AND
Beheat_Steam Spray is in the noram range AMD
Main_Steam Spray is in the nors range
The above soatblowers were chosen to be .
operated ta decrease slag in the specified region.

o

Figure AS-11 SAX TEST #3 - Plant State 18 - Secondary Strategy
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gatblowing Nperations Boiler_ bseruations selAMiil Entr xitSﬂx
- ST b b - -

Suothlower Action - TR_13 IR_1G iR_f9 IR 22
wuas chosen for the feblowing reasons:
* fAction Time - Tue Mar 12 19:57:13 199
» PLANT STHTE 18:
Reheat_Steam Temp is in the low range AND
thain_Steam_Temy is in the low range AMD
Gas_Exit Temp is in the high range AND

Burner_Tilt is in the high range AND

Excess_fir is in the warwm range AND

Reheat_Steam Spray is in the nora range AAD
Main_Steam Spray is in the norm range

The above scothlowers were chosen to be

aperated to decrease slag in the specified regian.

Disglay the SAX reasons for selecting this soothlower action

Figure AS5-12 SAX TEST #3 - Plant State 18 - Middle Waterwaﬂ Strategy

o
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SAX TEST # 3

SOOTBLOWING ACTION 27

Process Variable

Main Steam Tempaeratire Fahrenheit Strip Chant 705.00 710.00 780.00 795.00 790.00 780.00
Aeheat Steam Temperature Fahrenhei Strip Chart 750.00 800.00 800.00 | . 800.00 800.00 810.00
Gas Exit Temperature - |Fahrenhait [Hourly Log 680.00 680.00 680.00 680.00 680.00 650.00
Main Steam Prossure PSIG Strip Chart . 1794.00 1 1794.00 1794.00 | 179400 | 1794.00 | 1754.00
Excess 02 . % Strip chart’ 210 2.10 210 210 2.10 210
Steam Flow bs/hr x 104 |Strip Chart 136.00 ] 136.000 137.00] 13700 137.00| 136.00
Burner Tilt Degreas Trend Log - 80.00 80.00 80.00 80.00 80.00 80.00
Main Steam Attemporating Spray Ibsihr x 103 [Hourly Log 0.00 0.00 0.00 0.00 | 0.00 0.00
Reheat Steam Attemporating Spray Ibos/hr x 103 [Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00

Process Variable

Main Steam Temperature

13:00
800.00

13:05

805.00

805.00 890.00 895.00 840.00 800.00
Reheat Steam Temperature 810.00 900,00 900.00| S50000] 910.00f B810.00! 710.00
Gas Exit Temperature . 685.00 685.00 682.00) 680.00 676.00 675.00 675.00
Main Steam Pressure 1798.00 1798.00 | 1798.00 | 1798.00 | 1798.00 | 1798.00 | 1798.00 |-
Excass 02 1.70 2.30 "~ 1.80 2.40 2001} . 2.20 260 |-
Steam Flow 136.00 137.00 137.00 137.00 136.00 136.00 136.00
Burnar Tilt . - 6000 60.00 60.00 60.00 60.00 60.00 60.00
Main Steam Attemporating Spray 0.00 0.00 0.00 0.00. 0.00 0.00 0.00
Aeheat Steam Attemporating Spray 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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SAX Test #4

The data in this test set triggered on various plant states. Plant States 9, 1 and § were
detected. Plant State 5 triggered since main steam attemporating spray was being used

“to control the main steam temperature. SAX recommended sootblowing in the

primary, middle and lower waterwall sections of the boiler. The screens for plant

states 1 and 9 will not be shown here, however plant state 5 screens are on the

following pages.

ootblowing_Operations Bailer_ bservations wel/Milt Entry  xit 38K

S4X Sootblowing Advisary Expert

([R5 IR.28 IR 3L IR_
(IR IR 6 RS IR1D)

o

Disylay the advice for the sootblower. '

Figure AS-13 SAX TEST #4 - Plant State 5 - Sootblowing Strategy List
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Dperations Boiler_ bserwations uel/Mili Entry  xit SAX -
. T T e A T

Sootblouer fction - 1K38 1X39 1K 42 -
wis chosen for the follewing reasans:
* fiction Time ~ Tue Mar 12 20:14:21 1391
» PLANT STATE 5 C
Reheat_Steam_ Temp is in the ngemal range AND
Main_Steam Terp is in the norml range AND
Gas_Exit_Temp is in the high range AXD

Bupver_Titt is in the fow range AMND

Evcess_fir is in the norml rauge A4
Reheat_Steam Spray is in the normal range AHD
Mein_Steam Spray is in the high range '

The above soothlouers were chosen to be

operated to decrease slag in the specified region.

