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ABSTRACT 

The main motivation behind the development of SCORPIO is to make a practical tool for reactor oper-
ators which can increase the quality and quantity of information presented on core status and dynamic 
behaviour. This can first of all improve plant safety as undesired core conditions are detected and pre-
vented. Secondly, more flexible and efficient plant operation is made possible. These improvements are 
obtained by better surveillance of core instrumentation and through detailed calculations of core 
behaviour using on-line simulators. 

The SCORPIO system has two parallel modes of operation: the Core Follow Mode and the Predictive 
Mode. The system has been in operation at the Ringhals PWR unit 2 in Sweden since the end of 1987 
where it runs on Norsk Data mini-computers. 

Recently, there has been a renewed interest for SCORPIO mainly determined by the utilities' desire to 
obtain more economical and flexible plant operation. The SCORPIO system has been transferred to 
Unix based workstations and integrated with the Picasso-2 graphics system. In addition to Ringhals the 
new system is currently being installed at Nuclear Electric's Sizewell B PWR in UK and Duke Power's 
Catawba Unit 1,2 and McGuire Unit 1,2, USA. 

1. INTRODUCTION 

At the OECD Halden Reactor Project, the development of the on-line core surveillance system SCOR-
PIO was initiated more than 10 years ago. At that time core simulators were mainly a tool for off-line 
analysis to verify core design, fuel shuffling and calculation of core operational margins. It was usually 
not available for operators on-site. The input to the simulators were cumbersome and requirements for 
computer resources where considered too high for on-line use. One major design goal was to make a 
system which could be handled by reactor operators as a computerised operator support system. 

The first prototype of the predictive system was ready in October 1982, Ref. [1]. The MMI was 
designed in order to facilitate preparation of simulator input, to follow and survey the execution of the 
simulation, and to present core simulation results in a suitable manner for the operator. The 3D-core 
simulator CYGNUS was developed emphasizing accurate and fast execution on minicomputers. Fur-
ther, the prototype contained the strategy generator STRATOS, and the data base system CODALI to 
handle the large amount of data generated. 

This prototype was adapted to the Swedish Nuclear Power Plant in Ringhals (Units 2,3 and 4 PWR) and 
installed in June 1984. A complete system including the core follow mode of operation, monitoring 72 
in-core gamma thermometers, was delivered to Ringhals NPP Unit 2 at the end of 1987, Ref. [2]. 

For an eight month period in 1987/88 a stand-alone version of the predictive part of the system was 
installed in Duke Power's general offices, Charlotte, USA. The system was evaluated against data for 
the Catawba Unit 2 PWR and a postive conclusion was reported in Ref. [3]. Duke's primary concern 
with installing SCORPIO was the reliance on the Norsk Data Computer. 
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In response to this statement we realised that SCORPIO should be ported to a commonly used HW/SW 
platform and this paper describes how the system appears on the HP 700 series Unix Workstations. The 
system has also been ported to Sun and IBM workstations. 

The new Unix version of SCORPIO is currently being delivered to Sizewell B, UK, the Duke Power 
PWRs McGuire and Catawba, USA, and the PWRs in Ringhals, Sweden. 

The SCORPIO system structure is independent of reactor type. Details within modules are, however, 
reactor dependent. This is mostly the case with the core follow system because the instrumentation may 
vary from plant to plant- The predictive system is the most generic part. 

The SCORPIO system was designed to be modular which in particular is important if other plant mod-
els are desired or one wants to connect to a specific type of core instrumentation. The use of the 
Picasso-2 User Interface Management System, see Ref. [4], have greatly simplified the interfacing to 
other systems. 

2. FUNCTIONAL DESCRIPTION 

The main modules in SCORPIO are identified in Figure 1. Two basically different modes of operation 
are available, namely the core follow mode and the predictive mode. 

Core Follow Mode Predictive Mode 

Core Detector 
• 

Signals 

1 • 
Figure 1. Simplified block diagram showing the two modes of operation: core follow 

system and predictive system. 

