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ABSTRACT

The Logic Flowgraph Methodology (LFM) has been developed as a
synthetie simulation language for process reliability or disturbance analysis
applications. A Disturbance Analysis System (DAS) using the LFM models
ean strre the necessary information concerning a given process in an
effiecient way, and automatically construet in real time the diagnostic
tree(s) showing the root cause(s) of oecurring disturbances.

A comprehensive LFM model for a PWR pressurizer system is
presented and discussed, and the latest version of the LFM tree synthesis
routine, optimized to achieve reduction of computer memory usage, is used
to show the LFM diagnoses of selected hypothetic disturbances.

INTRODUCTION

In order to implement diagnostic capabilities, a Disturbance Analysis System
(DAS) must utilize process mnodels that are at the same time compact and rich in
information content.

The models used in the first prototype DASs were developed iit the form of cause-
consequence diagrams or cause-consequence trees. Both techniques use the same type of
binary representation and logie gates employed by fault trees, and are similar to the
latter in terms of modeling capabilities. The quite large dimensions of the models
resulting from the early attempts to apply thesc types of representation to whole scale
plant systems was indicated by many analysts as a severe hindranece in the development
of DASs with extensive diagnostic capabilities.

LFM OVERVIEW

LFM is a new methodology intended to provide a more efficient way of
constructing process models for use in diagnosis oriented disturbance analysis systems.
At the foundation of this method is the iierivation of graph models for the processes to
be analyzed. As in the "digraph method"* the LFM models include the fundamental units
of nodes and edges, which are used to represent respectively process variables and

*This work was supported by the U,S. NRC under 8 Memorandum of Understanding with
the U.S. Department of Energy.
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causality network, which expresses the fundamental physical relations of direct cause

and eiffect existing in a process, and the condition network, which represents in a
formally defined and organized way the conditions whose occurrence may change or
modify the course of causality flow in the causality network.

A detailed deseription of the LFM representation rules ean be found in References
2 and 3, while a more synthetic account is given in Reference 4. We use here the simple
scheme of Fig. 1 to show an example of some essential LFM features. In this figure the
U and V nodes represent continuous variables. These are process variables or parameters
that can vary over a continuous range, reduced in LFM to 5 discretized states (0 =
normal, + 1 = moderate deviations in positive or negative direction, + 10 = large
deviations). The C node on the other hand represents a truly binary process variable or
parameter. U and V are shown to be linked by a causality connection expressed by a
causality edge and by a multiple gain box (MGB). The +1 gain value in the MGB signifies
that the connection is normallv one of direct proportionality from U to V. However, the
graph also shows through the diamond shaped text box (TB) that the binary variable C
may have a conditioning influence on the relation between U and V. More specifically,
when the condition expressed by the equality C =1 is verified, U has no longer any
influence on the value(s) to be taken by V. This type of formeal representation is very
effective in showing how binary variables, usually associated with primary level faults or
with the action of engineered protection devices, can affect the causality relations that
link process continuous variables and parameters to one another. LFM is also
advantageous in that it condenses in one model the representation of both process
success and failure logies, including the effect of feedback and feedforward actions.

After being derived and stored in their condensed-information format, the LFM
models can be routinely analyzed by computer to produce fault tree structures for
reliability analysis purposes. By additional utilization of the instrument signals coming
from the actual process modeled, the same computer routine can be employed in a DAS
to produce diagnostic trees for the identification of the root cause(s) of an existing
disturbance. This procedure is well suited for DAS implementation since it does not
require any analyst's or operator's mediation and can thus be performed on-line. Tests
performed on LFM utilization in disturbance analysis showed that a diagnosis can be
obtained by the DAS computer one second or less from the start of a disturbance.

PRESSURIZER MODEL

The pressurizer, together with the contrel and protection devices attached to it,
constitutes an essential system in a PWR plant. The complexity of the functions it must
perform, in keeping the primary system pressure within the working range and in allowing
for the volumetric expansion and contraction of the primary coolant mass, makes the
development of a reasonably complete LFM pressurizer model a quite challenging task,
one that can seriously test the method capabilities. We review briefly the eontrols and
protections that are typically employed in such a system.

The following devices can intervene in regulating the pressure for control and/or
safety purposes: a) safety valves (safety), b) power operated relief valves
(PORVs)control/safety), ¢) proportional sprays (control), d) proportional .heaters
(control), e) backup heaters (control).

Pressurizer level, on the other hand, is regulated by properly adjusting the
charging flowrate from the chemical and volume control system (CVCS). This can be
done by controlling the speed of a positive displacement pump or by throttling a valve on

the discharge line of a centrifugal pump (when this alternative charging mode is being
used.
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In the derivation of the LFM model, the modeled range of pressure and level is the
one between the high and low pressure trip set-points and above the low level trip set-
point, which deliberately limits the modeling effort to transients before the occurrence
of reactor shutdown.