Figure AS-14 SAX TEST #4 - Plant State 5 - Primary Strategy

nutblnuing_ﬂper&tiuns Bailer_ bservetions uel/Mill Entry xit_SX
S B N LS B :

Sootblawer Action - TR.25 1828 IR 31 1B
ws chosen for the fotlowing reasons:

» fction Time - Tue Mar 12 20:14°21 1931

» PLANT STRTE 5 o
fehest Stean Tewp is in the nerme] range ARD
Main_Steem Temp is in the morml range AN
Gas_Fxit_Tewp is in the high range AND
Burser_Tilt is in the low range AYD
Excess_fir s in the normal range AiD
Beheat_Steam Spray is in the norml range AND
Main Steam Spray is in the high range
The above sogtblowers were chosen to be
operated ta decrease slag in the specified regisn.

]

Display the SAX reasons for selecting this sootblower action

Figure AS5-15 SAX TEST #4 - Plant State 5 - Middle Waterwall Strategy

163




ootblowing Operations Bailer_ bserwations wel/Mill Entry  xit_$AX

[N
L R S I

Sootblower Action - TRI [BE6 18.3 IR1Z
was chesen Tor the Tallowing reasons:
* fAction Time - Toe Mar 12 28:14:22 1391
» PLANT STATE 17:
Reheat Steam Temp is in the norm range AND
Miin_Steam Temp is in the high range AND
Bas_Exit_Temp is in the high range AND

Burner Tilt is i the fow renge AN}

Excess_fiir is in the norn range AND

Releat_Steam Spray is in the vorm range ANG
Main_Steam Spray is in the high range

The above soatblowers were chosen to be

operated to decrease slag in the specified region.

Figure A5-16 SAX TEST #4 - Plant State 17 - Lower Waterwall Strategy
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SAX TEST # 4

- SOOTBLOWING ACTION 46
Process Variable Units Record 8:30 8:35 8:40 6:45. 8:50 B:55
Main Steam Temperature Fahranheit Strip Chant 990.00 970.00 945.00 990.00.| 1000.00 995.00
Reheat Steam Temperature Fahrenheit | Strip Chan 900.00 880.00 920.00 910.00 910.00 | 1000.00
Gas Exit Temperature Fahrenhasit Hourly Log 696.00 690.00 687.00 688.00 6£89.00 650.00
Main Steam Pressure PSIG Strip Chart - 1851.00§ 1851.00] 1851.00 | 1851.00] 1851.00§ 185100} -
Excess 02 % Strip chart 2.30 2.00 2.20 2.40 2.50 2.50
Steam Fiow bsihr 107 |Strip Chart 136.00F 13600 137.00( 13800 13500[ 137.00
Burner Tilt Degreas Trend Log 30.00 30.00 30.00 30.00 30.00 30.00
Main Steam Attemporating Spray Ibs/hr % 103 {Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Reheat Steam Attemporating Spray Ibg/hr 103 [Hourly Log 0.00 0.00 0.00 0.00 0.00 20.00

Procaess Variable
Main Steam Temperature

9:00
940.00

9:05

990.00

830.00 790.00 | 800.00 810.00 815.00
Reheat Steam Temperature 980.00 950.00 920.0¢ 975.00 800.00 900.00 810.00
Gas Exit Temperature 683.00 680.00 670.00 | - 665.00 660.00 660.00 657.00
Main Steam Pressure 1799.00 1799.00 | 1799.00 | 1799.00 | 1799.00 | 1799.00 [ 1799.00
Excess 02 2.30 230 2.30 2.30 2.490 | 2.40 2.40
Steam Flow . 135.00 135.00 137.00 136.00 136.00 136.00 136.00
Burner Tilt 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Main Steam Attemporating Spray 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Reheat Steam Attemporating Spray 20.00 20.00 0.00 0.00 0.00 0.00 0.00
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SAX Test #5

