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1. Introduction

This report documents a project whose objective was to demonstrate the
application of an expert systems software tool to thermal performance analysis.
Specifically, a prototype expert system known as BARSE was written using
Gensym’s G2 for application to Sydkraft’s Barsebéack nuclear power plant. The
program has three functions: 1) performs the cycle heat and mass balance for
the conventional side of the plant (turbine and feedwater systems), 2) identifies
the economic impact of off-target thermal performance and 3) implements
illustrative system diagnostics. As BARSE is a prototype and was developed
for demonstration purposes only, it should not be viewed as a production tool.
A great deal more work must be done before the program can used for its
intended application, namely as a thermal performance advisor for the shift
engineer and control room operator.

The program was written over a three month period during the author’s
stay as a Visiting Professor in the Department of Automatic Control, Lund
Institute of Technology. The position is jointly funded by two Swedish util-
ities: Sydkraft and Vattenfall. The underlying objective of the project was
to introduce the utilities to the technology and encourage them to continue
with the development of the program. With the second objective in mind,
this report is tutorial in nature. Sufficient detail is provided such that an in-
dividual with a power engineering background and limited exposure to expert
systems should be able to understand the nature of the program and continue
its development.

1.1 Thermal Performance and Expert Systems

Expert systems as applied to thermal performance is viewed as an appli-
cation where a direct economic return on investment can be readily demon-
strated. The generation cost in a utility power plant comprises three principal
components: fuel charges, operating expenses, and capital costs. The relative
importance of these factors depends upon the maturity of the station and its
role in the generation network. The goal of the plant engineers, after ensuring
that the station operates safely and reliably, is to minimize these costs.

There are a large number of commercial tools on the market to monitor
thermal performance. However at the present time, no single form of analysis
technique has received general acceptance. In addition, it is not uncommon
to enter a plant control room and discover that the system for monitoring
and reporting on plant thermal performance has fallen into disuse. Typically,
the reason would be that the data was presented in a form that could not be
interpreted, or that the answers given by the system were sometimes wrong,
and consequently the system was no longer trusted or used by the operators.

The basic goal in thermal performance analysis is straightforward; to max-
imize cycle thermal efficiency in order to minimize fuel charges. The difficulty
lies in identifying the optimal efficiency and the factors that prevent the plant
from achieving that optimum. Given the nature of the data set obtained from



the measurements provided by the hundreds of sensors in the plant, the ex-
ercise becomes one of data management that involves uncertain, noisy, faulty
and in many cases incomplete data. This type of data management problem
with its underlying diagnostic requirement is an appropriate application of
expert systems technology, or in a broader sense the techniques of knowledge
based systems (KBS’s).

One must be aware that KBS’s are not a panacea. A survey conducted
by the American Nuclear Society (ANS) in 1988 identified over 298 prototype
expert systems under development by utilities throughout the world with over
63 application areas, including;:

o Signal validation and alarm processing

o Plant maintenance management

o Fuel shuffling and rod sequencing

o Technical specification monitoring

o Post-trip analysis

o Procedures analysis

o Probabilistic risk assessment

o Machinery diagnosis

o Plant data base management
Of the systems identified in the ANS survey, few were judged as successful
(Bernard and Washio, 1989, 130). To be fair, any expert system by definition
cannot be considered successful until it has been developed to the produc-
tion stage. As such, it is understandable that few of the prototype systems
were considered a “success”. Nevertheless, a number of obvious failures were
identified with reasons that can be summarized as follows:

o Applied to a problem more appropriate for a conventional program
o Not accepted by end-users (poor user interface)

o Not fast enough (real-time limitation)

o Wanted answers for a problem for which there was no solution

o Failed to provide a useable explanation facility

o Attempted to get an unskilled user to operate at a superior level

The last reason relates to the fact that in successful applications, expert sys-
tems have been used to assist the experts and not replace them. The first
reason points to the fact that in many applications one requires a facility for
both conventional (algorithmic calculations) and expert system (rule-based
diagnostics) programming; and yet the majority of expert systems software
cannot be used efficiently for conventional problems. The contention is that
with state-of-the-art software such as G2, this criticism is no longer valid.

One should not conclude that there have been no successful applica-
tions of utility related expert systems. For an example of a success, one
need only look to the various electrical generator diagnostic programs such as
GenAID (Westinghouse), TURBOMAC (Hartford), GEMS (Ontario Hydro),
TVM (CISE Labs) and DIVA (Electricité de France). The GenAID expert
system was developed by Westinghouse Electric Corporation for use at seven
turbine-generators operated by Texas Utilities Electric Company (Bernard and
Washio, 1989, 51). The system provides continuous monitoring of generator
operation. Signals from both existing instrumentation and from special sen-
sors retrofitted at the time of the expert system’s installation are transmitted
to the control rooms. Each generator’s rule base contains approximately 2500
rules and the system is capable of diagnosing more than 550 distinct fault
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conditions. From its inception in 1984 to 1986, GENAID has been credited
with avoiding 87.6 million SEK (14.6 million US$) per year in outage costs.
Thus, GENAID is a working demonstration of the economic value of a suc-
cessful expert system. However, the example also illustrates that an expert
system by itself is not enough. Sufficient instrumentation and a suitable in-
terface are important. Recall that GenAID required the retrofitting of new
sensors. Furthermore, one must consider the nature of the application. Gen-
erators rarely fail in a precipitous manner. There are almost always warning
signals of low magnitude that persist for days or even weeks. Second, when
they do occur, the failures tend to be catastrophic. The resulting economic
damage entails not only the loss of the turbine-generator but also the cost of
replacement electricity. Third, generator failures occur so infrequently that
plant personnel may lack the expertise to recognize the early warning signals.
Thus, a generator diagnostics expert system can be off-line; and if a failure is
correctly identified, the economic savings can be considerable.

With the above discussion in mind, this project is considered to have the
following features:

o Can be justified on a purely economics basis
(reduction in operating costs)
o Requires both conventional and expert system programming
(algorithmic-based cycle analysis, heuristic oriented diagnostics)
o Requires a good graphics-oriented user interface
(method of presentation is as important as what is presented)
o Potential end-user (Barsebick) suggested the application
(which should ensure in part user acceptance)

One can make the observation that given a fixed set of clean data, a thermal
and economic analysis of a power plant should not be performed with an ex-
pert system. However, the real data set is not fixed. The program must select
30 data points from a set of 100 noisy and uncertain measurements. Further-
more, the thermal analysis assumes normal operation. Diagnostics must be
performed to identify abnormal (fault) conditions to enable the thermal analy-
sis to be corrected accordingly. In conclusion, this demonstration is viewed as
both an appropriate and challenging application of expert system techniques.

Some Previous Work

An overview of recent activity by a number of American utilities serves to
highlight the level of interest in the application of expert systems to thermal
performance analysis.

General Physics marketted one of the first expert systems oriented ther-
mal performance programs (Schroeder et al, 1989). They call their program
TPA for Thermal Performance Advisor. TPA provides feedback, problem diag-
nosis, and advice to plant operations personnel that enables them to maintain
or improve power plant performance. Two versions have been developed to
date, one for fossil power plants and one for nuclear power plants.

The fossil Thermal Performance Advisor was developed for the New York
State Electric & Gas Somerset plant. The thermal TPA provides control
room operators with information on 13 controllable parameters such as throttle
pressure, main steam temperature and reheat temperature. The interface
shows the current parameter values and their associated costs or savings. The



system component of TPA alerts, queries and advises the operator when the
cost associated with a controllable parameter exceeds an acceptable limit.

The nuclear Thermal Performance Advisor is under development for the
Electric Power Research Institute (EPRI) and the Public Service Electric &
Gas Co. of New Jersey. The nuclear TPA will have the same functions as the
thermal version. The key difference is that the nuclear version will be used
off-line by plant performance engineers.

Kansas City Power & Light Co. implemented a performance monitoring
system on a 670 MW coal-fired unit that was reported to have a payback of
five to six months (French, 1989). They have estimated savings of $400,000
per year from reduced steam consumption due to judicious sootblowing, in-
creased operator awareness of controllable parameters, and reduced auxiliary
power consumption. Though they did not make use of a formal expert sys-
tem program, they reported on the need for a good user interface and update
facility; two features required for the success of an expert systems application.

Northern Indiana Public Service Co. describe a very similar project to
that reported by Kansas City Power & Light. Their goal was to improve boiler
efficiency by 0.1%. They elected to write their own performance analysis pro-
gram in PROLOG for implementation on a IBM PC (Kozlik et al, 1988). Their
prototype program consists of only 25 to 50 rules. The system is capable of
comparing current operation with a rule base of pre-defined “good operation”
parameters. From this comparison it is possible to formulate and supply to
the operator a list of recommendations to optimize boiler performance. As
applied to the feedwater system, the program uses the Drain Cooler Approach
(DCA) temperature as an indicator of condensate level problems; a high DCA
is assumed to indicate a low heater level. The Terminal Temperature Differ-
ence (TTD) is used as an indicator of the efficiency of heat transfer; a high
TTD is assumed to indicate poor heat transfer.

Selection of G2

A state-of-the-art expert system tool such as G2, which has the facility
for a direct on-line real-time interface to plant data acquisition systems offers
a number of advantages; 1) it can perform conventional (algorithmic) analy-
sis, 2) it can perform unconventional (rule-based) analysis, 3) it has a good
graphics oriented editor for rapid prototyping and the creation of effective user
interfaces, 4) it has a built-in simulator for off-line testing and 5) it can be
linked to external C programs (for access to property routines).

Arguably the most attractive feature of G2 is its graphics based devel-
opment environment with windows (called workspaces), pop-up menus and
mouse interaction. The user’s interface can consist of various displays (graphs,
edgewise meters, circular dials, digital readout tables) and controls (buttons,
slides, type-in boxes). An icon editor enables the user to draw custom objects
for process components. These objects can be assigned various properties or
attributes, for example the full set of quantitative variables required for a
model of a feedwater heater.



1.2 Diagnostics and Thermal Performance

Diagnostics are required to perform two functions in support of the ther-
mal and economic analysis components of the program.

o Identification of faulty sensors
o Identification of faults in the process

Faulty sensors must be identified to enable one to decide what data is to be
used as the basis for the cycle heat and mass balance. There are a number of
redundancies in the data set and these must be resolved before the analysis
can proceed. In addition, the model assumes normal operating conditions.
The details of any abnormal or process fault conditions (for example a major
tube leak) must be identified in order that the model can be corrected accord-
ingly. Three candidate diagnostic tools were considered: Early Fault Detection
(EFD), Multilevel Flow Modelling (MFM) and the Diagnostic Model Proces-
sor (DMP). Though only the last tool (DMP) was adopted, it is instructive to
review the background of all three.