In the core follow mode, the present core state is calculated based on a combination of instrument sig-
nals and a theoretical calculation of the core power distribution. These data are passed to the data base 
and an automatic limit check on the core state is performed. The operator obtains relevant information 
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on core status through the Man-Machine Interface. This information is presented on colour CRTs in the 
form of trend curves and diagrams displaying margins to operational limits. 

In the predictive mode of operation, the operator can precalculate the reactor behaviour during the com-
ing hours. As no detector signals are available in this case, the accuracy of the predicted core state 
depends heavily on the quality of the physics model in the predictive core simulator. Also in the predic-
tive mode, results from the simulator is stored in the database. The state is checked against limits, and 
the predicted behaviour of the core may be analysed by the operator through a number of dedicated pic-
tures. 

Predictive analysis is carried out in a sequence as illustrated in Figure 2. The operator first has to spec-
ify the desired power to be produced. Then the strategy generator is activated and a proposal for how to 
use the controllers is produced. Simulation is started with initial data from the core follow system and 
results are examined as the simulation goes on. If safety limits are exceeded or undesired control set-
tings are detected, the operator modifies input at critical timepoints. A new simulation is then initiated 
and examined. This interactive adjustment of a transient is carried out until the operator is satisfied. 

Figure 2. Procedure for predictive simulation with SCORPIO. 

3. THE MAN-MACHINE INTERFACE 

3.1 MMI principles 

Traditionally, simulator codes require several input files and produces enormous amount of calculated 
data. However, operators usually should not need to specify or change more than a few input parame-
ters like total power demand and the controller settings for a predictive simulation. Likewise, analysis 
of simulation results can often be limited to some key parameters like the axial offset or the most critial 
spots in the entire core. The details should be hidden but could be presented if requested. 

Much effort has been devoted to simplification of the Man-Machine Interface for SCORPIO. No spe-
cial keyboard is required for the new Unix based version as was required for the old version of SCOR-
PIO, Ref. (1). All pictures can be selected from a "keyboard" picture. 

The input to SCORPIO is entered through a combined use of a mouse or trackerball and an alphanu-
meric keyboard. The input to be specified by the operator is reduced to a minimum and the input proce-
dure is made as simple as possible. 
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In addition, the operator is guided through a dialogue procedure with context sensitive dialogue fields 
and functions to be selected from menues. The dialogue is made fault tolerant. This means that feed-
back is obtained in form of messages if the operator tries to enter illegal data or for instance tries to start 
a simulation while the simulator is active etc. 

The pictures have been divided into three different classes according to their content of measured data, 
simulator results, and comparison between measured and calculated values. Within each of these 
classes the pictures may be subdivided into trend- and present-data displays. 

The trend curves have dynamic vertical scales and time scales which the operator is free to modify. 
This type of "zooming" can be useful when focusing on details. 

3.2 Predictive Pictures 

The dialogue system of SCORPIO is made flexible such that the operator himself can choose if he will 
specify all input to a predictive run or if he wants the strategy generator to supply the controller set-
tings. In the latter case only the total power as function of time is specified. Both a graphical and 
numerical representation of the input are shown in the picture. This makes it easy to check the input 
because errors will show up immediately in the picture and they can be corrected at once. 

The strategy generator is activated by a function key in the lower field of the picture. The desired power 
trajectory is read and after a few seconds (<5 seconds), values for inlet temperature, boron and control 
bank positions are proposed. The operator can also here investigate the proposed control strategy care-
fully in pictures with both graphical and numerical representation. If the operator wants to modify this 
proposed strategy, he is free to type in new values in the dialogue field. 

When simulator input is prepared, the simulation is activated with a function key. The simulation out-
put is presented in colour coded self-explanatory pictures. The operator can observe the calculations by 
looking on a picture which displays trends of key core parameters such as axial offset and most critical 
magins to LOCA, DNB and PCI. For instance channel power distributions can be investigated. 

Strategy improvements are carried out by modifying previous strategy input. To modify the strategy is 
fast if modifications Eire done in the last part of the strategy only. This means that the first unchanged 
part of the strategy is copied from the previous calculations, only the last new part of the strategy is cal-
culated. 

