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Abstract. The paper describes the multilevel flow modelling 

methodology which can be used to construct functional models of 

energy and material processing systems. The models describe 

mass and energy flow topology on different levels of abstrac

tion and represent the hierarchical functional structure of 

complex systems. A model of a nuclear power plant (PWR) is 

presented in the paper for illustration. Due to the consistency 

of the method, multilevel flow models provide specifications of 

plant goals and functions and may be used as a basis for design 

of computer-based support systems for the plant operator. Plant 

control requirements can be derived from the models and due to 

independence of the actual controller implementation the method 

may be used as a basis for design of control strategies and for 

the allocation of control tasks to the computer and the plant 

operator. 

INIS Descriptors: AUTOMATION; CONSERVATION LAWS; CONTROL SYS

TEMS; ENERGY BALANCE; FLOW MODELS; INDUSTRIAL PLANTS; MASS 

BALANCE; NUCLEAR POWER PLANTS; PLANNING; REACTOR OPERATION; 

SPECIFICATIONS; SYSTEMS ANALYSIS 

UD€ 621.039.56 

August 1982 

Risø National Laboratory, DK 4000 Roskilde, Denmark 



Preprint of paper to be presented at International Meeting on 

Thermal Nuclear Reactor Safety, August 29 - September 2, 1982, 

Chicago, Illinois, USA. 

ISBN 87-550-0876-3 

ISSN 0418-6435 

Risø Repro 1982 



TABLE OF CONTENTS 

Page 

INTRODUCTION 5 

SPECIFICATION OF PLANT GOALS AND FUNCTIuwS 7 

THE FUNCTIONAL STRUCTURE OF PROCESS PLANTS 9 

MULTILEVEL FLOW MODELS FOR FUNCTIONAL SPECIFICATION ... 10 

BASIC MODELLING CONCEPTS 11 

A SIMPLE EXAMPLE 14 

MULTILEVEL FLOW MODELS AND DECOMPOSITION 

OF FLOW FUNCTIONS 16 

OPERATING MODES AND THE MODELLING OF 

FUNCTIONAL ALTERNATIVES 18 

DERIVATION OF CONTROL REQUIREMENTS FROM 

FUNCTIONAL SPECIFICATIONS 19 

A MULTILEVEL FLOW MODEL OF A PWR 22 

APPLICATIONS OF MULTILEVEL FLOW MODELS 24 

ACKNOWLEDGEMENTS 24 

REFERENCES 25 





- 5 -

INTRODUCTION 

The operation of large industrial installations such as nuclear 

power plants or cheaical processing units involves operator 

decisions which depend critically on proper information about 

the required plant functions and the associated necessary 

control constraints. This information is usually only available 

to the operator in the fon of written documents or is given to 

him as part of the training. Although information about the 

state of plant functions is essential for the understanding of 

plant behaviour, existing man-machine interface designs do not 

support the operator in thinking in functional terms. The 

introduction of computers in the control rooms of modern 

processing systems has aggravated this situation because the 

level of automation has been increased without attempts to make 

the functional structure cf the total plant complex transparent 

to the operator. The operator is still left with information 

which essentially is on the level of the individual sensors. 

These deficiencies of the man-machine interface may not be 

important during normal operation, but can be serious in 

accident situations. This has recently been stressed at the TMI 

accident where the operators did not know - and could not be 

expected to know - what was going on in the plant. Rasmussen 

and Lind (1981) have proposed a solution to these problems 

based on the idea of using a computer-based man-machine 

interface. The task of the computer should be to integrate 

measured data into plant state information related to different 

levels in an abstraction hierarchy (Fig. 1). The levels in the 

hierarchy, which can be identified by analysing verbal proto

cols recorded in power plant control rooms, correspond to 

different representations of plant function and support differ

ent problem solving strategies. 