Early Fault Detection

Since about 1985 the OECD Halden Reactor Project has been working
on a power plant fault detection system that they have named EFD for Early
Fault Detection. Development has focussed on the detection of tube leaks
and stuck level control valves in the high and low pressure feedwater heater
systems. In 1989, the system was installed and tested at the Lovissa Unit 1
Pressurized Water Reactor operated by Imatran Voima OY (Finland). The
system successfully identified a tube leak in a high pressure heater (Sgrenssen,
1990). A typical operator interface for the system is illustrated in Figure 1.1.

EFD Tfecrion LOW PRESSURE PREHEATERS ( * = modelled value )
P 104 P 59 P 16 P 4
T 331 T 291 T 215 T 148
F 50 F 91 F o F 38
T35 /\/ T 286 /\j T 210 T141 T 106
F 1220
P 188 T 296 T 220 T 152 T 121
E 50 F 159 F 234 F 272
50- 141' 234- 272'
V 54 54" V70 V 56 56* ﬁqﬁz}?'
EFD [vave | [ » .| [ #2 .| | #» .| | #.]
ALARM
uTs I [ ] |

Figure 1.1 Typcial operator interface for the Early Fault Detection system.




EFD uses a steady-state thermal model of a feedwater heater to determine
a theoretical value for the heater drain flow and the opening of the level control
valve on the drain. These theoretical values are then compared with the actual
measured values. When the error between the theoretical and the actual
exceeds a certain amount, an alarm is given. In Figure 1.1, two numbers
are given for the drain flows and valve openings; a * identifies the theoretical
number. In the example, the theoretical drain flow on heater #3 is 141 kg/s,
whereas the measured drain flow is 159 kg/s. The conclusion is that a tube
leak is causing 18 kg/s of feedwater to escape to the shell or steam side of the
feedwater heater and increasing the shell side drain flow proportionally.

A key feature of EFD is that decoupled models are used; the actual drain
flows are cascaded between heaters, not the theoretical drain flows. The dis-
advantage of EFD is that it requires the measurement of all drain flows; an
unlikely situation in most power plants. If this is not the case, the decoupling
feature is lost and EFD can no longer pinpoint the location of a leak; it can
only conclude that there is a leak somewhere in the feedwater system. Another
criticism is that the model must be rewritten to account for additional failure
modes (for example, an open emergency drain as the cause of the “leak”).

Multi-level Flow Modelling

Morten Lind (DTH Copenhagen) has developed a graphical modelling
language for application to process fault diagnosis. The language is known
as MFM for Multilevel Flow Modelling. The premise of MFM is that the
conventional presentation of process may not be the best for diagnostic pur-
poses. The standard way of presenting a process to an operator is in the form
of a mimic or piping schematic; this provides a formal description of topo-
logical and geographical properties. The conventional presentation of a heat
exchanger system is illustrated in Figure 1.2. An alternate view of a process is
the functional or goal oriented view. The functional view of the heat exchanger
in MFM symbology is illustrated in Figure 1.3. The library of MFM symbols
is illustrated by the heat exchanger example. Examination of the Water flow
network in the figure reveals the four main types of flow functions; sources
(water and steam), transports (valve, pump, HTX), balances (injector) and
sinks (cooling). Other flow functions not shown include barriers and storage
elements. The goal of the Water flow network is to ensure that water is avail-
able for the Heat transfer network. The goal of the Heat transfer network
(and the ultimate goal of the heat exchanger) is to heat the product. A failure
in the system is interpreted as a failure to fulfill this goal. The connections
between the goal and the various functions are referred to as achieve relations.

With the MFM approach, various diagnostic strategies can be adopted.
Two have been examined by Larsson (1990):

o Once a certain flow function fails (a primary failure), the downstream
functions will also fail (secondary failures), as will the goals depending
on that part of the function network. For example, if the steam valve
should stick, the Water flow network would fail, as would the Heat transfer
network and consequently the main goal of the system. This is an example
of a consequence propagation strategy.

o If a certain goal is violated, it is possible to trace upstream the achieve
relations to the supporting function network, and check whether any of
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its functions have failed. If so, an explanation of the fault has been found.
This is an example of a causal ezplanations diagnosis scheme, as used in
most conventional backward chaining diagnosis systems. However, within
the MFM framework the search is governed by an explicit structure and
is arguably not hidden in a maze of interacting rules.

The multilevel flow modelling technique is not as yet fully developed for di-
agnostic applications. There are a number of unresolved issues of both a
practical and theoretical nature. An important issue is the question of how
the functional models should be presented to the user. It is also unclear how
to merge the functional view of a system with the conventional topological
view. Further work is needed to provide both the programmer and the user
with a tool that enables one to readily transfer from one view to the other.

Diagnostic Model Processor

The FALCON project is probably one of the better known expert system
exercises in process fault diagnosis. It was a cooperative effort between the
University of Delaware, DuPont and Foxboro. The project set out to deter-
mine the feasibility of using expert system technolgy for process fault analysis
(Dhurjati et al, 1987). The University of Delaware has continued research in
the area of process fault diagnosis and one of their principal analysis tools is
the Diagnostic Model Processor or DMP.

The process model is represented as a set of quantitative governing equa-
tions. Each equation is written in residual form; under fault free conditions
the residual should equal zero. The residual has associated tolerance limits to
account for measurement noise, modelling errors, etc. The residuals are trans-
formed into a real-valued metric between -1 and +1 to indicate the degree and
direction to which the equation is violated.

Associated with each equation is a set of assumptions which if satisfied,
guarantee the validity of the model equation. Some of the assumptions are
explicit in that they relate to the validity of variables that show up explicitly
in the model equations (for example, the temperature from a temperature
sensor). On the other hand, some assumptions are implicit in that they are
indicators of an operating condition (for example, a flow rate dependent upon
a working pump).

The satisfaction of each assumption is calculated as a weighted sum of
the violation of each model equation dependent on that assumption with the
weights being the sensitivities of the dependencies. This results in a number,
the failure likelihood, between -1 and +41. Failure likelihoods exceeding a
preset threshold are assumed to indicate a fault conditions.

In the Fall of 1989, Tom Petti of the University of Delaware applied DMP
to Alfa-Laval’s Steritherm process as part of ABB/Lund’s IT4 Project. The
objective of the IT4 Project is to define and verify a concept for knowledge-
based control systems (KBCS’s) that integrates conventional algorithmic pro-
gramming techniques and knowledge-based techniques (Arzén, 1990). Petti’s
demonstration used 18 active equations and 7 inactive equations to evaluation
17 assumptions. The DMP depiction of Steritherm is illustrated in Figure
1.4. An observation is the complex nature of the network of dependencies
between the model equations (rectangles) and assumptions (circles) for what
is arguably a small problem . However, Petti notes that the graphics-based
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nature of G2 makes the construction of such a network relatively easy. Model
equations and assumptions can be modelled as G2 objects. The relations be-
tween them, called dependencies, can be modelled as G2 connections. The
underlying equations can be implemented as generic rules and formulae.

Selection of DMP

The decision was taken to use DMP in this application. This should not
be viewed as a serious criticism of the EFD and MFM techniques. Halden’s
EFD can be viewed as a simplification of the DMP technique. Arguably its
simplicity is the reason for its successful application to the Lovissa power
plant. However, due the broad range of faults being examined in this thermal
performance analysis application, the full functionality of DMP is required.
With respect to MFM, time constraints precluded its adoption. Though MFM
had already been applied to the Steritherm process, an extensive remodelling
effort would have been required to adapt it to the thermal power cycle of
Barseback. Consequently, the Diagnostic Model Processor was selected.
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2. Thermal Analysis

Barseback is a two unit nuclear power plant with two boiling water re-
actors (BWR) each with a thermal rating of 1800 MWth and net electrical
rating of 610 MWe. The thermal power cycle is illustrated in Figure 2.1.
The cycle has one stage of reheat and five stages of extraction or regener-
ation. There are two identical feedwater trains with five feedwater heaters
(preheaters) each, though only one train is shown. Figure 2.1 shows the con-
denser bypass around the turbine which can carry 100 % of the reactor rated
power. There is a throttle valve on the extraction line to the high pressure
feedwater heater FH5.

The function of the thermal analysis component of the program is to
calculate the heat and mass balance of the cycle illustrated in Figure 2.1. The
analysis is conducted in three steps:

o Input the measured values of temperature, pressure and flow

o Calculate the extraction flows and theoretical generator output

o Adjust the “unknown” variables until there is a match between
the theoretical and actual generator output

The differences between the current target variables (as calculated by the
thermal analysis) and their optimal values (as predetermined by the User) are
then used as the basis for the economic analysis.

Figure 2.2 illustrates the Data Input display screen for the program. The
User can manually input a total of 91 instrument readings, though only 29 are
currently used as the basis for the thermal analysis. The full set of results can
then be examined by means of the display illustrated in Figure 2.3.

Condenser Bypass

Gland Sweam Lines

L =

o

Prassue

Turtines
Generator

i B (L |:|

Bailer Faed
FHa S0 Pump (3x50%)

Mo_ssiz )
] Sk

High Pressurs Low Pressure
Fesdwaler Heaters Feodunisr Homsrs Draln Cooler Pump (2x50%)

Figure 2.1 The Barsebiick thermal cycle
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Figure 2.2

Sample set of Data Input displayed by the program.
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Figure 2.3 Sample set of thermal analysis results displayed by the program.
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The User does not normally use the detailed display of Figure 2.3. Instead,
a summary of the key results is available on the cycle Schematic display of the
program as illustrated in Figure 2.4. The User can also use this Schematic dis-
play to manipulate and examine the effect of eight variables: condenser bypass
valve opening, reactor steam pressure, feedwater heater FH5 extraction throt-
tle valve opening, degree of fouling of heater FH5, degree of reheater fouling,
total feedwater flow, exhaust stage efficiency of the low pressure turbines and
the condenser vacuum.

The full set of available instrument data is detailed in Tables 2.1 and 2.2.
Both the variable names used in the plant model as well as the full instrument
number tags are given.