3.3 Core Follow Pictures 

Two pictures are used for display of the present measured data. In the first one the operating point 
(AFD-Axial Flux Difference vs. power) is shown in a diagram together with the AFD limits. The same 
picture also displays the eight quadrant power tilt values and their relation to the operating limits. 

Another picture shows the last logged values for the ex-core detectors, temperatures, pressure and the 
rod insertions. 

Trends of AFD and its limits are shown in a separate picture because knowledge about the behaviour of 
these variables is very important to the operator. 

Another picture is designed to give maximum freedom in displaying trend curves. To facilitate compar-
isons or study of correlations between signals, curves for any two signals freely chosen among the 
available trend variables may be shown in the same diagram. The variable range for each curve is 
selected by the user, and this gives the possibility to perform detailed correlation analysis. For example, 
to study the influence of the core average moderator temperature on the core power, the operator may 
choose the range 99-100% for power and 288-289 degrees Centigrade for the temperature curve, and 
have them both displayed in the same plot. 
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The simulation output is presented in colour coded self-explanatory pictures as described for the Pre-
dictive Pictures. 

In a separate picture the trend curves for the xenon reactivity and the boron concentration are shown in 
the same diagram. By choosing a suitable range for each of the curves, the operator is able to monitor 
even small changes in the reactivity balance of the reactor. 

Trends of the AFD values from ex-core detectors and the tracking simulator are all drawn in the same 
diagram in order to obtain a convenient way of comparing the different sources for this value which is 
so important for the operation of the reactor. 

4. SYSTEM DESIGN 

The new SCORPIO system has been implemented as an application supervised by the Picasso-2 sys-
tem, see Figure 3. All the pictures and basic dialogue functions are descibed by means of Picasso-2. 
The dynamic data in the pictures are defined in its Instantaneous Database, IDB, see Ref. (4). Picasso-2 
communicates with external tasks through the Supervisor. The communication protocol is called 
COMIX which is a protocol defined on top of the TCP/IP ethernet protocol. Each mode of operation is 
defined as separate tasks administrated by the Predictive Supervisor and the Core Follow Supervisor. 

Figure 3. SCORPIO coupled to Picasso-2. 

The measured data of relevance for the SCORPIO Core Follow System (CFS) are pre-processed. The 
process interface program can either read a file or receive a message. The typical data set is composed 
of the following data items: 

• Data set status ('new' or 'old') 
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• Hme (the data set time logged in the process computer) 
• Reactor power values (quarter core power) 
• Inlet and outlet temperatures 
• Wide range RC-pressure 
• Control rod bank positions 
• Ex-core detector data 

In addition one may have in-core detectors. The data are typically logged every minute. 

In the pre-processor a range check for each of the variables is performed. If the value is out of range, the 
variable is assigned the status = 'bad', and is replaced with the automatic backup value. 

In addition, the following deduced variables are calculated: 
• Reactor power, based on the ex-core detectors 
• AFD, based on the ex-core detetctors 
• Quadrant power tilts, upper/lower core half 
• Insertion limit for control banks 
• Average inlet temperature 
• Penalty points, accumulated from violation of AFD limits 

Every minute the received plant data are scanned to determine if a new 3D core simulation is required 
to maintain a good estimate of the core status. The changes in power, AFD, average inlet temperature, 
and the positions of the control rod banks since the last simulation are calculated. If the cnange in one 
or more of these variables exceeds a predefined value, a new core simulation is triggered. A simulation 
will also be initiated when a specified amount of time has elapsed since the last calculation. 

The physics models of the core monitoring simulator are identical to the models applied in the predic-
tive simulator, see next chapter. Two additional features are implemented in the monitoring version of 
the simulator: Each time the simulator is activated it updates the nodal bumup distribution, and it also 
checks the increase of the core average burnup from one calculation to the next. If the difference 
exceeds a user-specified value, calculation of new values for the burnup-dependent cross-section coef-
ficients is performed. The new coefficients are sent to the predictive simulator, and thus the effects of 
fuel burnup are automatically included both in monitoring and predictive simulations. 