In the present paper we will discuss a methodology called 

multilevel flow modelling (MFM) which can be used to construct 

functional models of energy and material processing systems and 

which belong fco the level of abstract function. A multilevel 

flow model is essentially qualitative as it represents func-
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Figure 1. The abstraction hierarchy used for representation of 

functional properties of a technical system. 

tional structure of the process plant considered. The modelling 

method is based on the identification of mass and energy flow 

structures on different levels of physical aggregation in the 

plant. It may be used as a basis for man-machine interface 

design as it provides a systematic way of identifying plant 

goals and functions and the plant state information required in 

control and decision making. Due to the consistency of the MFr: 

method, the models produced can be considered as providing 

functional specifications of the plant. This property makes MFM 

models attractive as a basis for design of advanced operator 

aids such as systems for automated diagnosis (Lind, 1981) or 

for synthesis of operating instructions (Lind, 1979). Within 

file:///ESUM-Msmzm
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the broader context of the abstraction hierarchy, MFMs may also 

provide a basis for design of integrated "cognitive" systems 

where the computer and the operator cooperate in plant super

vision and control (Lind, 1982, and Hoi1nage1 and Woods, 1982). 

Before describing the multilevel flow modelling method we will 

discuss how functional specifications appear as a result of the 

process design and how these relate to the levels of abstrac

tion in Fig. 1. Later it will become clear how MFMs provide a 

systematic framework for organizing this information into a set 

of interrelated goal and function hierarchies. 

SPECIFICATION OF PLANT GOALS AND FUNCTIONS 

The specification of goals and functions of plant subsystems is 

an integral part of the process design, i.e. the activity where 

the physical structure of the plant is synthesized. However, 

the identification of subsystem goals and functions depends on 

the actual design strategy adopted. The description given below 

relates to a formalized "systems approach" to the process 

design. Gregory (1979) characterizes the systems approach as "a 

managerial procedure relying upon the identification of the 

objectives to be attained, the specification of the functions 

needed to achieve those objectives, the quantification of 

performance in terms of output quality and value, the specifi

cation of parts of the system needed, their interrelationships, 

and the optimal configuration to achieve the objectives, given 

the environment, constraints, and resources". This top-down 

approach is suitable for the development of radically new 

designs. Another design strategy is used when new designs are 

obtained by adaptations or modification of existing designs. 

From the point of view of such an evolutionary design process, 

the top-down formalized approach may rather be used as basis 

for a review of the consistency of design decisions. 
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The systems approach to process design can be described in 

terns of the abstraction hierarchy (Fig. 1). During design of 

the plant, the functions of the system and its physical 

implementation are developed by iteratively considering the 

plant at various levels *>f abstraction and in increasing degree 

of detail (Fig. 2). During this design process, the physical 

system is identified. But, as the degree of physical detail 

increases during the design process, so does the number of 

degrees of freedom in functional states, and control paths 

relating desired target states or goals with necessary control 

actions must be introduced to constrain the possible oper

ational states. Another result of the plant design process is 

the identification of operating modes, i.e. system configur

ations and functional states corresponding to different overall 

safety or production goals. In this way the desired states of 

functions, equipment and components will be identified during 

design at different levels of abstraction, and the necessary 

information or control constraints will be identified in terms 

related to these levels. Due to the coupling between levels of 

aggregation and abstraction during design, this leads to a 

conceptual fragmentation of the functional specifications and 

the associated control requirements. On the high levels of 

abstraction we deal with the whole system and specify states of 

the overall plant production function. As we go down in the 

hierarchy we become more oriented towards components, i.e. we 

specify states of pumps and valves. 

In order to formalize the functional specifications it is 

necessary to be able to use the same language on all levels of 

aggregation. As shown below multilevel flow models can be used 

as a consistent framework for dealing with functional specifi

cations in a uniform language and can be considered as a 

formalized abstraction hierarchy. Fig. 2 shows how specifi

cations developed during the design can be translated into 

information related to an MFM. The flow model can be considered 

as obtained by a decomposition of the overall plant mass and 

energy flow structure, where the decomposition is guided by the 

design information on system purposes and functions. 
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Figure 2. Derivation of goals and functional specifications 

during the design process. 

THE FUNCTIONAL STRUCTURE OF PROCESS PLANTS 

In this section I will briefly describe characteristics of the 

functional structure of process plants. This may give a general 

indication of the nature of the complexity to be handled when 

specifying plant functional requirements. The degree of com

plexity of the plant functional structure is furthermore an 

indicator of the difficulty of the control tasks involved in 

operating the plant. Some important characteristics of func

tional structure in process plants are: 

A component, an equipment or a plant subsystem may have 

several purposes or goals. 

Plant and subsystem goals may be multiple and partially 

conflicting. 