Within the selected pressure range, it was necessary to arrive at a definition of
the discrete penta-valued set needed in LFM for representation of the pressurizer
pressure (PP) "continuous variable." Figure 2 illustrates the choice that was made in
regard to this. In the selected scheme, the PORV setpoint determines the boundary
between the +1 and +10 values, whereas the midpoint between the backup heater
energizing and de-energizing set-points is used as a boundary between the -1 and -10
values. The separations between the 0 and +1 values, and between the -1 and 0 values,
correspond to the start-point of the spray flow demand program ramp, and to the
midpoint of the proportional heater demand program ramp respectively. Different
choices are possible. The set-up just illustrated, however, provide a sufficiently balanced
representation of the "normal" and "upset" conditions within the modeled range.

Figure 3 shows two portions of the pressurizer model that was ultimately
developed. Section a represents some of the prineipal thermal-hydraulic interactions
with the paths of the protective and control actions affecting the pressurizer pressure
and pressurizer level parameters. Section d shows the details of the level control
system. The remaining portions of the model can be found in Reference 3 together with
the necessary aids for its detailed interprciation. It is important to notice that, due to
the considerable complexity of the physical reality to be represented, it is necessary to
break down physieal interactions into fundamental composing parts. For instance, the
driving mechanisms for variation in the cystem pressure PP are assumed to be either
produced by a direct outflow of steam (SOF) or by volumetrie effects (VPE) that cause
steam compression or expansion and which are indueed by variations in the water level.
In addition, pressure changes may be induced by changes in the balance exchange flow
(BEF) between the water and steam phases in the pressurizer. BEF normally acts as a
corrective agent on either of the other two variables just mentioned above, but is also
capable of direetly inducing variations in PP. The BEF variable is driven by the
combined action of the proportional sprays (variable PSF), the proportional heaters
(variable PHA) and backup heaters (variable BHA), and is also influenced by other factors
such as the pressurizer pressure itself and the degree of pressurizer water subcooling
(variable PWS). To describe the complete interactions between these variables the
"special input box" (SIB) operators S1 and S2 are used together with the other LFM
standard operators. These are equivalent to multi-state decision tables representing the
correspondence between BEF and its input variables PHA, PSF, and BHA. The

assumptions for modeling this correspondence derive from knowledge of the relative
capacities of the heaters and sprays.

DIAGNOSTIC AND RECOVERY TREES

References 2 and 3 illustrate how the computer program TRIC (Tree Instantaneous
Constructor) implements the LFM modeling "grammar" and a complete set of "tracing
rules” to allow derivation of logic trees from the flowgraph models. To derive a fault or
suceess tree, TRIC only needs as input a definition of the tree top event in the form
(variable) = (value) (for example: V = + 10). If the program is run on-line on & process
computer (as would be the case in a DAS applieation) process instrumentation readings
will also be used as inputs, to only allow derivation of tree branches corresponding to the
actual events (among all those that could in theory produce the top event). When this
latter procedure is used to determine the causes of a process upset, the tree produced by
the LFM automated analysis is called a "diagnostic tree."

Diagnostic trees for two different disturbances are presented here. The first
hypothesized disturbance is one that affects the PLCS (pressurizer level control
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system). While the PLCS is in the centrlfugal pump regulating valve mode (econtrol
option CO = 0), it is assumed that a drift in the level controller setpomt causss a
transient to be 1mt1ated resultmg in a moderate lowering of the pressurizer level (PLD =
-1). When the disturbance is well under way, different observable variables are affected
and assume perturbed values. Figure 4 shows the diagnostic tree developed by TRIC
when taking the event PLD = -1 as the top-event and the "observed" values of the other
variables just mentioned as "boundary conditions" for the given disturbance. These
observable conditions are rnarked by a dot in Fig. 3 for identification by the reader. It
should, however, be understood that other observable conditions, utilized to exclude non-
active tree branches from the diagnostic derivation, do not appear in the diagnostic tree
itself.

The second hypothetical disturbance with which the pressurizer model was tested
is a transient in which a stuck-open power-operated relief valve (RVUO = 1) causes the
pressurizer pressure to fall low (in the LFM -10 range). Secondary effects of this are the
actuation of the prcportional and backup heaters and the disactivation of the sprays, in
an attempt by the PPCS (pressurizer pressure cortrol system) to contrast the course of
the transient and arrest the observed decrease in the system pressure. The top event PP
=-10 was analyzed by TRIC with the use of the appropriate boundary conditions given by
the observable events resulting from the occurrence, and the resulting diagnostic tree is
shown in Figure 5.

