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ABSTRACT 

The development of a multi-function computer-aided process analysis and management 
(CAPAM) system, to be implemented in nuclear power plant control rooms, s proposed 
and discussed. The design goals identified for such a system are early disturbance 
detection and diagnosis, accompanied by identification of the best possible recovery 
actions or alternative success paths. The CAPAM structure is articulated in three 
functional levels with dedicated CRT displays. Increasing amount of diagnostic or 
recovery information is made available to the operators at the lower display levels. 
Probabilistic safety margins to the loss of important safety functions may be also 
calculated. The proposed implementation of the CAPAM concept is based on the use of 
logic flowgraph networks for the more detailed system modeling. Examples of such an 
implementation are given. 

INTRODUCTION 
Design of a suitable structure for a Disturbance Analysis System (DAS) intended 

to cover a whole nuclear plant is a complex problem requiring consideration of many 
balancing factors. The evolution of DAS concepts has, since its early days, been 
oscillating between different definitions, from alarm analysis and prioritization 
strategies, to detection oriented systems based on advanced display and graphic 
techniques. Today a trend towards more complex and articulated systems is finally 
emerging. The objective is to achieve a better overall plant level of operational 
performance, through accomplishment of a set of integrated tasks [1-3]. 

For optimum and updated mnagement of plant operations the following general 
problems must be addressed in the presence of a disturbance affecting one or more 
plant systems: I) Early detection; the disturbance must be detected in the early 
stages, before it can produce irreversible consequences. II) Early diagnosis; if 
possible, the root causes of the disturbance must be identified, so that the 
operator(s) have a good understanding of its likely course and may anticipate future 
consequences. Ill) Identification of recovery actions; in most cases an early 
diagnosis will also allow the identification of simple recovery actions, which will 
eliminate the root causes of a disturbance and reverse its sequential course without 
unnecessary challenge to the next line of plant protections (e.g., if a PWR auxiliary 



feedwater system has been inadvertently valved out, the opening of the correct 
valve(s) can restore the proper process conditions, before the steam generators go dry 
and safety injection is invoked In the primary loop). IV) Identification of best 
available remedial actions; if recovery from an upset condition is not easily 
identifiable, alternative success paths to bring the plant process under safe 
controlled conditions must be readily Identified and pursued. In addition to the 
above, since the strategy for dealing with any abnormal set of conditions in a plant 
should be related to the overall goal of maintaining public risk at a minimum, it may 
also be desirable to calculate an on-line probabilistic operational risk measure. 
Thus, an additional useful task for an optimal plant operations management system can 
be the calculation of the conditional probabilities of losing any important plant 
safety functions, given the occurrence of a disturbance. 

This paper prssents an approach and some available techniques for the development 
of an articulated, computer implemented system capable of performing the above 
tasks. In the following, we will refer to this computer implementation as CAPAH 
(Computer-Aided Process Analysis and Management). 

CAPAM MULTI-LEVEL STRUCTURE 
In the previous section we listed a few important objectives that should be 

achieved by an effective CAPAM system in the presence of a plant disturbance. For 
such a system to be truly effective these objectives will have to be pursued and 
coordinated according to a defined strategy, reflecting the principles that are at the 
basis of nuclear power plant (MPP) design and operation. 

Reference [ 4] explains that the prime concern of NPP operators in post scram 
conditions must reside in assuring that certain specific "critical safety functions" 
be accomplished by the plant systems. This concept can be extended to pre-scram 
operations as well, by defining a suitable set of "operational safety functions" 
(OSFs). Reference [4] identifies four classes of post scram critical safety 
functions, of which the most fundamental is represented by the anti-core melt (ACM) 
safety functions. To categorize OSF's, one can follow a similar scheme, although some 
changes may be desirable in the definition of OSFs within each class. In the 
functional definition of the CAPAM systems, we elected to use, for a generic plant, 
the following four ACM OSF's: 1) Reactivity Control (RC), 2) Core Heat Removal (CHR), 
3) Primary Energy and Mass Inventory Control (PEMIC), 4) Reactor Coolant System Heat 
Removal (RCSHR). 