When the 3D core simulation is finished the output data is limit checked and stored in the Data Base in 
a similar way as for the predictive system. 

On-line modification of the following parameters is possible during normal operation: 
• Backup values for all measurements 
• Operating limits for measured data 
• Operating limits for simulator output data 
• Triggering limits for the 3D simulator 
• Nuclear reaction cross sections 
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5. PHYSICS MODELS 

5.1 The Strategy Generator 

The strategy generator module serves two purposes in the SCORPIO system: It helps the user in speci-
fying controller setpoints which keep the power distribution within specified limits during a transient. 
This increases the efficiency of the system, since a good control strategy is obtained quickly. It also acts 
as an input generator for the predictive core simulator by proposing average temperature, core flow, 
boron concentration and rod bank positions during the transient. This makes the system more user-
fiiendly since it eliminates the trivial tasks of entering large amounts of data. 

In principle, the strategy generator is an extremely simplified core simulator. The power and xenon-
iodine densities are calculated for two points, representing the upper and lower core halves, respec-
tively. This is accomplished without solving the neutronic and hydraulic equations which govern the 
core behaviour. Instead, the strategy generator relies heavily on precalculated coefficients to predict the 
reactors response to changes of power, inlet-temperature, control rod positions, boron concentration 
and xenon concentration. These coefficients are generated by a series of simulations of different reactor 
conditions with the more detailed core simulator. The strategy generator has been compared with the 
more detailed CYGNUS core simulator for a large number of different transients. The transient shown 
in Figure 4 is a rapid (5 min) power reduction from 100% to 50%. After 7 h at 50% power, the reactor 
power is increased to 100% in 30 min, and the reactor is then kept at full power. The transient repre-
sents a case in which the reactor power must be reduced quickly (for instance, after one of the turbines 
has tripped) and a fast return to full power is required after the problems have been corrected. 
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Figure 4. Strategy generator validation. Transient starting with a rapid power reduction 
front 100% to 50%. 
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5.2 The Core Simulator 

The CYGNUS core simulator used in the SCORPIO system has been developed with the emphasis on 
obtaining a fast execution and still maintain a sufficiently accurate solution. Tho neutronics part of the 
simulator employs a coarse mesh nodal method, giving a spatial resolution of about 20 cm. The usual 
expression for internodal neutron current has been improved by utilising results derived from invariant 
imbedding theory, Ref. [5]. While the requirements of computational speed prohibit the use of a full 
two-energy group model, standard one-group theory would not give sufficient accuracy. A type of 
'one-and-a-half-group' model is introduced, where the thermal flux is eliminated based on he asymp-
totic flux ratio in the actual node modified by the corresponding ratios in the six neighbouring nodes 
Ref. [6,7], A further reformulation of the neutron balance equation is made to make it suitable for 
numerical solution. Boundary conditions are treated by geometry dependent flux estimates for the 
reflector. 

R I N G H A L S 3, B O C 1, 9 0 0 M W d / t U 

A 8 12 1 6 2 0 24 2 8 3 2 
TIME ( h r s ) 

Figure 5. CYGNUS evaluation. Transient with axial power oscillation induced by control 
rod motion. 

Special care is taken in the formulation of the xenon dynamics equations to include the effect of xenon 
concentration on the neutron spectrum to enable prediction of the core status several hours into the 
future. In addition to the thermal absorption cross section, the fission cross section will depend on the 
xenon concentration. The model also includes changes in the microscopic absorption cross section of 
Xe-135 as a function of the spectrum. The accuracy of a xenon concentration depends, among other 
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factors, on the xenon integration model and the length of the time step. In CYGNUS, the flux is 
assumed to change as a linear function of time, allowing relatively long time steps. 

A special feature has been included in the code to simplify the transient specification. It consists of an 
automatic time step generator which determines the xenon transient time steps allowing for the speed 
with which certain core variables are changing. The most important parameter influencing the xenon 
integration step is the rate of change of control rod positions. 