The instruments used by the thermal analysis are listed in Table 2.1. The
table lists 55 instruments, many of which are duplicates (explicitly redundant)
in that they measure the same variable. The readings from duplicate instru-
mentation are averaged to give a total of 29 true data points. One is referred
to Appendix B for the meaning of the component and variable names as well
as details on the underlying plant model.

It is important to note that the data given in Table 2.1 is not complete.
Table 2.2 gives the data that is input but is not currently used in the thermal
analysis. A total of 46 instruments are listed. After averaging the readings
from duplicate instruments, the total number of true data points is 25. The
division of variables between Tables 2.1 and 2.2 is an ezpert decision and is
reviewed according to the results of the diagnostics analysis.
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Figure 2.4 The cycle Schematic display with thermal analysis summary.
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Table 2.1 Input data used for thermal analysis

Component Name Variable Instrument
Reactor BWR PE 211K116
Feedwater FH5 TE 463K523 463K524
Heaters 312K508 312K509
TD 463K547 463K548
FE 312K301 312K302
FH4 TD 463K509 463K510
TE 463K513 463K514
FH3 TE 462K551 462K552
TD 462K569 462K570
FH2 TE 462K541 462K542
TD 462K585 462K586
FH1 TD 462K521 462Kb522
TE 462K 526
Turbines THP PE1l 438K112
PE2 452K102 452K104
LPA PE1 453K123
TE1 453K524
LPB PE1 453K117 453K118
LPC PE2 453K107 453K110 453K113
Condenser CON PI 461K129
Separator SEP TD 463K561 463K562
Reheater RHT TI 451K521 451K523
TE 452K511 452K512 462K513
452K514 452K515 462K516
PE 452K105 452K106 452K107
Gland Steam GSC TE 462K510
Cooler
Condensate CEP TE 462K502
Pump
Drain Cooler DCP
Pump
Boiler Feed BFP TE 463K501 463K502
Pump PE 312K125
PI 462K134
Generator GEN WG 428A201
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Table 2.2 Input data not used for thermal analysis

Component Name Variable Instrument
Feedwater FH5 TX1 453K535
Heaters TA 463K515 463K516
TS 463K543 463K544
FH4 TX1 453K530 453K531
TA 463K505 463K506
TS 463K551 463K552
FD 463K303 463K304
FH3 TA 462K543 462K544
TS 462K565 462K566
FH2 TX 453K520
TA 462K535 462K536
TS 462K575 462K576
FH1 X 453K509 453K515 453K516
TA 462K515 462K516
Turbines THP PI 438K111
Condenser CON TWI 472K001
TWE 472K006
TI 461K515
TE 461K514.2
Reheater RHT TD 463K557 463K558
463K559 463K560
Drain Cooler DCP FE 462K301 462K302
Pump PI 462K140 462K141
PE 462K113 462K114
Condensate CEP FE 462K 303
Pump
Boiler Feed BFP FI 312K304 312K305 312K306

Pump




2.1 Model Verification

To verify the model, a comparision was made to two cycle analyses con-
ducted by ASEA. They will be referred to as the “Benchmark” and “Uprated”
cases. Table 2.3 compares the results from ASEA and BARSE for the Bench-
mark case. This case is taken from the plant’s original design data that dates
from April of 1971. The Benchmark case is for a power output 601.2 MW
with a feedwater flow of 849.16 kg/s.

Table 2.3 Benchmark case results.

Variable Name ASEA BARSE Error (%)
extraction flows FX1gps 34.26 33.91 -1.02
FX2¢5 88.50 88.35 -0.17
(kg/s) FX14p4 52.10 51.48 -1.19
FX24p4 100.78 100.98 -0.20
FX¢ha 21.55 21.57 -0.09
FX¢po 24.61 24.37 -0.98
FX¢n 25.94 26.03 -0.35
condenser inlet flow Fl.,. 500.14 501.18 +0.21
reheater outlet flow FEwn 672.36 673.35 +0.15

Table 2.4 compares the results from ASEA and BARSE for the Uprated
case. This case is taken after the plant was shutdown for a rebuild of the
HP turbine to enable a higher rated reactor power. It dates from April of
1986. The Uprated case is for a gross output 622.2 MW and a feedwater
flow of 904.53 kg/s. The discrepancies observed in Tables 2.4 and 2.5 can be
attributed to the different property routines employed by the two programs.
The majority of errors are less than 1%.

Table 2.4 Ubprated case results

Variable Name ASEA BARSE Error (%)
extraction flows FX14ps 40.05 39.74 -0.77
FX2g5 85.98 86.18 -0.23
(kg/s) FX1gp4 57.21 56.65 -0.98
FX24p4 106.01 106.50 +0.46
FX¢ns 24.77 24.52 -1.01
FX¢pa 32.70 32.67 -0.09
FX¢m 21.29 21.18 -0.52
condenser inlet flow Fl.on 534.81 535.57 +0.14
reheater outlet flow FE.ps 611.95 613.14 +0.19
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2.2 Discussion

A number of important parameters are not directly measured and must be
“guessed” by the User until there is a match between the actual and theoretical
output of the generator. These parameters are given in Table 2.5. These
parameters represent the principal weakness in the analysis and are the result
of the lack of instrumentation in the process. Ideally, parameters such as the
moisture content of the steam at the reactor output should be measured. This
is not to say that the analysis is without merit.

Inspection of Table 2.5 reveals an apparent drop in the exhaust stage
efficiency of all three the low pressure turbine (NT3 of LPA, LPB and LPC).
The change from 84.4 to 80.7 % results in a drop in gross cycle efficiency of
0.86 % or 20 MW. One assumes that this was a decision on the part of ASEA
based upon a change in inlet steam conditions and the age of the turbine. The
lack of a formal turbine model within BARSE precludes a more conclusive
answer. However, the role of a program such as BARSE is to highlight such
changes to direct the need for further analysis.

Though there are changes in all the turbine stage efficiencies, it is the
exhaust stages of the low pressure turbines that have the greatest impact.
The final observation from Table 2.5 is the significant change in the moisture
content of the steam from the reactor (YE of BWR). The decision by ASEA
to drop its value from 0.54 to 0.12 % is assumed to be due to an opinion that
the efficiency of the moisture separator in the reactor had improved.

Analysis of the current plant operating conditions reveals that there is a
lack of superheat on the first extraction of low pressure turbine LPA (there

Table 2.5 “Unknown” parameters

Parameter Component Variable Benchmark Uprated Change
generator efficiency GEN NG 98.43 97.93 -0.5 %
turbine efficiencies THP NT1 72.7 71.8 -1.2

THP NT2 75.0 75.3 +0.4

(%) LPA NT1 874 85.9 -1.7

LPA NT2 89.9 86.2 -4.1

LPB NT2 89.2 81.6 -8.5

LPC NT3 84.4 80.7 -4.4

moisture content BWR YE 0.54 0.12 -78.
(%) SEP YE 0.37 0.39 <0.1

gland steam flow THP FG 0.2 0.2 0.0
(kg/s) LPA FG 0.2 0.2 0.0

LPB FG 0.2 0.2 0.0

LPC FG 0.2 0.2 0.0

GSC FX1 0.96 0.96 0.0

gland steam drain GSC TD 70.0 70.0 0.0

temperature (°C)
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should be 33°C of superheat, currently the steam is saturated). The effect
of this is to increase the output of the cycle and consequently raise the cycle
efficiency (more work is being extracted from the steam). However, the in-
creased moisture content in the exhaust will lead to accelerated erosion within
the turbine. Again, an explanation of why there is a lack of superheat is not
possible. The significance is that a possible problem has been identified.

Finally, a further benefit of the thermal analysis is the review that must
be conducted of the plant data base. During the course of compiling the in-
struments listed in Tables 2.1 and 2.2 a number of missing and incorrectly
located instruments were identified. For example, instrument 462K303 is lo-
cated at the exit of the condensate pump and not at the exit of the gland steam
coolers as shown on the plant instrument diagram. As a second example, in-
struments 312K301/312K302 are located at the exit of heater FH5 and not at
the exit of the boiler feed pumps. In the search for more data, the existence
of field instrumentation was “rediscovered” (for example, the true feedwater
exit temperatures of heater FH1, 462K515/462K516 and the shell tempera-
tures of heater FH4, 463K551/463K552). The lack of knowledge within the
plant is also highlighted. For example, the exact location of the temperature
and pressure sensors on the steam extraction lines could not be determined.
This information is needed to ensure accurate estimation of extraction steam
conditions.
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2.3 Future Work

There are a number of areas where the thermal analysis component of
the program could be expanded and improved upon. Future modelling efforts
should focus on the development of a formal turbine model, as this component
has the greatest impact on the accuracy of the overall results.

Steam Properties

The steam property routines employed in the program were adopted because
of their availability. Their accuracy is on the order of only +0.1 %. Routines
with an accuracy on the order of +0.001 % should be adopted.

Turbine Model

The turbine stage expansion efficiencies as a function of load and steam con-
ditions are needed to better predict the extraction steam conditions. This
requires a formal model of the turbine.

Feedwater Heater Model

A formal thermal model of the feedwater heater should be developed that
takes into account the change in the rate of heat transfer due to a change in
the feedwater flow rate.

Miscellaneous Improvements

The work of the drain cooler pumps is not currently modelled. The ther-
mal losses associated with the gland steam within the turbine are not cur-
rently modelled. A formal model of the turbine-generator mechanical efficiency
should also be added at some point.

On-Line Data Acquisition

If the system is put on-line in the future, averaging of the data could be done
by the program. Currently, it is done by the User prior to manual input.

Tuning of Unknown Parameters

Ultimately, the manipulation or “tuning” of the unknown variables should be
performed by the program automatically. Currently, it is performed as an
ezpert decision on the part of the User. As experience with the program is
gained, it should be possible to compile a set of rules for this function.
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3. Economic Analysis

The economic impact of six target variables was studied: condenser bypass
opening, low pressure turbine last stage efficiency, condenser vacuum, reactor
steam pressure, feedwater heater FH5 fouling and FH5 extraction throttle
valve opening. The impact of the six variables on gross cycle efficiency is
illustrated in Figure 3.1. The data points were obtained from the thermal
analysis. The dotted lines are linear curve fits to the data points. The variables
are fully defined in Appendix B.