A plant function may have several alternative physical 

implementations. 
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The functional structure changes depending on operating 

mode. 

The one to many and many to one mappings describing the 

relations between plant physical structure and plant functions 

are consequences of process plants being systems and having 

subsystems with multiple operating goals and the results of the 

design for reliable operation. The features of plant functions 

as described above can be represented in an MFM together with a 

map of the physical structure as described below. 

MULTILEVEL FLOW MODELS FOR FUNCTIONAL SPECIFICATION 

The main goal of multilevel flow modelling is to describe the 

functional structure of process plants in terms of a set of 

interrelated mass and energy flow structures on different 

levels of physical aggregation. The basic concepts used are 

closely related to thermodynamics which is the basis for every 

consistent approach to modelling physical phenomena in process 

plants. Flow modelling can be used for providing both descrip

tive and normative models. A descriptive model represents the 

actual behaviour of the system, whereas a normative model 

represents the system in terms of how it is intended to behave 

(Simon, 1969). This distinction is important for understanding 

how flow models are used for functional specification and for 

avoiding pitfalls in applying the methodology for this purpose. 

The modelling approaches in the two cases are basically 

different as the normative model requires a top-down function-

-oriented holistic approach whereas the descriptive modelling 

is a bottom-up atomistic approach starting with minute details 

and ending with a level of detail determined by simplifying 

assumptions. 

Flow modelling may be applied for descriptive purposes as the 

first conceptual step in the development of a conventional 
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simulation nodel. In this way a flow aolel describes the 

qualitative structural aspects of the problem to be analysed. 

This type of Model is useful as an analytical tool for the 

study of actual plant behaviour and limiting functional prop

erties. Such a model will necessarily only describe one single 

functional level. When the flow modelling approach is used to 

provide normative models specifying intended function we obtain 

multilevel structures representing the plant as a functionally 

organized system adapted to its environment - as an artificial 

system (Simon, op.cit.). 

BASIC MODELLING CONCEPTS 

The flow modelling method is a diagrammatic method aimed at 

describing qualitative aspects of the function of material and 

energy processing plants. The result of the modelling is a 

graph, called a flow structure, or a set of graphs describing 

the topology of mass and energy flow paths in the plant. Each 

node in a flow structure represents the function of a plant 

subsystem, i.e. related basically to a set of interconnected 

physical components. It is an assumption that subsystem func

tions belong to a very restricted set of basic so-called flow 

functions. A flow structure is accordingly a functional network 

representing the plant on a level of physical detail given by 

the decomposition into subsystems. It is an important aspect of 

the methodology that this physical decomposition is motivated 

by functional considerations. Two distinct functional elements 

(nodes) in a flow structure may, as a result, correspond to two 

overlapping plant subsystems, i.e. they may share components. 

The basic flow functions used for modelling are storage, 

transport, distribution, barrier, source/sink and support func

tions. Furthermore, we will also need the concept of a 

condition. The individual functions will be explained below and 

their symbols in flow structured are shown in Fig. 3. The 
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performance parameter mentioned is a plant variable which can 

be used t<-> evaluate the success of the system to perform its 

intended function. 

STORAGE 

TRANSPORT 
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PI CM PATH 
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Figure 3. Symbols used in flow modelling. 

The storage function represents the property of a system 

to act as a buffer or accumulator of mass or energy. We 

distinguish between mass storage and pure energy storage 

but note that a mass storage in some cases may imply 

energy storage too. The storage function is characterized 

by a performance parameter indicating the level of mass or 

energy accumulated by the system. In the case of multicom

ponent processes, a storage function may include the 

interchange of mass between the different chemical species 

(chemical reactions). The performance parameter will in 

this case be a vector indicating the levels of mass 

accumulated for the individual species. 
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A transport function represents the property of a system 

to provide transfer of materials or energy between two 

other systems. As for the storage function, we distinguish 

between mass and pure energy transport. A transport 

function is characterized by a performance parameter 

indicating the rate of flow of the mass or energy 

transferred. 

A distributor function represents the property of a system 

to provide a balance between the total rates of incoming 

and outgoing flows. Again we distinguish between material 

and pure energy distribution. The performance parameter is 

a vector characterizing the ratios between rates of the 

individual ingoing/outgoing flows and the total ingoing/-

outgoing flows. 