The definition of "safety functions" allows one to construct a "top-down" 
conceptual model of plant operation from which the CAPAM objectives discussed in the 
previous section can be conveniently developed and prioritized. In any given plant, 
safety functions are accomplished by systems, which in turn are made up of subsystems 
and components. Failures or malfunctions at the component level can be relatively 
common, therefore it is important to rank the disturbances caused by these failures 
according to how serious a threat they represent to the plant. Response to different 
threats can thus be prioritized and attention can be devoted to solve the more serious 
problems first. Also important, in the presence of a disturbance, is to know if 
alternative success paths to achieve a threatened or compromised OSF are readily 
available, or if the root problem in the troubled system can be easily diagnosed and 
corrected. 

To reflect the concepts illustrated above, the CAPAM structure that we propose is 
hierarchically articulated in three levels. Level One is the highest in hierarchy and 
provides the operator with a global picture of the plant OSF status. Level One 
actually draws information from the other two CAPAM levels, in order to identify 
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threats to the plant OSFs and rank existing threats according to an assessment of 
their severity. 

The CAPAH Level Two provides the operator(s) with more detailed information on 
the plant safety functions, by determining which success paths are available at any 
given time for accomplishing these. This same information is passed to Level One for 
the OSF threat severity assessment. The CAPAM Level Three contains the system 
detailed knowledge base and, on request, can provide more specific information on 
system or component status. It should be noted that different degrees of operator 
support capability may result from the different choices that are possible with regard 
to the system models adopted to represent the Level Three knowledge bases. The CAPAH 
concept proposed here uses a "network-based" plant model, which allows a considerably 
more powerful and efficient modeling representation than the conventional fault-
tree/alarm-tree techniques frequently employed in discrete state modeling, or the 
"heuristic" IF-THEN rules typically found in AI expert systems. 

ORGANIZATION OF THE CAPAM MODELS AND 01 SPLAYS 
Within the CAPAM structure, plant systems are modeled in Level-Three by means of 

Logic Flowgraph Methodology (LFM) networks 15]. The LFM technique allows the system 
analyst to develop a synthetic and effective graph representation of the cause-effect 
relations existing between plant physical parameters, control variables, protective 
devices and failure mechanisms. This graph representation is then stored in computer 
memory, combined with input signals from the plant instrumentation, and automatically 
analyzed on line to produce "diagnostic trees" and "recovery trees". When a 
disturbance is in progress, these small boolean trees can exactly identify disturbance 
root causes, as well as provide prescriptions on how to achieve system recovery 
without the use of alternative success paths (i.e., systems) for the affected OSF 
[6,7], 

The detailed information provided by the LFM models can be of very high value to 
the plant operators, but, to be really useful, it must be accompanied by a properly 
defined frame of reference, which relates it to the global operational and safety 
goals represented by the plant OSF's. In order to achieve this, among all the 
physical process parameters and state variables that appear in the CAPAM Level-Three 
models, the ones that more directly define the operability status of systems required 
to accomplish a safety function are identified and organized in the CAPAM Level-Two 
models. These models are essentially composed of truth tables representing the 
availability of systems and system trains. The Level-Two models can thus be used to 
identify which success paths are available at any time for the accomplishment of a 
particular OSF. This information can be directly accessed by the operator(s). In 
addition, it is also accessed by the CAPAM Level One, which, based on the number of 
success paths made unavailable by a disturbance, is able to make an OSF threat 
severity assessment. The evaluation of OSF success path availability performed by use 
of the Level-Three and Level-Two models is also used as the starting point for 
calculation of probabilistic safety margins, as explained in one of the next 
sections. 