For the condenser bypass, the efficiency penalty can be given as:
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Figure 3.1 Curve fits for the economic analysis.
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For the LP turbine last stage efficiency:
EPT, = _0.230 (84.4 — NT3,) (3.2)
For the condenser vacuum:

EPY, = —0.053 (PI.omn — 43.0) (3.3)

cst —

For the reactor steam pressure:

EPE, = _0.050 (68.0 — PEy,,) (3.4)

cot —

For the throttle valve opening of feedwater heater FH5:
EPX, = —0.0029 (100 — ZX 415) (3.5)
For the fouling of feedwater heater FH5:

EPE

cot —

—0.0034 ZFyns (3.6)

The economic impact of the change in efficiency can be calculated as a
daily cost (kSEK /day):

DC!,, = 240 EP., Qpur FC.,y fori=B,T,V, E, X, and F (3.7)
where Qpy, is the reactor thermal power output (MW) and FC,, is the
operating cost (SEK/MWh).

The annual cost (kSEK [year) is given by:
AC:,=365DC:,LF, fori=B,T,V,E X,and F  (3.8)

where LF,,; is the percentage annual load factor.

Inspection of Figure 3.1 reveals the relative impact of the target variables.
As expected, the condenser bypass valve opening has the greatest impact.
Realistic deviations in the turbine last stage efficiency can lower the gross cycle
efficiency by as much as 5 %. By contrast, any fouling of feedwater heater FH5
will lower the cycle efficiency by “only” 0.4 %. This should not be interpreted
to mean that the fouling of a feedwater heater can be ignored. A 0.1% drop
in gross cycle efficiency represents an annual cost of over 1.9 million SEK
(380,000 CANS).

What Figure 3.1 does not reveal is the impact of the target variables on
unit electrical output. For example, though the fouling of feedwater heater
FH5 will lower cycle efficiency, it will also raise unit output by as much as
15 MW. The throttling of the extraction line to FH5 has the same effect.
This is of course the reason for the extraction throttle; the throttle is closed
when one wishes to increase unit output in times of high demand. The program
can be used to highlight that this cannot be done without a negative impact
on unit economic and thermal performance.
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3.1 Sample Results

The economics analysis defined by equations (3.1) to (3.8) was applied
to two sets of data: 1) the ASEA Uprated data set and 2) a set of field data
taken from the plant in February of 1990. The former is referred to as the
“Uprated” case as before. The latter is referred to as the “Recent” case. The
results for the Uprated case are given in Figure 3.2. The results for the Recent
case are given in Figure 3.3. The efficiency of the Benchmark case (35.38 %)
is taken as the optimum.

Both figures serve to illustrate the Economics screen of the program which
summarizes the daily and annual cost of non-optimum values for the target
variables. If the economic analysis is complete, the sum of the daily costs for
the six target variables should add up to the daily cost of any deviation in the
gross efficiency from its optimal value (as given by the meter on the left side
of the display).

Figure 3.2 illustrates the significant impact (55.1 kSE K /day) of the off-
target value for the LP turbine efficiency that was the subject of discussion
in Section 2.2. When added to the negative impact of the lower than optimal
condenser vacuum (6.6 kSEK /day) and the positive impact of the higher
than optimal reactor steam pressure (7.5 kSEK/day) one gets a total impact
of 54.2 kS EK /day from these three factors. This compares relatively well with
the 53.0 kSEK /day cost of the off-target value for the gross cycle efficiency.

Figure 3.3 illustrates a case where the sum of the costs of the target
variables does not add up to the cost of the off-target value for the gross cycle
efficiency. The sum of the six individual costs is 88.6 kSEK/day. The gross
cycle efficiency cost is 100.1 kSEK/day. Thus, there are unidentified costs on
the order of 11.5 kSEK /day. This serves to clearly identify a direction for
future work; namely increase the number of target variables until the shortfall
in such examples is eliminated.
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3.2 Discussion

The simple approach taken for the economic analysis requires that the
results be used with caution. No allowance has been made in the analysis for
the following factors:

o Uncontrolled nature of the target variables

o Mechanical cost of non-optimal target variables

o Dependent nature of the target variables on each other
o Dependent nature of the target variables on unit load

As with the thermal analysis, the above factors which are interpreted as weak-
nesses in the economic analysis should not lead one to the conclusion that the
analysis has no value. Though the economic analysis must be developed fur-
ther before it can provide sufficient detail to the operator that he can actually
take corrective action, the fact that it can point to possible problem areas is
of value.

The best example of the uncontrolled nature of the target variables is
that of the condenser vacuum. The operating pressure of the condenser may
be high due to a high seasonal cooling water inlet temperature. As another
example, the steam pressure may be low due to operating requirements for
the reactor. However, this does not mean that providing the operator with
a “High Condenser Vacuum” message has no value. Reminding the operator
of those variables that impact on efficiency has its role even if no corrective
action can be taken. In addition, there may in fact be a possible corrective ac-
tion. Condenser tube leaks and air ingress can also cause higher than optimal
condenser vacuum. The operator needs to be reminded of these facts.

Though it was not used as one of the target variables, the impact of
reheater fouling is a good example of the need to take into account the me-
chanical cost of certain variables. It is easy to recognize that fouling of the
reheater will reduce the degree of superheat of the supply steam to the low
pressure turbines. What is less obvious is that reheater fouling will also in-
crease the unit output and increase the gross cycle effiency. From a strictly
theoretical viewpoint, a thermal cycle of the type at Barsebédck should not
employ reheat. This ignores the fact that the purpose of reheat is to reduce
the moisture content of the steam in the ezhaust of the lower pressure tur-
bines. A higher moisture content will lead to accelerated erosion of the low
pressure turbine blades and in the long term increase operating costs. Thus, a
comprehensive economic analysis should take into account both thermal and
mechanical effects.

The economic analysis assumes that the impact of the target variable is
independent of each other as well as independent of unit load. This assumption
is fine as a first approximation; but it must be recognized as an approximation.
As a case in point, the “optimum” cycle efficiency is a nonlinear function of
the unit load; it drops by about 0.2 % from full to half load. With a little more
work this and similar effects could be factored into the economic analysis.
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3.3 Future Work

One of the roles of the thermal analysis at this stage in the development of
the program was to generate the equations for the economic analysis. In order
to provide a more useable economic analysis, future work should focus on two
items: 1) modification of existing equations to recognize the “uncontrollable”
nature of certain parameters and 2) development of a better set of cost rela-
tionships. To be meaningful, such work must be linked with the development
of a better turbine model for the thermal analysis.

Accounting for Uncontrollables

The economic analysis should take into account the fact that the operator
has no control over certain parameters. For example, a relationship should
be included that adjusts the condenser vacuum target as a function of the
measured cooling water temperature.

Better Relationships

The dependent nature of the target variables must be taken into account. A
multivariable regression routine could be used with the existing analysis to
generate a set of dependent nonlinear economic equations. New relationships
such as a change in the optimal cycle efficiency as a function of the unit load
need to be added.

More Relationships

The fact that not all of the relevant target variables have been identified
was the subject of discussion in Section 3.2. As a first step, the entire set of
turbine efficiencies and the entire set of feedwater heater fouling factors should
be included as target variables.
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4. Diagnostic Analysis

The Diagnostic Model Process (DMP) documented by Petti et al (1990) is
used to perform representative diagnostics for the program. DMP is a method
of using deep or model-based evidence to arrive at the most likely fault condi-
tions of a process. The method was invented to rectify some of the problems
associated with shallow or rule-based knowledge-based systems. These prob-
lems include lack of generality, poor handling of novel situations, and the
tendency to fail suddenly. The main problem addressed by DMP is that of
generality. Traditional knowledge bases become invalid in the event that the
target process undergoes a change. It is also difficult to apply the-knowledge-
base to other processes. It is therefore desirable to structure the fault analyzer
such that the process specific knowledge (the model) is maintained separate
from the task specific knowledge (the methodology).

The method works under the premise that during fault free operation,
the actual process and process model equations should produce similar out-
puts when driven by the same inputs. By examining the direction and eztent
to which each model equation is violated and by considering the assump-
tions on which they depend, the most likely failure assumptions (faults) can
be deduced. Redundancy in the system leads to better performance because
an assumption which is common to many violated equations is strongly sus-
pect; whereas satisfaction of equations provides evidence that the associated
assumptions are valid. The formulation of the process model is very impor-
tant to ensure the success of the analyzer. Care must be taken to include
all the applicable assumptions otherwise DMP will not provide the correct
diagnosis. Multiple faults are considered possible and the algorithm uses a
sensitivity value to weight model equations as evidence. Finally it cannot be
over-emphasized that a technique such as DMP is wholely dependent upon
the process instrumentation; model equations which require unavailable mea-
surements cannot be used.

4.1 Theory of DMP

The basic DMP procedure requires one to assemble a set of governing
equations and supporting assumptions for the process under review. One
then calculates the residuals and satisfaction values of each equation in order
to obtain the failure likelihoods of the assumptions. A generic formula for the
residual of an equation can be stated as:

ej = ¢;(P; Ai) (4.1)

where P is the data vector, A is a set of assumption vectors and c¢ is the set
of equations. The satisfaction value can then be calculated as:

(ej/m)" (4.2)

sfj = sign(ej) 1+ (ej/""j)"
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where the tolerances (1) can be nonlinear. Typically one sets 7 = 7g fore > 0
and 7 = 7y, for e < 0. The sigmoidal shape of equation (4.2) is illustrated in
Figure 4.1. The steepness n is usually set to 4.

The sensitivity of an equation is calculated as:

Sji = Bejion (4.3)

|75

The partial 8c;/8a; is referred to as the ith dependency of the jth equation.
Most dependencies are explicit, except for those that are a function of the
operating condition. For example, the dependence of a temperature on a
working temperature sensor is explicit. Whereas, the dependence of a flow
rate on a working pump is implicit. By convention, the partials are set equal
to +1 for positive implicit, -1 for negative implicit and 0 for independent.

Finally, the failure likelihood of an assumption is calculated as:

N
> (S sf;)
F== (4.4)

- N
> 185l

=1

where N is the total number of equations. An alarm condition is identified
if |F| > 0.5; this will be referred to in this report as a likely failure. A fault
condition is identified if |F| > 0.8; this will be referred to in this report as a
certain failure. One notes that the direction of a failure is given by the sign
of the failure likelihood.