It is worthwhile to notice that the significant part of the tree, in terms of
disturbance diagnosis, is the one on the right side under the SOF = +10 event, and shows
the disturbance root cause RVUO = 1. The left side (event BEF = +1, ete.) only
describes conditions that result f-om, or acecompany, the disturbance, and which are to be
shown for a better comprehension of the actual occurrence.

It was mentioned before that LFM permits the derivation of both fault and success
 trees from the same flowgraph. The ability to derive success trees can be
advantageously used in disturbance analysis to identify recovery actions after a
disturbance has been identified and diagnosed. For example, to obtain from TRIC a
"recovery tree" for the disturbance just discussed above, one may set the top variable PP
equal to 0 (whieh is the "default”, unperturbed LFM value for any eontinuous variable),
and adjust accordingly the values of the other observable values on which PP may have
direct or indirect influence. Thus the values of the variables BHA and PHA have to be
modified into 0's for consistency with the new value assumed for PP. Al the other
observable variable values produced by the disturbance are, however, kept as boundary
conditions. The LFM routine can then identify possible actions that may suppress the
undesired effects of the disturbance root cause(s). The tree obtained in this fashion is
partially shown in Figure 6. The actual tree derived by TRIC ineludes development of
events like VPE = 0 and BEF = 0, which are only of secondary interest and therefore not
shown here. The desired recovery action can be seen at the low left end of the tree,
indicated by the event BVS = 1 (which means: PORV bloek valve secured), 'ANDED'
with the primary braneh containing the fault event RVUO = 1.

The example given above demonstrates the feasibility "in prineiple" of the use of
LFM-derived success trees to identify needed recovery action. Different strategies can
be envisioned to make this process as efficient as possible, so that for instance the LFM
routine could automatically avoid the development of "useless" branches such as the ones
omitted from the tree in Figure 6, and could also expressly emphasize the identified
“recovery action” in some way appropriate for ready interpretation by the operator.

As a factor relevant to the actual on-line applicability of LFM in disturbance
analysis, it is noted that, throughout the testing done with the pressurizer model, the
developed fault or success trees were produced by the TRIC code in times of the order of
1 sec on an IBM 370/3033 computer.
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CONCLUSIONS

This paper has discussed the application of a new approach called the Logic
Flowgraph Methodology to a fairly complex system, for the purpose of automatically
producing fault or success trees. The computer routine based on LFM is presently
operational and capable of performing this task, be it for reliability or disturbance
analysis applications. The routine itself requires about 160K of compuier memory on an
IBM 370/3033. The most recent version has been partially optimized to reduce array
storage. As a result, the pressurizer model discussed here requires only an additional
160K. The previous code version required the same amount of array memory for a
system model, presented in Reference 4, which had less than 1/3 the number of LFM
modeling elements.

Since in the area of reliability and risk analysis many proven and consolidated
methods exist and are routinely used, the major emphasis of research for LFM
implementation was placed in the disturbance analysis - automatic diagnosis and
recovery identification area. We think that the results presented and discussed in the
previous sections are promising, and confirm the potential of the method for disturbance
analysis applications. Of course, before real implementation, it would be necessary to
further test the methodology and the models with real on-line, rather than simulated,
disturbances.

Open to definition remain the possible different strategies by which a user may
want to utilize the methodology within the scope of an integrated disturbance analysis
system. The choice of such strategies is expected to be influenced by contingent
practical considerations regarding a specific application ares, rather than by aprioristic
theoretical arguments.

It is finally noted that for a user, LFM involves in a sense the learning of a new
"language." In practical application to complex systems, it will also require intimate
knowledge of these systems. Consequently, the skills of trained practitioners will be
needed for successful utilization.
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Fig. 1 Example of LFM Representation

— wm  PRAOP. SPRAY OUTPUT
—————— PAOCP WEATER OUTPUT 4

@t wmmw  BACKUP MEATER OUTPUT

/ %+ gressurizer gredsure
31 « packun heater oft
82 = Dactw heeier 30
— — . o op— / Nl v 3rop. heater raac start
M2 * Drop. Meater ramp eng
RY = relief vaive nnening
/ 51+ sbray camo start
52 = sprdy raso esd
/ Sv » safery vatve ggening

71 + reactar low aretsure trip

i ' 12« reactar migh gressure trip
H 7
Ny

[ B [AAN l?. LV A LW

: ) i

i PP

D m——— .

i A

PR SR W U 25 SR S
~— {8} (i)

Fig. 2 Discretization of Pressurizer Pressure (PP) Range
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LFM Pressurizer Model

Section a

g T S T I T L




Ly
:; Fig. 4
FRVP.-Y . i
Pressurizer Level Diagnostic Tree
LAER ]
[

il

LG=-y

LCBAz.

(? Fig. 5
m Pressurizer Pressure Diagnostic Tree
A
p—

—
H
?
—
-
H
1
H
L}
H
H
L3 ]

Fig. 6

Pressurizer Pressure Recovery Tree