The actual development of the CAPAM models is obtained in a top-down fashion, 
starting with a definition of the plant OSF's, then continuing with the identification 
of success paths and systems that can be used within each OSF, and finally developing 
the LFM models for these systems (including all known important system 
interactions). Tables I, II and Figure 1 illustrate the concepts that we have just 
introduced. More specifically, Table I shows how the CAPAM Level One will assess the 
severity of a disturbance in terms of the fraction of success paths for the 
accomplishment of a given safety function that are made unavailable. Table II, in 

- 5 -



Table I: OSF threat severity ranking criterion. 

No. of unavailable 
success paths 
(out of n possible) 

Threat 
severity 
ranking 

OSF 
CRT-window 
color 

n 4 red 
n-1 3 purple 
from 2 to n-2 2 yellow 
1 1 gray 
0 0 green 

Table II: Level-Two model structure. 

OSF Plant 
State 

Success 
Path 

Level-Two Systems 
Truth Table 

Level-Two 
Truth Tabl 

Parameters 
e 

A Al Prszr. 
Heaters 

Prszr. 
Sprays 

Level 
Contr. Sys. 

Preszr. 
Pressure 

Preszr. 
Level 

(At power) 
PEMIC 

A2 PORVs Level 
Contr. Sy-. 

Preszr. 
Pressure 

Preszr. 
Level 

B 
(Shutdown with 

Bl PORVs Safety 
Injection 

Preszr. 
Pressure 

Preszr. 
Level 

pressure or 
level excursion i) B2 Safety Valves Safety 

Injection 
Preszr. 
Pressure 

Pres2r. 
Level 

• • • . . . • • « • • • 

turn, shows a partial example of combinations of success paths available for the 
accomplishment of the PEMIC OSF in a PWR. This table represents an incomplete version 
of the truth tables to be employed by the CAPAM Level Two. The table shows that, for a 
given OSF, different sets of success paths will be available depending on the global 
plant operating state. The "Level-Two Parameters" (LTPs) are essential parameters 
associated with a given OSF, and are used in the Level-Two truth tables for an 
additional and independent assessment of OSF status. Thus, if in a hypothetical 
situation both the pressurizer level and pressure are assessed to be "very low", the 
PEMIC OSF will be ranked as "threatened" in Level One, no matter how many success paths 
are presently shown to be available. The associated threat ranking scheme will be based 
on the size of the deviation of these parameters from the normal value and on the 
present plant operating state. As mentioned above, the systems and parameters tabulated 
1n the CAPAM Level Two are modeled in detail In Level Three by means of LFM networks. 



Figure 1 shows an example of one such detailed model representing a portion of a PWR 
Pressurizer System. The next section gives a summary explanation of this example. The 
reader interested in more details on LFM and the computer software that was developed to 
Implement it, should consult Refs. [ 5l throughf 7]. 

In summary, the LFM models are used to assess the status of the Level-Two systems 
and parameters, which is in turn used by Level One for OSF status assessment. Level 
Three can also be directly accessed by the plant operators to obtain information on the 
root causes(s) of a disturbance and on possible measures for neutralizing its effects 
without calling on alternative success paths. Examples of both types of LFH use are 
given in the next section. 

The information elaborated by the three CAPAM levels will be made available to the 
operators by means of an Operational Safety Functional Panel (OSFP). This panel should 
consist of color CRTs, which will continually show OSF status by means of a color coded 
display in which each color represents the OSF threat severity rankings shown in Table 
I. This information will be integrated with a suitable CRT representation of Level-Two 
truth tables equivalent to the one pictured in Table II, showing which OSF success paths 
and systems ire available or unavailable, and which essential parameters are affected 
under the plant prevailing conditions. The diagnostic and recovery information of Level 
Three will finally be displayed only if so requested by the operators. Note that Level-
Three information will usually be available even for conditions that may fall short of 
being considered as an OSF "threat" by the CAPAM upper levels. This would be the case 
for any disturbances that would only cause minor degradation of plant systems and would 
not cause any major deviations in essential LTPs. The continuous CAPAM Level-One and 
Level-Two CRT display will be provided with a window to alert the operators to the 
availability of more detailed CAPAM information 1n the Level-Three display, so that they 
can call it to the CRT screen if they so desire. 