1 i T T T

08}
n=8§

0.6
...................... n=4

04+
----------- n=2

021

Satisfaction Value

0 0.5 1 1.5 2

Residual/Tolerance

Figure 4.1 Sigmoidal function employed by DMP.
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4.2 Sample Applications

Two examples will be reviewed in detail. The first example deals with
flow sensor diagnostics for the feedwater system . The second example deals
with diagnostics of an individual feedwater heater.

Feedwater Flow Diagnostics

The feedwater flow rate at Barsebéick can be considered to be “measured”
at four points: after the high pressure feedwater heaters (F4), after the boiler
feed pumps (F3), before the boiler feed pumps (F2) and after the first low
pressure feedheater (F1). The sensor F1 is actually the sum of three measure-
ments, F2 the sum of two measurements and ¥4 the sum of two measurements.
A typical data set taken with the unit at constant load over a two hour period
is illustrated in Figure 4.2. One observes that the noise level is on the order
of £10 kg/s (shown as dashed lines about the dotted average in the figure).
Furthermore, the average values all agree with the “correct” value of 900 kg/s
with the exception of F2. Thus, by inspection one concludes that sensor F2
has failed and should not be used within the thermal analysis.

To analysis the data set given in Figure 4.2, one writes the following set
of six equations:

Ca: eg=F4—F3, wherem,=-n=10

ch: e =F4—F2, wherer,=-1=10
c.: e=F4—-F1, wherern,=-7n=10

940 T T T 940 T T T
— AVERAGE = 904 kg/s = AVERAGE = 906 kg/s
2 920t 1 2 90 1
& &
i =
) 8
g 880 - g 880 .
[72] [%]

860 L 1 L 860 i ] I

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (hr) Time (hr)

940 T T T 940 T T T
— AVERAGE = 886 kg/s - AVERAGE = 898 kg/s
9 920 {1 & 90} !
& &
& 900 1 & 90
8 &
w w

860 1 i L 860 1 1 i

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (hr) Time (hr)

Figure 4.2 Data set used for the flow diagnostics example (10 min sampling).
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c4: eq=F3 - F2, wherer,=-n=10

Ce: e.=F3—F1, wherer,=-n=10

cg: ep=F2—-F1, wherer,=-1=10
and the assumptions to be considered are:

( F4is OK ©
F3is OK
F2is OK
Flis OK

no HP leak

\ no LP leak )

The DMP network corresponding to this set of six equations and six assump-
tions is illustrated in Figure 4.3. One should note the nature of the dependen-
cies; that is the connections drawn between the equations and the assumptions.
The validity of equations (a), (b) and (c) requires that there be no HP (high
pressure) leak; the partial derivative is implicitly -1 (a HP leak would lower
the value of F4 only). The validity of equations (c), (e) and (f) requires that
there be no LP (low pressure) leak; the partial derivative is again implicitly -1
(a LP leak would lower the values of F4, F3 and F2). The validity of equation
(d) is not dependent upon the assumptions of no LP leak and no HP leak.

Given average sensor values of 903.6, 905.8, 885.9 and 897.9 kg/s for
F4, F3, F2 and F1, respectively, equation (4.1) (that is the above set of six
equations) and equation (4.2) with n = 4, the vector of residuals becomes:

e= [—2.2 17.7 57 199 7.9 -12.0]T

TEST-NETWORK i Hide )

Equatlons

F4 - F3 F4-F2 F4 - F1 F3 - F2 F3 - F1 F2 - F1

-t = -t - i e A= -t =

N/ - b L / N/
Assumptions
Residuale [A[=zz0 ] [Eloe] [c]s70 ] [E]E=] [E]72 ] [F[-izm0]

Spiief:

— (w] [ [EEe] EER] [

Feailure-
likelihoode

[FaJess ] [B]oar] [Fz]oms]  [Fi]ose] [t teak-033]  [LP Leak[nan]

Figure 4.3 DMP network constructed for the flow diagnostics example.
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and the satisfaction value vector sf is calculated as:
T
sf= [ 0.00 0.91 0.10 094 0.28 —0.67)

The partial derivatives of the equations with respect to the “sensor is OK”
assumption are all constant so that the sensitivity matrix S is calculated using

equation (4.3) as

(0.1 —-0.1 0 0 —01 0 )
001 0 -01 0 -01 O
01 0 0 -01 -01 -0.1
0 01 -01 0 0 0
0 01 0 -01 0 -0.1
0 0 01 -01 0 -01)

From this sensitivity matrix one observes that these equations are not linearly
independent; however, the high degree of redundancy is required to ensure the
success of the diagnosis.

Finally, equation (4.4) yields the following failure likelihoods:
F= (033 041 -084 010 -0.33 0.0 )

The first observation is that none of the failure likelihoods are zero. The
second observation is that only one failure likelihood is greater than 0.8; that
is the F of the F2 OK assumption is -0.84. The conclusion is that sensor F2
has failed low, as expected.

Figure 4.4 shows the result as it would appear within the program. Note
that the residuals, satisfaction values and failure likelihoods are given at the

= |
(5] el

m:?:r.fg?@&nj U

Preheaters Boil od Low Preasure
Pump 5 Condenaate
Pump
Drain Caoler
High Pressure Low Pressure Pump
Leak Leak

NOTES: F1 « 462K303 + 462K302 + 462K301 LP Leak Status

F2 = 312K304 + 312K305 + 312K306

F3 = 312K031 Error tolerance Ohigh @ low

F4 = 312K301 + 312K302

Residusls [AT-zze"] [B]h7r0] [Efs70 | [ofisse] [E]790 | [F]-1zo0]
values [#Tooo’] [B]oar ] [e]ern] [oToea | [€]oz28]] [F]2057]
Fellure-

kelhoogs  [Flom]  [F[oar] [Flesq] [FIowe] [Fle]wss]  [Pies]ow]

Figure 4.4 DMP summary display for sensor F2 failure example .
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bottom of the display. The certain failure of sensor F2 is indicated to the User
as a solid exclamation mark on the sensor icon.

The value of the DMP technique is best illustrated by considering the
effect of LP and HP leaks. These two tube leak examples will illustrate the
need for additional instrumentation as well as situations where the fault dis-
crimination capability of DMP is poor.

A high pressure leak can be simulated by reducing the value of F4 by
50 kg/s (from 904 to 854 kg/s). If this is done, the failure likelihoods become:

F= [-1.0 0.74 —0.21 046 1.0 0.46]

Figure 4.5 shows the result as it would appear within the program.

The first observation is that the F of the NO HP LEAK assumption is
1.0, consistent with the expected result of a high pressure leak. However,
the second observation is that the F of the F4{-OK assumption is -1.0. Given
the lack of redundancy in the measurement of the feedwater flow after the
assumed location of a high pressure leak, DMP correctly points out that the
new data set is consistent with both types of failure. Both certain failures are
indicated in Figure 4.5 as solid exclamation marks. A third observation is that
a side-effect of the HP leak fault is that the F of the F3-OK assumption drops
down to 0.74; this assumption is now considered only a likely failure and this
is indicated in the figure as an open exclamation mark.

Unlike the previous sensor fault example, the three observations made by
DMP for the HP leak fault example cannot be considered intuitively obvious.
The only way to improve fault discrimination in this example is to provide a
second independent measurement of the feedwater flow after the HP heaters.

TEST-FLOW-SENSOR [ Hide )

Fa[654] F3[506.) Fz F1[838.

Fishenier Condensate

Pump

High Pressure Low Pressure Pump
Leak Leek
NOTES: F1 = 462K303 + 462K302 + 462K301 LP Loak Status
F2 = 312K304 + 312K305 + 312K306
F3 a 312K031 Emgriclemnce O high @ low
Fd4 = 312K301 + 312K302
Residunts [A]=1m0] [B]-wwso] [c]-eas0] [o]iew] [E]720_] [F]-1zoa]
vakies  [ALtod] [B]09s] [€]700] [0]0sa] [€]oze] [F[oe7]

,,F,.:_u"'h_, [Fa]-100] [FaJoza]] [Fz]-om1] [Fi]os] [Pres]r00] [LPLeex]osa]

Figure 4.5 DMP summary display for high pressure leak example.

34



As a further illustration, a low pressure leak can be simulated by reducing
the values of F4, F3 and F2 by 50 kg/s (to 854, 856 and 836 kg/s, respectively).
If this is done the failure likelihoods become:

F= [—0.03 -0.02 -0.96 1.00 0.03 1.00]

Figure 4.6 shows the result as it would appear within the program.

The first observation is that the F of the NO LP LEAK assumption is
1.0, consistent with the expected result of a low pressure leak. However, the
second observation is that the F of the F1-OK assumption is also 1.0 and the
F of the F2-OK assumption is -0.95. The DMP technique correctly points out
that the new data set is consistent with all three types of failure. However,
given the agreement between sensors F2 and F4, DMP should (but doesn’t)
carry the diagnosis one step further and give even greater weight to the low
pressure leak fault. This example highlights a weakness of the basic DMP
technique in that it cannot properly distinguish between competing multiple
faults. This weakness will be the subject of discussion in Section 4.3.

To illustrate the correct diagnosis in this third example, the certain fail-
ures of sensors F1 and F2 are indicated in Figure 4.6 as solid exclamation
marks. However, the absolute low pressure leak fault is indicated in the figure
as a solid symbol with an open exclamation mark.
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Figure 4.6 DMP summary display for low pressure leak fault.
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Feedwater Heater Diagnostics

A DMP network for an individual feedwater heater is illustrated in Figure
4.7. Some thought must be given towards the nature of the balance equations
before assembling the network; essentially one must exploit the available re-
dundancies and frame the balance equations in terms of direct checks of sensor
readings. In this example, one exploits the redundancies in both temperature
and flow measurements to identify a fouling fault, a subcooling fault, a tube
leak fault and the associated sensor faults.

For the temperature sensors, one must take advantage of both the explicit
redundancies (for example, TX1 and TS should measure the same tempera-
ture) as well as the implicit redundancies (for example, TX1 should agree with
the saturation temperature corresponding to PX1). These redundancies are
used to check for temperature sensor faults, as well as a fouling “fault” (TE
and TD should agree with the specified values of TTD and DCA) and a sub-
cooling “fault” (TS should be saturated, not subcooled). The presence of any
of these faults must be factored into the thermal analysis.

