
BNL—45155

DE91 006911

Computer Analyses for the Design, Operation
and Safety of New Isotope Production Reactors:

A Technology Status Review

Wolfgang Wulff

January 1990

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmrnt or any agency thereof.

MASTER
Sb

Zi\iT iS UNLlMiTED



FOREWORD

This review on nuclear reactor analysis methods has been prepared for the
U.S. Department of Energy, Office of New Production Reactors, by the Reactor
Analysis Division in the Department of Nuclear Energy at Brookhaven National
Laboratory, Upton, NY, 11973. The review has been prepared for the purpose of
selecting advanced computer analysis methods to support the design, development,
safety and maintenance of new isotope production reactors.
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ABSTRACT

A review is presented on the currently available technologies for nuclear
reactor analyses by computer. The important distinction is made between
traditional computer calculation and advanced computer simulation. Simulation
needs are defined to support the design, operation, maintenance and safety of
isotope production reactors.

Existing methods of computer analyses are categorized in accordance with
the type of computer involved in their execution: micro, mini, mainframe and
supercomputers. Both general and special-purpose computers are discussed.
Major computer codes are described, with regard for their use in analyzing
isotope production reactors.

It has been determined in this review that conventional systems codes
(TRAC, RELAP5, RETRAN, etc.) cannot meet four essential conditions for viable
reactor simulation: simulation fidelity, on-line interactive operation with
convenient graphics, high simulation speed, and at low cost. These conditions
can be met by special-purpose computers (such as the AD100 of ADI), which are
specifically designed for high-speed simulation of complex systems. They have
an interactive simulation software system and a powerful simulation language.

The greatest shortcoming of existing systems codes (TRAC, RELAP5) is their
mismatch between very high computational efforts and low simulation fidelity.
They are based on complicated flow models that cannot be closed for lack of
reliable correlations.' The drift flux formulation (HIPA) is the viable
alternative to the complicated two-fluid model (TRAC, RELAP5).

No existing computer code has the capability of accommodating all important
processes in the core geometry of isotope production reactors. Experiments are
needed (heat transfer measurements) to provide necessary correlations.

It is important for the nuclear community, both in government, industry
and universities, to begin to take advantage of modern simulation technologies
and equipment. Non-nuclear industries, such as aviation, spacecraft, automobile
and pharmaceutical industries, as well as the armed forces, have utilized and
promoted the technology of special-purpose, peripheral parallel processors for
convenient and efficient high-speed simulations for many years and with
outstanding success. Advanced simulation is particularly important for the
nuclear industry, because the nuclear industry has to cope with extremely complex
processes in very large and complicated systems, and it may have to respond
quickly to unexpected emergencies. During the past decade, it has been shown
that this is not possible with conventional standard methods and general-purpose
computers. The most advanced technology should be used to render a powerful tool
for a difficult simulation task.



1. INTRODUCTION

1.1 Background

The design, operation and maintenance of nuclear reactors requires the
capability of performing computer analyses for the purpose of predicting reactor
systems behavior under normal and accident conditions. This applies to nuclear
reactors for power generation, for isotope production and for scientific
experiments. The systems analyses are needed for:

(i) optimizing the design through parametric studies,
(ii) selecting snd assessing technical specifications,

(iii) optimizing the control systems p.nii selecting control set points,
(iv) evaluating operational error margins through parametric studies,
(v) safety analyses,

(vi) assessing and optimizing operating and emergency procedures,
(vii) training operators and technical advisory personnel, and

(viii) resolving technical issues concerning the plant response, as such
issues arise during operation.

The systems analyses are plant-specific. A large number of analyses need to be
performed for a particular reactor.

Many technical questions arising during the design and operation of a
nuclear reactor either remain unanswered or will be resolved largely on the basis
of guess work, unless a capability is available at low cost, which produces
quickly reliable results. The technical staff associated with the design and
operation of a nuclear reactor gains demonstrably the more in-depth experience
about the plant behavior, the more convenient and the less expensive the
analytical tools are at their disposal.