LFM PRESSURIZER MODEL EXAMPLE 
The pressurizer constitutes an essential portion of a PWR primary system, which 

must be properly modeled for successful CAPAM monitoring of the PEMIC OSF. The 
pressurizer pressure and level are, in fact, listed in Table II as LTPs for this 
operational -safety function, and the availability of the control and protection systems 
directly associated with the pressurizer is a prerequisite for all the PEMIC success 
paths shown in the same table. 

Figure 1 shows a portion of a detailed pressurizer model that was developed using 
LFM. This model includes representation of all the pressurizer pressure-regulating 
devices, e.g.: safety valves, power operated relief valves (PORVs), proportional sprays, 
proportional and backup heaters. It also includes the pressurizer level control system 
(PLCS), by modeling the regulation loop of the chemical and volume control system (CVCS) 
charging flowrate. The portion of the model shown in Figure 1 represents some of the 
principal pressurizer thermal-hydraulic interactions, and the paths of the protective 
arid control actions affecting the pressure and level parameters. The remaining portions 
of the model can be found in Ref. [ 6 ]. 

Due to the considerable complexity of the physical reality to be represented in the 
model, it is necessary to break down multiple interactions into their fundamental 
composing parts. For instance, the driving mechanisms for variations in the pressurizer 
pressure (PP) are assumed to be either produced by a direct outflow of steam (SOF), or 
by volumetric effects (VPE) that cause steam compression or expansion, and which are 
induced by variations in the water level. Pressure changes may also be caused 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 
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variables just mentioned above, but is also capable of directly 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 
3HA), and is also affected by other factors such as the pressurizer pressure itself and 
the degree of pressurizer water subcooling (variable PWS). The correspondences between 
driving variable states and driven variable states are modeled in LFM by means of 
standard or special node input operators. The SI and S2 operators used in Figure 1 to 
map the states of the input variables PHA, BHA and PSF into the states of the variable 
BEF are special operators whose properties are essentially derived from the knowledge of 
the relative thermal capacities of the heaters and sprays. 

References [5] and [6 ] explain how the LFM grammar and syntax, and a complete set 
of network tracing rules, are implemented in a FORTRAN computer program (called TRIC for 
"Tree Instantaneous Constructor") to allow derivation of logic trees from the flowgraph 
models. In LFM, variable states can be characterized by binary values (6" or T ), or by 
discretized range values representing deviations from the norm (e.g., +1 represents a 
small deviation in the positive direction, whereas -10 represents a large deviation in 
the negative direction). To derive a fault or success tree, TRIC only needs as input, 
in addition to the LFM model topology, a definition of the tree top event in the form 
<van'able> = <value>. In an on line CAPAM application, however, the program also makes 
use of available and validated instrument readings as additional inputs, to seek only 
derivation of tree branches corresponding to actually occurring events (among all those 
that could in theory produce the defined top event). This procedure allows 
determination of abnormal event root causes, and for this reason the logic tree 
automatically derived by LFM is called a "diagnostic tree". 

An example of LFM diagnostic tree is shown in Figure 2. This tree was derived by 
TRIC for a hypothetical pressurizer disturbance in which a stuck open PORV (event RVUO 
• T ) causes the pressure to fall very low (PP = -10). Under these circumstances, the 
CAPAM Level-One would of course display the PEMIC OSF as seriously threatened. 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, whereas the left side 
describes conditions that occur as results of the pressure_perturbation via feedback 
mechanisms (e.g., activation of the backup heaters, BHA » T ). For the given 
disturbance the LFM diagnostic tree correctly identifier the initiating event RVUO = I 
as one of three similar possible causes (the other two being non observable leak 
events). 