The data in this test set trigged on Plant State 1 in which the main and ré_heat
temperatures were low and the gas exit temperature was high. Two sootblowing
strategies were chosen. They were in the final reheat area and the middle waterwall
-area of the boiler. Later in the test set Plant State 20 was detected as a result of -
reheat stearn, main steam and gas exit temperatures being high. In this plant state the |
sootblowing strategies for the primary region and the middle waterwall region were

recommended by SAX. The Plant State 20 screens are presented on the following |

pages.

vatblowing Operations Boiler_ bservations wel/Mill Entry  xit SaX
SAX Soothiowing Advisory Expert

{{R_14 1R 18 [R21 [R_

W

Pisplay the advice for the soatblaier.

'Figﬁre AS-17 SAX TEST #5 - Plant State 20 - Sootblowing Strategy List
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ootblowing Operations Heiler_ bserwations wel/Mill Etry
ROV LY RIS 15 SENIRUSN S ER I A TS

Sootblower Action - 1IR_14 1B_19 TR 21 1B 24
ws chosen far the follewing reasans:

* fction Time - Tue Mar 12 21:20:35 1998

» PLANT STRTE 28
Reheat Steam Tewy is in the high range AND
Hain Steam_Temp is in the high ronge AND
Gas_Exit_Temp is in the high pange AND
Burner_Tilt is En the low range AND
Excess_fiir is in the narm range AXD
Reheat_Steam Spray is in the norm range AN}
Main_Steam Spray is in the norm range
The abave scotblouers were chasen to be i
pperated to decrease slag in the specified region.

Display the SAX reasans for selecting this sootblouer actise

Figure A5-18 SAX TEST #5 - Plant State 20 - Primary Strategy
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SAX TEST#5

SOOTBLOWING ACTION 49

o

Process Variable Units Record 2:30 2:35 2:40 2:45 2:50 2:58
Main Steam Temperature Fahrenhait [ Strip Chart 905.00 950.00 900.00 900.00 980.00 915.00
Reheat Steam Temperature Fahranhaeit Strip Chart’ 950.00 900.00 950.00 950.00 945.00 950.00
Gas Exit Temperature - Fahrenheit Hourly Log 660.00 665.00 665.00 665.00 668.00 669.00
Main Steam Pressure |PSIG Strip Chart 1801.00 | 1801.001 1801.00 | 1801.00 | 1801.00-| 1801.00
Excess 02 % Strip chart 2.30 2.30 2.30 - 2.30 2.30 - 2.30
Steam Flow sy x 104 |Strip Chart 13400} 13400 13500 134.00] 134.00] 134.00
Burner Tilt Degreas Trond Log 35.00 35.00 35.00 35.00 35.00 35.00
Main Steam Attemporating Spray Ibs/hr x 103 |Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Rehaat Steam Attemporating Spray ibs/he x 103 [Hourly Log 0.00 0.00 0.00 0.00 0.00 0.00
Process Variable 3:00 3:05 3:10 315 3:20 325 J.30

Main Steam Temperature 915.00 950.00 940.00 | 920.00 | 1000.00 | 1050.00 | 1015.00

- |Reheat Steam Tempeorature 990.00 940.00 ¢ 1000.00 | 1000.00 $10.00 [ 1010.00 | 1010.00
Gas Exit Temperature  669.00 675.00 | 668.00| 66500 665.00] 66200 662.00
Main Steam Prassure 1797.00 1797.00 | 1797.00 | 1797.00 | 1797.00 | 1797.00 1 1797.00
Excess 02 2.30 2.30 2.30 2.30 2.30 2.30 2.30
Steam Flow 135.00 136.00 136.00 136.00 1. 136.00 136.00 135,00
Burner Titt 35.00 30.00 30.00 30.00 30.00 30.00 -30.00
Main Steam Attemporating Spray 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Reheat Steam Attemporating Spray 0.00 0.00 0.00 0.00 0.00 0.00 . 0.00
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