For the flow sensors, one can only make use of the implicit redundancies
in the measurement of the heater drain flow. The direct measurement of the
drain flow (FDM) can be compared with the value obtained from the overall
heat and mass balance (FD) as well as the value obtained from a partial heat
and mass balance on the drain cooler (FDE). The analysis is based upon the
following set of eight equations:

ca: e=TS—-TE-TTD, wherer,=-7n=1
cy: e=TD-TI—-DCA, wherets=-n=1

c.: e=TS—-TX1, wherer,=-1=1
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Figure 4.7 DMP display for feedwater heater diagnostics example.
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cqg: eq=TX1-TSAT(PX1), wheretn,=-n=1
ce: e.=TS-TSAT(PX1), wheremn=-n=1
csj: eg=FD-—FDE, wheret,=—-n=2

¢g: eg=FD—-FDM, wherer,=-1=2

ch: en=FDE - FDM, wherern,=-n=2

where TTD is the temperature terminal difference (nominally 5.9°C) and DCA
is the drain cooler approach temperature (nominally 10.0°C). There are 15
assumptions to be considered:

( TEis OK )
TS is OK
TD is OK
TI is OK
FG is OK

FDE is OK
FD is OK

a= | FDM is OK
no fouling

no subcooling
TX1is OK
PX1is OK
FX2is OK
Fzl is OK

\ no tube leak )

As the flows FD, FDE, FG, FX1 and F X2 are all calculated values, they are

shown in Figure 4.7 as “squared” sensors to differentiate them from the true

sensors. The result given in the figure is for the “Recent” data set described
in Section 3.1. The set of failure-likelihoods is:

F= [—0.29 0.39 0.89 -0.89 0.30 -1.00 030 0.70

059 —0.39 —0.50 0.06 0.30 0.30 0.00]

The assumptions FDM-OK and No Fouling are shown as likely failures with
failure-likelihoods of 0.70 and 0.59, respectively. The assumptions T'D-OK and
TI-OK are shown as certain failures with failure-likelihoods of 0.89 and —0.89,
respectively. The assumption FDE-OK is shown as an absolute failure with
a failure-likelihood of —1.00. As FDE is a calculated variable, no conclusions
can be drawn with respect to its “failure” until the network is expanded to
include all variables. The certain failures of sensors for TI and TD are due
to the likely fouling of heater FH4 coupled with the fact that TI and TD
have only single dependencies. If this network was coupled to the network
for the upstream feedheater FH3, two more dependencies could be added and
the failure-likelihoods of TI and TD would likely be reduced to less than 0.8.
Finally, the fact that FD agrees with FDM (within the tolerance of £2 kg/s),
means that DMP should conclude that the failure of FDE should be labelled
an absolute and not a certain failure. Again, this is an example of DMP being
unable to properly discriminate between competing multiple faults.
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4.3 Discussion

The diagnostic model processor allows for the detection of non-competing
multiple faults. This often leads to the failure likelihood of several assumptions
exceeding the 0.5 alarm limit when a single failure has occurred. This was
illustrated in the flow diagnostics example of a LP leak fault. To provide
improved fault discrimination and to direct attention to the most probable
fault, some form of procedure must be added to the basic DMP technique to
check the causal relationships between assumptions.

For the IT4 Project (Arzén, 1990), Petti developed a procedure for DMP
that basically assumes a fault condition and then checks the expected be-
haviour of the model equations to see if other failure likelihoods should exceed
0.5. If this is the case, the assumption is said to ezplain the appearance of the
other assumptions.

Petti’s procedure uses two assumptions as arguments (@, and a;) whose
F values exceed 0.5. The purpose is to try to establish the relation that a; is
“explaining” a;. The procedure uses the most sensitive model equation which
is connected to a; to estimate the magnitude of the deviation of a1, assuming
that the deviation of the equation is caused solely by a deviation of a;:

€3

DEV(al)eat . W

(4.5)

where ¢; is the most sensitive equation connected to a;. By means of this
estimate of the deviation and the partial derivatives of the connections sur-
rounding a;, the residuals and satisfaction values of all equations connected
to a; can be estimated. The residuals are estimated based on DEV (ay)est:

dc;

ejclt = ‘DEV(al)e't %;

(4.6)
and from these values, equation (4.2) is used to estimate satisfaction values,
8f..¢. Finally, the vector sf.,; is used to calculate a failure likelihood of a;
using equation (4.4). If the calculated value of F; is close to the actual value
of F, (that is |F; — Fp_,,| < 0.2), then a; is said to “explain” a;.

If any assumption is not “explained” by any other assumption, it is con-
sidered top-level (or absolute in the terminology of the BARSE project) and
is marked accordingly. Also, if assumption a; “explains” a; and a3 also “ex-
plains” a;, they are both considered top-level and are indicated as such. Fi-
nally, if any assumption cannot “explain” itself, then presentation of this fail-
ure is suppressed completely (no exclamation mark on the process schematic).

Petti’s procedure was intended to limit the number of fault alerts on
the process schematic and improve the discrimination between faults without
discarding any information (the original F values are retained). It was reported
to work for the demonstration of DMP as applied to Alfa-Laval’s Steritherm
process. However, an attempt to implement the procedure within the BARSE
program failed. With more time, it is anticipated that this problem can be
solved, as it must if DMP is to be used to its full potential.

Two final observations can be made with respect to DMP on the basis of
experience to date. The first relates to the implementation of DMP within G2
and the second relates to fundamental problems with the DMP technique.
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G2’s object orientation makes creation of a DMP graphical network rel-
atively easy. The DMP network can be easily appended and edited on-line
which simplifies network expansion and debugging. It is only the program-
ming of the partial derivatives that is prone to error. This particular aspect
may be a problem for large networks.

The fact that the fault discrimination capability of DMP needs to be
improved as it relates to competing multiple faults has already been the subject
of discussion. However, consideration should also be given to expanding the
DMP technique to include temporal data. At the moment, DMP is strictly a
“snap-shot” diagnostic technique and as such fails to utilize the vast amount
of information contained in historical data. DMP could possibly be modified
to include some of the features of the Model Integrated Diagnosis Analysis
System (MIDAS) under development at MIT (Oyeleye et al, 1989).

MIDAS uses the signed directed graph (SDG) technique. SDG’s show the
causal relationships among variables and are a fairly common method to rep-
resent model-based process knowledge. A drawback of digraphs is that they
usually have no notion of time. The time it takes before a change is noticed in
a variable is not represented. This is handled in MIDAS through the introduc-
tion of the Extended Signed Directed Graph (ESDG) and reformulation of the
ESDG into an event representation to account for transitions from a prior to a
subsequent state. In this manner transient behaviour, start-up sequences, and
operation in different modes can be covered; aspects that DMP must be able
to handle for it to be considered as a fully functional diagnostic technique.
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4.4 Future Work

The key to effective implementation of any diagnostic technique is the
degree of instrument redundancy. The greater the degree of redundancy, the
greater the accuracy of the diagnosis. As such, the improvement in the instru-
mentation of the plant should be given a priority from the perspective of the
diagnostics analysis.

Additional Instrumentation

The shell temperatures and pressures of all feedwater heaters should be mea-
sured. The shell temperature and hotwell temperature of the condenser should
be measured (instruments exist but are not working). Ideally, there should be
a measurement of steam quality at the outlet of the reactor, but this would
be both difficult and expensive. A measure of the steam pressure before the
turbine throttle valve is also needed. Given the desire to focus on diagnostics
of the feedwater system, the possibility of measuring all drain flows should be
reviewed. Alternately, if the information on the valve characteristics can be
obtained, a study should be made of using the drain control valve position
(control signal) to predict drain flow could be conducted.

Improvements to DMP

The ability of DMP to discriminate between competing multiple faults needs
to be improved. The first step would be to get Petti’s procedure to work,
as discussed in the Section 4.3. In addition, a facility must be developed to
enable the User to interrogate DMP as to the manner in which a diagnosis is
arrived at. This facility would likely take the form of some sort of compromise
between the sensor mimic diagram and DMP network currently in use.

Expansion of DMP

Any effort to expand the two DMP examples currently implemented within
BARSE should focus on expansion of the individual feedwater heater analysis
to include all five heaters in the feedwater system. This is the area that is
likely to provide the best practical results in terms of the diagnostic facility
offered by the program.

On-line Implementation

Currently, the results of the DMP analysis must be fed manually to the ther-
mal analysis (for example, the correct value of the feedwater flow rate as
determined by the sensor diagnostics). At some point, presumably when the
program is implemented on-line within G2, the DMP results could be fed
directly to the thermal analysis. However, this may not be desirable given
the importance of human interpretation of the diagnostic results. A common
weakness of many diagnostic system applications is their failure to maintain a
“human-in-the-loop”, recognizing that human diagnostic skills are ultimately
superior to those offered by any computer.
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5. Conclusions

The project was considered a success as a working demonstration program
was developed by a novice user in less than two man-months. It is estimated
that the development cost for a production version of the program would be
on the order ot two to four man-years.

5.1 Comments on G2

Overall, the author was very impressed with the software. A programming
task that might have taken over a year with a conventional expert system tool
such as Texas Instruments PC Plus required less than two months with G2.
This is not to say that there are no areas for improvement with the software.
The following criticisms can be made:

o Lack of a supplied facility for conventional plotting
o Lack of a supplied facility for custom display design
o Lack of a supplied facility for data file input

o Inability to link with FORTRAN code

o No protection against bugs in external code

o Lack of a runtime package

One recognizes that the first three criticisms can (and were) dealt with by
means of some extra programming. The T-s diagram (an example of con-
ventional plotting) was sucessfully implemented. A solid LED type bargraph
(an example of a custom display) was also implemented in one version of the
program. The lack of a data file input facility was dealt with in a rather crude
fashion by means of a conclude that .... set of commands (refer to Appendix
C for details). However, the time taken to develop these features detracted
from the main purpose of the programming exercise. Thus, these criticisms
are directed at the opinion that these features should have been supplied as
internal functions within G2.

The first three criticisms can be made more general by making the obser-
vation that G2 is a closed system; if what G2 provides is insufficient nothing
can be done by a user except wait for the next release. A case in point is the
lack of dynamic objects in Version 1.0 (which has been corrected in release
Version 2.0).

The inability to link with FORTRAN code is acknowledged by Gensym
to be a bug in the release of G2 for machines with a RISC architecture (such
as the SUN SPARCstation 1). There is no problem linking with C code; with
the exception that if there is a bug in the C code (for example the return of a
“non-number” in a property call) G2 will crash without explanation and with
a complete loss of the current version of the knowledge base.