It is unlikely that anybody will be able to give input for all controllers in such a way that criticality can 
be maintained throughout a transient. Therefore the simulator must be able to find the controller posi-
tions which will make the reactor critical at every time step. The controllers available for this criticality 
search in CYGNUS are the boron concentration and the positions of the control rod banks. The 
sequence in which they are used is determined by user-defined priorities. A check is always performed 
to ensure that the controller does not exceed maximum or minimum values of insertion (concentration) 
or rate of change. If this happens, the controller is used as fast as possible, and the next controller is 
then activated. 

The CYGNUS code has been checked against measured plant data from the Westinghouse PWR at 
Ringhals unit 3. Figure 5 shows results from a 30 h transient in the 2775 MW (thermal) reactor at unit 3, 
which was run at almost constant power (75%), and where a strong axial power oscillation was induced 
by control rod motion. This transient occurred at a uranium burnup of 900 MWd/t of cycle 1. During 
this transient the rms deviation between measured and calculated average channel powers was almost 
constant at 2.5%. 

6. EXPERIENCES WITH THE SCORPIO SYSTEM 

During the design and realisation of SCORPIO, the creation of a well balanced system compromising 
between computing speed and the complexity of the physics models included has been emphasized. 
High performance of the total system as such is of special importance when serving as an operator aid 
in the control room. An effective and user-friendly input dialogue has been made to facilitate prepara-
tion of predictive simulation. 

The strategy generator has proved most useful for proposing good control strategies with the well 
defined objective of keeping a constant power distribution during a transient. To facilitate transient han-
dling even in coastdown periods, the strategy generator has been modified such that also the inlet tem-
perature can be used as an active controller to adjust the core's reactivity. The option with temperature 
control is also useful before the coastdown period, since specifying that temperature should be used 
before boron in many cases leads to a significantly reduced amount of waste water. 

Operational experience has been obtained from Ringhals Nuclear Power Plant. The main use of the sys-
tem at Ringhals is operation planning, but it has also been found to be an efficient tool for increasing 
the operators' understanding of the dynamic behaviour of the reactor core in transient situations. The 
coupling to the reactor instrumentation at unit 2 at Ringhals provides capabilities for trend analysis and 
diagnosis. For each of the eight measured axial power distributions from the fixed incore detectors, 
SCORPIO provides a reference power distribution obtained from the integral on-line simulator CYG-
NUS. Large deviations between measured and expected axial power distribution might be a sign of 
inconsistencies either in measurement or calculation. 

Based on the experience from running the core monitoring version of CYGNUS in parallel with the 
reactor, it has not been deemed necessary to modify the equations or solution methods in any of the 
physics modules. However, the system has been made more flexible by adding models for reactivity 
control by means of moderator inlet temperature and reactor power. Updating of cross-sections due to 
burnup has also been included. 

The major benefits obtained with the new version of the SCORPIO system are that it runs on * com-
monly available Unix-based workstation. Special hardware equipment is no longer needed. The MMI is 
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implemented in Picasso-2 and runs under Xwindows. This facilitates modularisation and access to 
external systems. Modification and extension of the MMI are easy to perform. The layout of the pic-
tures has been preserved, however, dynamic scaling has been introduced in the trend curves to facilitate 
analysis of detailed physical phenomena. 

The performance of the new system has improved drastically. The following performance figures have 
been measured on a HP 730 Unix workstation. The strategy generator needs less than 5 seconds to pro-
pose controller settings for a transient of 48 hours and the CYGNUS simulator calculates this transient 
consisting of 21 time steps within 35 seconds. A general improvement has been obtained in the 
response time for picture retrieval and when changing between dialogue fields. 

7. CONCLUSIONS 

The core surveillance system SCORPIO is an example of an operator support system which has been 
gradually developed from the original prototype version to a mature, useful tool for control room oper-
ators. It has been extended and upgraded as feedback from end-users has been received. The basic sys-
tem functions are maintained when adapting to new technology. The main improvements have been in 
the MMI and faster execution of the physics models. 

The future development will concentrate on making a more advanced strategy generator with flexible 
selection of control objectives. One will also consider interfacing to other types of core simulators. 
Work on development of a W E R version of SCORPIO has been initiated and it has been suggested to 
make a BWR version as well. 
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