A barrier function represents the property of a system to 

prevent the transfer of materials or energy between two 

other systems. We distinguish between material and pure 

energy barriers. 

A source/sink function represents the property of a system 

to behave as an infinite reservoir of mass or energy. No 

physically realizable system has in principle unlimited 

capability of delivering or receiving mass or energy. 

However, this representation may in many cases be perfect

ly adequate. 

A support function represents the property of a system to 

provide the conditions necessary to allow another system 

to perform its function. The performance parameter associ

ated with a support function is the variable defined by 

the condition to be provided. The variable has no fixed 

type as it depends on the actual case. Any plant variable 

may be chosen such as e.g. temperature, pressure or flow 

variables. 

The basic flow functions can be interrelated to create a 

functional network - a flow structure. The relations are 

created by links called flow paths as defined in Fig. 3. 
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A condition can be associated with any of the flow functions 

described above, except the support, to describe that the 

system function modelled can only be achieved under certain 

specified operating circumstances. These may be "natural" 

physical constraints which should not be violated (cladding 

integrity) or "artificial" constraints which are determined by 

the designer's control decisions. A condition is related to a 

support function which provides the means for reaching these 

necessary conditions. This relation is indicated by a link in 

the flow structure called an information flow path. This path 

has as an attribute a predicate defining the truth function to 

be satisfied by the performance parameter of the support 

function. The predicate quantifies the requirements to be met 

for the conditioned flow function. Several conditions may be 

related to a given flow function in which case all the 

associated predicates should be true. 

A SIMPLE EXAMPLE 

As an illustration of the modelling approach we will describe 

some models of a simple system as depicted in Fig. 4. 

The example chosen is a very simple reactor coolant system 

comprising a reactor as an energy source, a pump for providing 

flow and a steam generator. Flow model A describes system 

function with a high level of detail and specifies the 

functional degrees of freedom in terms of performance para

meters (not indicated in the diagram) for the individual flow 

functions. Note that the transport node modelling the pumping 

function is conditioned by the pump drive. The condition for 

existence of the transport function is given as a predicate 

P(w) where w is the shaft angular velocity. Flow model B 

describes the same system at a high level of abstraction as the 

function of the cooling circuit is specified as an energy 

transport node. This model describes the intent of the plant 
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Figure 4. A simple example illustrating the use of the flow 

modelling methodology for describing a system on different 

levels of abstraction. 
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designer as it specifies the purpose of the cooling circuit. 

The energy transport is conditioned by a support function 

representing the circulation of fluid in the primary. The plant 

parameter critical to the existence of the energy transport is 

the rate of flow F in the primary and the condition to be 

satisfied is given by a predicate P(F) which should be true. 

MULTILEVEL FLOW MODELS AND DECOMPOSITION OF FLOW FUNCTIONS 

The flow modelling framework described above can be used to 

describe plant function on any level of aggregation but it is 

not sufficient for representing the relations between plant 

functions on different levels. Thus, in the example in Fig. 4 

we described two functional aspects of the same system, but we 

did not model explicitly the relation between the energy 

transportation aspect of the reactor coolant system and the 

circulation of fluid in the system. This relation can be 

represented by introducing a flow modelling concept (see Fig. 3 

for the associated symbol) to indicate a functional decompo

sition of a flow function. The usefulness of this concept 

becomes clear when it is realized that the decomposed function 

always can be described in terms of the basic flow functions, 

i.e. as a flow structure. This recursion is possible because 

the basic flow functions apply on any level of physical detail 

and makes it possible to construct multilevel flow models 

describing how the system is organized into several functional 

levels. Such a model may cover the whole range of functional 

aspects related to the process plant as a whole down to aspects 

dealing with minute details concerning the function of e.g. the 

auxiliary systems to a lubrication pump. An example of a 

nuclear power plant model will be discussed later. 

As an illustration tf the use of functional decomposition in 

flow modelling consider the example in Fig. 5. This example 

shows a model of a feedwater system consisting of a feed and a 
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condensate pump and a feedwater tank. Two models are provided, 

on level 1 the feedwater system is described as a mass 

transport system, which indeed Is the function intended of such 

a system. On level 2 the transport node on level 1 is 

decomposed into subfunctions vnote '.hat the decomposition is in 

the direction opposite to the arrow), which in this case can be 

associated with the components of the system. 

t 
Cond. PUMP Feed Tank Feed Puap 

Condensate** etc Boiler etc. 