The runtime package criticism relates to the fact that G2 cannot be mod-
ularized and this increases the cost of the software to the end-user. Once a
production version of an application has been developed in G2, a separate
license must be purchased for each site. G2 requires full functionality for each
application, no matter how small the problem.
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For more demanding real-time applications, one notes that the smallest
unit of time in G2 is one second. As with most expert systems software,
program cycle time is difficult to predict. Gensym claims 300 to 500 medium-
sized rules per second. Whether this is fast enough can only be judged within
the context of each new application.

Criticisms that have been made by other users such as the inability to have
duplicate object names (that is having the same component on two different
workspaces) did not present a problem in this application.

As a more general criticism one notes that expert systems, especially
those are are graphically oriented such as G2, are very difficult to document.
There is no facility for a program listing or a list of variables. This means that
validation of the code is not possible in the conventional sense. The inability
to properly validate and document expert system software may turn out to be
the biggest stubbling block to its widespread industrial application.
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5.2 Recommendations

A great deal more work must be conducted to take the program to the
production stage. In the near term, further development of the program could
take one of two directions:

o Given that the emphasis is on thermal performance and economic
assessment, development of the turbine model should be given priority

o Given that the emphasis is on diagnostics of fault conditions, the DMP
technique should be expanded to include the full feedwater train

Given the author’s knowledge of the interests and experience of the two utilities
involved with the project, it is recommended that Sydkraft work on the latter
(diagnostics) and Vattenfall on the former (economics).

A number of specific items for future work have been mentioned in the
body of the report. The important items are summarized as follows:

Thermal Analysis Development

More detailed models need to be developed for the turbine, feedwater
heater and the generator. In view of the future possibility for on-line imple-
mentation of the program, the averaging of the instrument data should be
done within the program. The existing steam property routines should be
replaced by in-house steam property routines.

Economics Analysis Development

The uncontrollable nature of certain target parameters must be accounted
for, as well as their nonlinear and dependent nature. The size of the target
variable set needs to be expanded to fully account for the non-optimal gross
cycle efficiency observed from recent plant data. Additional plant data sets
should be added to evaluate the success of this exercise.

Diagnostics Analysis Development

The two existing DMP networks need to be expanded to include more
of the cycle, in particular the full feedwater system. Some basic research is
required to improve the DMP technique. The ability of DMP to discriminate
between non-competing multiple faults needs to be improved. Some mecha-
nism for a user explanation facility is also required.

New Instrumentation

In support of the diagnostic analysis, additional instrumentation should
be installed or repaired, in particular instruments for the measurement of feed-
water heater shell pressure, steam pressure upstream of the turbine throttle
valve and condenser shell temperature. A review should be conducted of the
instrumentation that was in place at the time of the plant acceptance tests.
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A. User’s Overview

This Appendix provides an overview of the program by leading the User
through the various displays or screens. When instructed to “click”, any of
the three mouse buttons can be pressed.

Introduction Screen

Upon starting G2 and loading the knowledge base BARSE-1, the title
page illustrated in Figure A.1 should appear. Before starting the program,
the knowledge base must be linked with the C object code used for the steam
properties. This is accomplished by clicking on the background and selecting
Miscellaneous from the menu that appears. This will cause a second sub-menu
to appear. The Load C File option should be selected from this sub-menu.
Once this has been completed and the C object has been successfully loaded,
the program can be started by clicking on the background for a second time
and selecting Start from the menu that appears.

Clicking on the Help Action will call up a brief outline of the program as
given in Figure A.2. The User’s Menu given at the top of the screen has five
main Actions to select from: Data Input, Schematic, Economics, Diagnostics
and TS-Diagram. There are a number of sub-menus available to the User:
Diagnostics, Systems, Developer and Data Menu.. These are illustrated in
Figure A.3.

Data Input Screen

Clicking on the Data Input Action will cause the Data Input screen illus-
trated in Figure A.4 to appear. Though 54 data points can be input, only 29
are used by the thermal analysis.

Alternately, a number of stored data sets can be selected from the Data
Menu illustrated in Figure A.3. This menu is obtained by selecting the Data
Menu Action from the User’s Menu.

Schematic Screen

Clicking on the Schematic Action will cause the cycle Schematic screen
illustrated in Figure A.5 to appear. The schematic summarizes the cycle
heat and mass balance. It also allows the User to manipulate eight variables:
condenser bypass, FH5 throttle, FH5 fouling, steam pressure, reheater fouling,
feedwater flow, turbine efficiency and condenser vaccuum.

More detailed views of sub-systems are available. The view of the LP
turbines illustrated in Figure A.6 was obtained by selecting the System Action
from the User’s Menu and then selecting the LP-Turbines Action from the
System Menu.

The User can “zoom-in” on specific components. The view of FH5 il-
lustrated in Figure A.7 was obtained by clicking on the FH5 object in the
schematic.
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Finally, the summary of all data points illustrated in Figure A.8 can be
obtained by selecting the Data Menu from the User’s Menu and then selecting
the Full Variable Set action from the Data Manu.

Economics Screen

Clicking on the Econmomics Action will cause the Economics analysis
screen illustrated in Figure A.9 to appear. The analysis displays the cost
of off-target values for six variables: turbine efficiency, condenser vacuum,
steam pressure, FH5 extraction throttle, Fh5 fouling and condenser bypass.

The analysis assumes that the impact of the six target variables is in-
dependent. Clicking on the Reference Action will cause the Reference screen
illustrated in Figure A.10 to appear. This screen illustrates the individual
impact of the six target variables on the cycle efficiency.

Diagnostics Screen

Clicking on the Diagnostics Action will cause a diagnostics sub-menu to
appear. The sub-menu has two selections to illustrate the application of model-
based diagnostics: Flow Diagnostics (shown as Figure A.11) and Feedheater
Diagnostics (Figure A.12).

T-S Diagram Screen

A dynamic Temperature-Entropy (T-S) cycle diagram is available as an
additional analysis tool. Clicking on the T'S-Diagram Action will cause the
T-S Diagram illustrated in Figure A.13 to appear.

Message Facility

There is a message facility that alerts the User to off-target performance.
A sample set of messages is given in Figure A.14. This display is obtained by
clicking on the Logged Messages object on the User’s Menu. One notes that
actions are available to Acknowledge and Reset these alarms.
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B. Model Documentation

This Appendix provides documentation on the model used as the basis
for the Barsebick turbine cycle heat and mass balance. The model is imple-
mented entirely within the G2 simulator, with external property calls to a
steam property program written in C code. To comply with G2’s convention
for the naming of attributes (variables) and objects (components), a somewhat
unconventional nomenclature style had to be adopted.

As illustrated by their icons in Figure B.1, eleven object classes were de-
fined to construct the cycle schematic and the underlying process model (the
pump and generator classes are not shown). As summarized in Table B.1, a
total of eighteen objects were in turn created from these eleven classes. The
object names given in Table B.1 correspond to the labels given to the compo-
nents shown on the cycle schematic and referred to in all model equations.

Within each of the eleven classes, a set of variables were defined. The
principal variable names are summarized in Table B.2. The principal variable
names are in turn expanded to include the assigned locations of Figure B.1.
For example, the feedwater exit temperature of high pressure feedwater heater
FHS5 is referred to in the G2 program as the TFE of fh5. Within the equations
given in this Appendix, it is referred to as T'Egps. Figure B.1 does not show
two of the location variables for the feedwater heater; namely A and S where
TA is the temperature of the feedwater between the drain cooler and the main
cooler and TS is the temperature in the steam line between the main cooler
and the drain cooler.
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Figure B.1 Principal object icons and variable location names
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Table B.1 Component names adopted for the model

Component Name Component Name

High pressure feedheater 5 FH5 Boiler feed pump BFP
4 FH4 Reactor BWR

Condensate pump CEP

Low pressure feedheater 3  FH3 Condenser CON
2 FH2 Drain cooler pump DCP

1 FH1 Generator GEN

Gland steam coolers GSC

Low pressure turbine A LPA Reheater RHT
B LPB Separator SEP

C LPC High pressure turbine = THP

Table B.2 Principal variable names adopted for the model

Variable Symbol Units
Annual cost AC kSEK [day
Daily cost DC kSEK /day
Efficiency penalty EP %
Operating cost FC SEK/MWh
Flow rate F kg/s
Enthalpy H kJ/kg
Gross cycle efficiency NC %
Generator efficiency NG %
Load factor LF %
Turbine stage efficiency NT %
Thermal power Q Mw
Pressure P Bar
Entropy S kJ/kg K
Temperature T °C
Specific volume v m3/kg
Mechanical power W MW
Moisture fraction Y %
Bypass valve opening ZB %
Fouling factor ZF %
Throttle valve opening zZX %

56



B.1 Steam Properties

Steam properties are obtained by an external call to a property program
written in C. The routines are based upon those of Irvine (1984) and are
accurate to within £ 0.1 %. Unless otherwise stated, metric units are employed
(kJ/kg, Bar, kJ[kg K,°C, m3/kg for H, P, S, T, V, respectively).

The function HFIND(H,N,P,S) for the high and low pressure turbines
employs the following set of equations:

_ S — SLIQP(P)
~ SVAPP(P)— SLIQP(P)

Xad

Haq= HLIQP(P) + X,q (HVAPP(P) — HLIQP(P))

HFIND = H — (N/100) (H — Haq)

where the adiabatic efficiency N is assumed constant for the turbine stage
under examination.

Table B.3 Steam property function calls

Function Name Identity
HFIND(H,N,P,S) finds turbine exhaust enthalpy, give inlet enthalpy

turbine efficiency, outlet pressure, inlet entropy

HLIQP(P) saturated liquid enthalpy, given pressure
HLIQT(T) saturated liquid enthalpy, given temperature
HMIXP(P,Y) saturated mixture enthalpy, given pressure and % moisture
HSUB(T,P) subcooled enthalpy, given temperature and pressure
HSUP(T,P) superheated enthalpy, given temperature and pressure
HVAPP(P) saturated vapour enthalpy, given pressure
HVAPT(T) saturated vapour enthalpy, given temperature
PSAT(T) saturation pressure, given temperature
SFIND(P,T,H) finds entropy, given pressure, temperature and
enthalpy (for superheated steam)
SLIQP(P) saturated liquid entropy, given pressure
SSUP(T,P) superheated entropy, given temperature and pressure
SVAPP(P) saturated vapour entropy, given pressure
TFIND(P,H) finds temperature, given pressure and enthalpy
(can be subcooled or superheated)
TSAT(P) saturation temperature, given pressure
VLIQT(T) liquid specific volume, given temperature
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B.2 Component Models

As the mass balance cannot be obtained explicitly, an iterative solution
is required. This is achieved within the G2 simulator by declaring a set of key
variables as state variables (specifically, all turbine extraction line enthalpies,
reheater exit temperature, reheater exit flow rate). Figure B.2 illustrates how
an equation is entered as a simulation formula within the table of an object.
Figure B.3 illustrates the declaration of an equation as a state variable.