The LFM ability of developing success as well as fault trees from the same 
flowgraph can be advantageously implemented in the CAPAM Level-Three. Thus, after 
giving the plant operators diagnostic information of the type discussed above (possibly 
translated in natural language form, if the tree format were to be considered 
ergonomically unsuitable), the CAPAM can turn to the determination of recovery 
actions. For any given disturbance this can be accomplished by setting the top variable 
and the other variables that were perturbed by it to their unperturbed values (0 for 
discretized continuous variables and 0 for binary variables, according to the LFM 
conventions). Root cause perturbed events are, however, kept as boundary conditions for 
the desired recovery tree. Figure 3 shows the recovery tree obtained, for the 
disturbance just discussed, by setting PP (and PHA, BHA, PSF as well) to their 
unperturbed states, and keeping the root cause_ event RVUO « 1 unchanged. The LFM 
program identifies the recovery action BVS = 1 (which means: PORV block valve secured) 
as a way of suppressing the undesired pressure excursion in the presence of the 
perturbing cause RVUO = T. 
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PROBABILITY MARGIN EVALUATIONS 
Besides the types of operator assistance functions discussed in the previous 

sections, a CAPAH system can provide an on-line quantitative evaluation of the 
probabilistic margins existing before the loss of any given safety function. Since each 
safety function is represented in the CAPAM Level Two essentially as a parallel of 
alternative success paths, the probability of OSF loss is given by the product of the 
alternative success path loss probabilities. When any of these are actually lost, and 
the loss is detected by the CAPAM, the corresponding probability terms in the OSF loss 
probability are set equal to 1. The OSF loss probability that results (which is 
obviously greater than the initial value corresponding to no success path losses) is 
then taken as the existing margin to loss of the given safety function. 

In order to implement the outlined probability margin calculation, applicable 
values for the probabilities of success path loss must be collected and stored in the 
CAPAM models. If in addition one would desire to extend this kind of evaluation to 
cases in which there is only a partial failure within a success path but the success 
path is not yet lost, the probability quantification required would be much more 
extensive, as it would have now to cover failures of individal components or subsystems, 
rather than success paths as a whole. More details on this subject can be found in Ref. 
111. The point to be made here is that a probability margin evaluation capability can 
be built into the CAPAM rather easily if it is kept within a realistic scope. A more 
extended capability, covering component failures in great detail and accounting also for 
possible dependencies in system and success path failures would obviously require a much 
greater effort. 

CONCLUSIONS 
A comprehensive Computer Aided Process Analysis and Management concept for 

application in nuclear power plants has been defined and outlined in this paper. Some 
techniques that can be employed in the construction and implementation of such a system 
have been presented and discussed, covering such important areas as monitoring, 
detection, diagnosis, recovery and safety margins evaluations. Some examples of the use 
of LFM (Logic Flowgraph Methodology) within a CAPAM system show that this modeling 
technique can provide a flexible and powerful tool for disturbance analysis of complex 
processes, one that not only allows detailed fault diagnosis but also the identification 
of corrective actions at the subsystem level. Being a relatively new tool, however, LFH 
may be expected to require a learning period by unfamiliar analysts, and some more fine 
tuning and testing before a real process implementation. 

Regardless of the choice of tools and diagnostic ability to be built into a CAPAM 
system, a multi-level structure based on application of the concept of "safety 
functions" was found appropriate to meet the more general and essential system 
functional requirements. Possible solutions to allow estimation by a CAPAM system of on 
line probabilistic safety margin indications were also evaluated. A realistic approach 
to this objective would not call at this time for an attempt to quantify 
probabilistically the CAPAM logic models all the way to the most detailed representation 
level. An initial quantification at an intermediate modeling level could prove useful 
without requiring the expenditure of too many resources. 
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Figure 1 : LFM Pressurizer Model (Partial) 
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Figure 2 : Pressurizer Pressure Diagnostic Tree 
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