This report summarizes the status of available analytical methods for
predicting reliable nuclear reactor system transients, namely existing computer
codes, computers and computer simulation technologies.

1.2 Contrast Between Computer Calculation and Computer Simulation

Traditional computer analyses of nuclear reactor transients, proceeding
both under normal and postulated accident conditions, have been performed by
computer calculations. Computer calculations are carried out on general-purpose
computers (super or minicomputers and micro processors), and by the use of
standard FORTRAN computer codes, such as RETRAN [McFadden et al., 1981; Paulsen
and Hughes, 1983; Hughes, Katsma and Paulsen, 1985], RELAP5 (Ransom et al., 1985;
Feinauer et al., 1984; Trapp and Riemfce, 1S85; Ransom, 1983; Dimenna et al.,
1988] or TRAC-PF1/M0D1 [1986; Liles et al., 1988], etc. The codes are executed
in batch mode, and the results are post-processed with a graphics code to provide
convenient and automated displays in graphical form.

Computer simulation contrasts the above-described computer calculation.
It is carried out on a special-purpose simulation computer which provides through
its systems software a simulation environment and utilizes a systems simulation



language for implementing specific physical models. Computer simulation is
carried out on-line, interactively. It permits the analyst to influence the
simulation as needed, either from a keyboard terminal or through suitable
hardware components. Interactive operations are needed to analyze the plant
response to operator actions, to introduce component or systems failures without
pre-programming failure events, and in general for achieving efficiency in the
conduct of systems analyses by'observing and responding to the evolution of
events, rather than by waiting for the completion of the calculation.

Special-purpose simulation computers have been specifically designed for
a single purpose which is the efficient dynamic computer simulation of complex
systems. They contain simulation task-specific processors which have their own
built-in firmware (integration algorithms for integrating processors, as an
example) and operate in parallel with each other in an architecture specifically
designed for simulation without the need to vectorize or to separate the computer
program (modeling software) into independent streams of instructions for parallel
processing. This architecture renders the simulation computer superior to array
processors which are not suitable for reactor systems simulation, because reactor
simulation codes are predominantly scalar, i.e. they contain no large arrays.
All reactor systems and thus their modeling equations are tightly coupled and
cannot be easily separated and assigned to separate parallel processors.

The simulation environment of simulation computers is provided through a
major operating systems software package and permits a large number of
interactive operations from the keyboard. The development and implementation
of such an operating system on a general-purpose computer, to achieve interactive
operating capabilities comparable to those offered as part of a simulation
system, would require resources equal to or greater than the needs for modeling
and model implementations. Interactive operations afford on-line activities for
pre-run preparations, for run-time control and monitoring, such as setting,
changing or displaying parameters, initial conditions, setting and changing
integration algorithms, specifying and displaying run conditions, integration
speed-up factors and simulation time length, restarting, stopping, continuing
and logging on-line activities. Interactive operations also afford the
capabilities of plotting variables at the same rate as the problem solutions are
being generated, of controlling post-run operations, of utilizing command files
for setting up one or a sequence of simulations for the purpose of generating
parameter envelopes for sensitivity studies. The simulation environment also
provides a large set of on-line program diagnostics which are not available on
general-purpose computers.

Simulation computers utilize a simulation language for implementing the
mathematical model of the system to ba simulated. The simulation language is
state variable oriented and optimized for integrating large, complex system of
nonlinear ordinary differential equations. While the analyst using the
simulation system has no need to get involved with the programming language, it
is extremely advantageous to use for program development, improvement and
maintenance a simulation-oriented language which frees the programmer from
concerns of numerical integration. Using a simulation language in the simulation
environment (operating system) of a simulation computer, a program developer
needs to know only what the characteristic features of the selected integration
algorithms are, but he does not get involved with the implementation and testing



of such algorithms. Moreover, the simulation language, while providing all the
needed FORTRAN capabilities, offers a large number of simulation-oriented
constructs (kernel calls) and it provides the means needed to utilize the maximum
computing speed to a much greater extent than is possible in general-purpose
supercomputers.