Feedwater Heaters

Assuming that the enthalpies at all its locations are known, the heat and
mass balance of a feedwater heater can be used to calculate the main extraction
flow. For a heater with two extractions the heat balance gives (taking the main
cooler plus the drain cooler as the control volume): )

_ FE(HE- HI)- FX2 (HX2— HD)— FG (HG — HD)

FX1 T X1_HD (B.1)
The mass balance for the heater becomes:
FD=FX1+ FX2+ FG (B.2)
For a heater with only one extraction, the heat balance gives:
FX:FE (HE—III{I)){—_FI’IGD(HG—HD) (B.3)
and the mass balance is:
FD=FX+ FG (B.4)

In all cases the enthalpies are obtained from the appropriate calls to the steam
property routines.

For the purposes of the diagnostics analysis, a heat balance is conducted
about the drain cooler only to obtain an estimated value for the drain flow:

HSUB(TA, PI), PI)— HI

FDE = FE
HLIQT(TS)—- HD

(B.5)

where FDF can be compared with the measured drain flow FD™ and the
drain flow FD calculated from equations (B.2) and (B.4).

To reduce the number of variables, the exit state of an upstream com-
ponent is used as the inlet state for the downstream component. Thus, for
feedwater heater FH5 which is: 1) downstream from heater FH4, 2) has its
second extraction from the reheater drain and 3) has its first extraction from
the first exit of the high pressure turbine, equation (B.1) becomes:

FEgps (Hths — HEfM) — FX2¢p5 (HD,.ht - Hths)

B.6
HE1y, — HD gy G

Fleh5 =

recognizing that FGns = 0, FX24p5 = FD,p and Flgps = FEgps.
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The exception to the above “generic” equations is the case of FH1 which
has its drain pumped forward. In this case, equation (B.3) can be written as:

FEspi(HEfp — HEg,) — FGyni(HDygpa — HE,.)

FXjpy =
e HE2i. — HEg,.

(B.7)

assuming that the enthalpy rise across the drain cooler pump can be neglected

and with FGgpy = FDgps.

As a further example, equation (B.5) as applied to feedwater heater FH4

is written in reduced form as:

HSUB(T Agps, PEygp) — HEyy,

FD% ,=FE
fha = 5 2IM TTH LIQT(T Spas) — HDgha

Turbines
For the high pressure turbine, the total work is calculated as:
Wthp = (FIthp + FGthp) H Eypyp — FElthp HElthp
—FE2,, HE24,
and the mass balance is given as:

FIthp = F-Elthp + FE2thp - FGthp

with:
FE?.thp = [l Fleh4

and:
FEly, = FX1gps

For the low pressure turbines (Ipa, Ipb, Ipc), the total work is:

Wip = Flijp HE pt + FG[,, HEy,, — FEl, HEl

~FE2y, HE2, — FE3;, HE3,

and the mass balance is given as:

FI[I, B FE11p+FE21p + FE31P — FGzp

with:
FElpa = FX¢n3
and:
FElL = FElp, = FXypo /2
and:
FE2ip, = FE2y, = FE2)p,. = FX g /3
and finally:

FE3ipa = FE3ipp = FE3jp. = Floop /3

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
(B.16)
(B.17)

(B.18)

In the case of both high pressure and low pressure turbines, the exit en-
thalpies are obtained from the appropriate call to the property routine HFIND.
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Other Components

For the reheater, the heat balance provides:
HErht - HE.le.p
HEyy, — HDppe

with FI.pe = FE.p; and FD,p; = FX,p: as the mass balance, recognizing
that FE.p; = FIlpa + FIlpb + FI[pc.

For the moisture separator, the heat balance gives:

HE‘BP = HDJEP

Ftht = FErht

(B.19)

Fl,ep = FE,e B.20
o P HE24pp — HD,ep ( )
and the mass balance is written as:
FD,ep = Flyep — FE,ep . (B.21)
with FE,.p = Flpy.
For the gland steam coolers, the heat balance gives:
HE,. — HE,.
FX2,,.= FEg, 27 E — FX1g, (B.22)

HEpy, — HD gy

where FX1,,. is one of the operating variables to be specified by the User.
The mass balance is FEg,. = Flzp and Flg,c = FEg,.

For the condenser, the heat balance gives:

Qeon = Floon HE31pe + FBeon H Eyyyy — FEconH Econ

+(FX2g5c + FX1g,c) HDg,e (B.23)
while the mass balance provides:
Flopn=FEeon— FX1g4, — FX24,. — FBeon (B.24)
- FBeon = FE Z Beon (B.25)
G T '

and Z B,.r, is the opening of the condenser bypass valve.

For the generator, the total turbine work is calculated as:

For the reactor, the thermal output is calculated as:
Qowr = Flywe (HEpyr — HE15) (B.27)

As a check on the overall heat balance one notes that:

Qowr = Weur + Qoon — Whpp — Weep (B.28)

where the pump work terms are calculated as:
Witp = FEpsp (HEysp, — HE¢3) (B.29)
Weep = FEeep (H Ecep — H Econ) (B.30)

As a check on the overall mass balance one has:
FEyy, = Fliypp + FXene + FGinp + FGipa + FGipp
+FGipc + +FX1g0c + FX2g,c + FBeop (B.31)
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B.3 Special Models

The fouling of the reheater is modelled as:

(100 — ZF,

HEp = HE,ep + (HSUP(TErpt, PEent) — HE ep) — h) (g 39)

One observes that when ZF,,; = 100% (full fouling) then HE,p; = HE,e,
and consequently FX,p; = 0. One requires an additional equation to obtain
the calculated reheater exit temperature based upon this new condition:

TES,, = TFIND(PE,n;, HE, 1) (B.33)

For the fouling of the drain cooler of FH5, one obtains a calculated value
for the drain temperature:
Z Fyps

TD?hs =TDyps + (TSths — TDys) ETTH (B.34)

One observes that for Z Fsus = 100 % (full fouling), TD;",15 = T'Syns which is
the highest possible temperature for T'D 5.

For the throttling of FH5’s main extraction line together with the fouling
of the main cooler of FHb5:

miny (ZXgns — Z Fgps)

TES,s = TEE" + (TEsms — TEf = (B.35)

where the minimum possible exit temperature is calculated as:

FX2¢ps

TE}iN = TFIND(PEysp, HEsps +
FEgps

(HD,1s — HD 1)) (B-36)

For ZX hs = 0 % (valve closed) or ZFgs = 100 % (full fouling), one has
Tl*?)‘;;",,‘5 = TE%gN . In addition, one recognizes that TE%%N # T Egpq (that is,
no temperature rise in FH5) due to the non-zero extraction steam flow from
the reheater drain to this heater.
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C. Program Documentation

One of the problems associated with many expert systems programs is the
difficulty in documenting the software; one cannot obtain a listing of variables
or a program listing within G2.

Table C.1 lists the unnamed workspaces of the program. They are all
subworkspaces to the specified locations. The “zoom” displays for an object
can be found as subworkspaces to the object.

Table C.2 lists the named workspaces of the program.

Data Input

There is no formal facility for the input of data files within G2. In order
to input the sensor data the conclude command within an action-button ob ject
is used as illustrated in Figure C.1.

In order to input a new data set, the User should clone one of the existing
action-buttons and edit the conclude commands accordingly.

Renaming of Variables

There are two ways to rename attributes and objects within G2. The
first approach uses the inspect facility. For example, replace GC with GSC in
every item. This method is well structured in that it informs the User of the
number and location of the changes. The second approach uses the change
option within an object definition. For example, rename attribute TE to TEC.
This method must be used with caution as it does not change every instance
of the attribute. The User must inspect every simulation equation manually
to ensure complete compliance.

Table C.1 List of unnamed workspaces

Location Workspace Contents

Assumption definition Rules for calculation of failure-likelihoods

Connection definition Rules for calculation of dependencies
Equation definition Rules for calculation of satisfaction values
Model-fault definition Rules for the model-fault object
Model-input definition Rules for the model-input object
Model-sensor definition Rules for the model-sensor object
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Table C.2 List of named workspaces

Name

Workspace Contents

Acknowledged-Messages

Diagnostics-Flow
Diagnostics-Temp
Economics
Help-Welcome
HP-Heaters
HP-Turbines
ISA-Icons
Logged-Messages
LP-Heaters
LP-Turbines
Menu-Data
Menu-Developer
Menu-Diagnostics
Menu-Main
Menu-Systems
Message-Board
Object-Libary
Reference
Rules-Libary
Schematic
Steam-properties
Test-Bargraph
Test-Custom
Test-Flow
Test-Halden
Test-Network
The-input
TS-diagram
Variables

Welcome

Message workspace for economics rules
DMP analysis for feedwater flow
DMP analysis for feedwater heater
Economics analysis screen
Introductory-help screen for BARSE
Sub-system display for HP-Heaters
Sub-system display for HP-Turbines
G2 ISA object library
Message workspace for economics rules
Sub-system display for LP-Heaters
Sub-system display for LP-Turbines
Menu to access Input Data workspaces
Menu to access various Developer workspaces
Menu to access various Diagnostic workspaces
Main menu that appears at top of the screen
Menu to access the Sub-system workspaces
G2 standard workspace
All object definitions used by BARSE
Plots used for economics analysis
Miscellaneous rules for economic analysis
Cycle Schematic, contains all model equations
Function definitions for external properties
Test workspace for bargraph display
Test workspace for custom readouts
Test workspace for flow diagnostics
Illustration of Halden EFD interface
Test workspace for flow DMP network
Input Data workspace
TS-diagram workspace
Gives the attribute tables for all objects
Title screen for BARSE
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