Figure 5. Example illustrating the use of functional decom

position in flow modelling. 

This example shows a general aspect of a decomposition that it 

increases the functional degrees of freedom. From considering 

only the flow F. on level 1 we consider two flows F_ and F„ and 

a mass level M on level 2. This implies that F_ and F3 should 

be coordinated in order to ensure that the model on level 1 is 

an adequate description of the overall function of the feed-

water system. We can accordingly consider the transport node on 

level 1 as specifying the goal of the function described on 

level 2 and the double arrow implies that a control mechanism 

(automated or the operator) is required to constrain the 

variability on level 2. A possible constraint could be 

Fj=F2=F3. This corresponds to the choice of a specific control 

strategy and ?. will be the reference for the resulting control 

loop. The aspects of functional decomposition discussed here in 

terms of an example are general, I.e. flow functions can be 

considered as goals when decomposed and the decomposition 

implies a control constraint. However, when a support function 

is decomposed, the associated condition is considered as the 

goal and not the support function itself. 
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OPERATING MODES AND THE MODELLING OF FUNCTIONAL ALTERNATIVES 

In complex processing plants it is often the case that critical 

functions may be accomplished in several alternative ways. As 

examples may be mentioned the main and the auxiliary feedwater 

systems as being alternative systems for the provision of feed 

flow to the steam generators. Similarly, a condition may be 

provided by several alternative support systems. These alter

natives can also be represented in a multilevel flow model. On 

the plant level functional alternatives are treated by develop

ing an MFM for each operating mode, i.e. the models are 

separate. This could also be done on the subsystem level but 

may lead to the generation of a complex hierarchy of separate 

models. In order to avoid this, alternatives are only allowed 

to lead to separate models if they are exclusive. Otherwise 

they will be considered as belonging to the same operating 

mode. It is possible to identify three different situations 

where alternatives should be taken into account. 

A flow function may have several decompositions. However, 

these alternatives cannot be relevant at the same time 

otherwise it would reflect an ambiguous design goal and 

could not be realized. Accordingly, we should only con

sider the case where the alternatives are exclusive. In 

this case the alternatives should be represented in 

separate flow models defining alternative sub-operating 

modes. 

A flow function may have several conditions. If these 

conditions should all be satisfied at the same time, there 

are no problems. But if they are mutually exclusive we are 

dealing with a situation involving different physical 

implementations of the same support function. This means 

that we are dealing with different operating modes which 

should be modelled separately, 

A condition may be satisfied by several support functions. 

This case can be treated by combining conditions into a 
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logic network as exemplified in Fig. 6. It is clear that 

arbitrarily complex logical networks can be constructed by 

using AND and OR operations on condition predicates. 

Figure 6. Logical network illustrating how several support 

functions (fj, f2 and f3) may contribute to the same condition. 

Condition predicates Pj, Pg and P3 are combined using AND and 

OR operations. 

DERIVATION OF CONTROL REQUIREMENTS 

FROM FUNCTIONAL SPECIFICATIONS 

Plant control requirements are clearly closely related to 

functional specifications, but where the latter describes what 

should be achieved the specification of control requirements 

deals with how goals are reached and plant functions establish

ed. In the following I will show that MFMs introduced above as 

a formalism for functional specification can also be used for 

specification of plant control requirements. The two uses 

depend on two different interpretations of the information 

contained on each functional level In the model. 
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Mien coaing fro« »bov« functional specifications describe 
aeans for reaching goals (defined on next higher level). 

6 66 
Mien coating from below functional specifications define goals 
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Figure 7. A flow model specifies plant goals and functions but 

also provides specification of control requirements when taken 

together with information about actual state of flow functions. 

Considering now as an example the flow model shown in Fig. 7. 

Such a model defines the causal flow of mass and energy in a 

plant on the particular level selected, and the functional 

degrees of freedom in changing levels and flows can be readily 

identified. Each node in the flow model represents from this 

point of view a subfunction. But as discussed earlier nodes 

could also be considered as goals of subsystems on the next 

lower functional level. Conditions correspond similarly also to 

goals for subsystems the functions of which are defined on the 

next lower level. A flow model on one level induces accordingly 

a set of control requirements on the next lower level, i.e. a 

set of target states to be reached by proper manipulation of 

the controllable mass and energy variables (degrees of freedom) 

on the next lower level. This applies by recursion to all the 

levels in an MFM and we can conclude that we have two different 

interpretations of the information provided in the model, one 

for the specification of plant system goals and functions and 

the other for specification of control requirements. This 

situation is illustrated in Fig. 7 and it should be noted that 

the two interpretations correspond to the two ways an operator 

could use the information in an MFM during diagnosis or control 

(Rasmussen and Lind, 1981). The possibility of applying two 

interpretations is the property which makes MFMs useful for 

I 

t 
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transfer of Information from plant design into control design 

(Rasmussen and Lind, 1982), and from the whole design phase 

into operator training and plant operation. 

11 
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O 
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0 

Why 

Search for reasons 

Why 

What 

for causes 

How 

Figure 8. Illustration of the use of why, what and how ques

tions for searching through an MFM. Each circle corresponds to 

a flow structure. The search routes depicted correspond to a 

search for reasons and causes. More complex search patterns are 

possible depending on the use of model information. 

This point can be further elaborated by considering three 

consecutive levels 1-1, 1 and i+1 in a sequence of levels in an 

MFN as illustrated in Fig. 8. Assuming that level 1 describes 

the function of a particular plant subsystem under investi

gation in a given model application, then level 1+1 will 

describe why this function is required. Similarly, level i-1 

will describe how the plant function on level i is established 

and level 1 will relate co what is going on in the plant 

subsystems considered. The triple of why, what and hows can be 
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shifted upwards or downwards (see Fig. 8) as the subsystem 

considered changes and provides a systematic functionally 

motivated strategy for searching through model information. 

This may be important for the use of MFMs in training as it 

provides a way of organizing plant knowledge into a coherent 

structure. The why, what and hows may also be important for an 

operator in diagnosis if supported by an information display 

designed on the basis of an MFM plant model (Goodstein, 1982, 

Rasmussen and Lind, 1981). In constructing an MFM model it is 

also necessary to consider the triple as it guides the modeller 

in the choice of plant aspect to address at a given instant in 

the modelling (enforces the systems approach). 

A MULTILEVEL FLOW MODEL OF A PWR 

In order to illustrate the modelling method I will now show an 

example of a nuclear power plant (PWR) model. The model (Fig. 

9) is not complete in any sense but illustrates the character

istics of a multilevel flow model. The presentation of a 

reasonably complete model would be outside the scope of this 

paper. 

The plant is modelled froni two points of view, one dealing with 

the overall safety goal of preventing release of radioactive 

materials to the environment and the other dealing with the 

goal of plant energy production. These two goals are described 

in flow modelling terms and the two goals are decomposed into 

subgoals with associated plant subfunctions. The safety aspect 

is described by modelling the flow of radioactive materials 

through the system. This model includes the safety barriers: 

cladding, RCS boundary and containment. The availability aspect 

is described by modelling the RCS and steam generator as an 

energy transport system. If taken separately, the two plant 

goals would lead to two goal and function hierarchies, one 

dealing with the safety issue and the other with the energy 
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Figure 9. Multilevel flow model of a nuclear power plant (PWR). 
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production issue. This would disguise the fact that safety and 

production functions have a common physical basis by being 

functional aspects of the same system. These relationships 

appear directly in the PWR model (Fig. 9) as the two functional 

hierarchies merge together on the lower levels which represent 

the function of physical components. 

APPLICATIONS OF MULTILEVEL FLOW MODELS 

Several applications of multilevel flow models have bean 

considered (Lind, 1979, 1981, 1982a and 1982b). They may be 

used as a system analytical tool in plant design to provide a 

basis for planning of overall control strategies (Rasmussen and 

Lind, 1982) and as a consistent basis for identification of 

critical events in risk analysis (Rasmussen and Pedersen, 

1982). Furthermore, they may be used as a basis for design of 

man-machine interfaces by providing a structure to the plant 

information which should be displayed to the operator. This 

structure reflects the plant designer's intentions. In more 

advanced computer-based operator support systems a set of flow 

models may provide the knowledge base necessary in assisting 

the operator in diagnosis of plant malfunctions. Flow models 

may also be considered as a basis for operator training. 
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