In summary, computer simulation is superior to computer calculation, both
in convenience and economy of code development and of applications in support
of reactor design, operation and maintenance. According to G. A. Korn [Korn,
1989], "the convenience and speed of a direct-executing simulation system -
which does not interrupt an analyst's train of thought with repeated compilation
delays - must be experienced to be believed."

Simulation opens new avenues. It provides enhanced understanding of
complex systems and offers new approaches which are unimaginable to those
familiar with computer calculations, because simulation systems respond instantly
and produce qualitative answers in short time and at low cost, often to questions
that remain unanswered by traditional computer calculation, since their cost and
time requirement are normally too high. The distinction between computer
simulation and computer calculation is very important and will be made throughout
this document.

1.3 Simulation Meeds

The effective support of nuclear reactor design, operation and maintenance
is possible only with a reactor plant-specific simulation facility which meets
simultaneously these four criteria:

a. it must simulate realistically and accurately steady-state
conditions, and normal and accidental transients, so as to meet or
exceed ANSI/ANS-3.5 [ANS, 1985].

b. it must provide easy access through convenient on-line operations
with on-line graphics display for efficient interpretation of
predicted plant responses,

c. it must be capable of simulating much faster than with real-time
process speeds.

d. it must be cost-effective; needed capital investment and operating
expenses must be small relative to the costs incurred from training
simulators, currently used mainframe computers or minicomputers.

These four characteristics encompass all that is required for predicting reactor
systems responses reliably, on time and with reasonable manpower and financial
expenditures. They imply the minimum of necessary preparations and no need for
the involvement with computational issues, such as plant nodalization, numerical
stability or error accumulations and convergence.



For isotope production reactors, there exists now no simulation facility
which meets all four objectives listed above.' Several computer codes, executing
on personal computers, meet objectives (b, c and d), but not (a) and are limited
to a few applications, some of which resemble "back-of-the-envelope" type
calculations. Failure to meet objective (b) leads to excessive requirements of
manpower for training, for familiarization with, and upkeep of, the computer
code. It also requires too much time for execution and interpretation. As
pointed out above, a facility which does not meet objective (c) is inadequate
for parametric studies and for optimization of procedures or design changes.

Most existing computer codes, such as TRAC, RELAP5, or RETRAN, used at this
time, fail to meet objective (d). Consequently, they are used infrequently, only
when extreme needs justify large expenditures and if sufficient funding is
available. Time-consuming codes, requiring an expensive computer installation,
are unsuitable for continuous, on-line access or for continuous stand-by
preparedness. Continuous on-line access during all working hours is desirable
for technical advisory personnel and, in fact, no more expensive than currently
employed batch processing. Continuous stand-by preparedness would be invaluable
for operator assistance in emergencies.

A newly developed and thoroughly proven technology for computer simulation
of (BWR) reactor systems should be adapted for simulating isotope production
reactors. This would meet the specific needs for designing, operating and
maintaining new production reactors at low cost and greater efficiency than is
possible with existing alternative analytical tools.

It has been stated above, that engineering analyses of nuclear reactor
behavior are currently being carried out mainly through time-consuming and
expensive batch processing of large, standard FORTRAN computer codes on mainframe
or supercomputers. A large number of important and useful analyses are foregone
because they are too expensive to carry out, or because easy access to a large
enough computer is not available, or because it takes too much manpower effort
to obtain the results.

It has been stated above, that four requirements must be met simultaneously
for effective reactor simulation, namely, realistic and accurate simulatici must
be provided with easy and convenient, on-line interactive access, with high-
speed simulation capability and at low cost.

In Chapter 2 below, we will show that no method or facility exists which
meets the above four requirements, except the BNL, Plant Analyzer which is now
limited to BWU simulations.

Therefore, it is necessary to expand the newly developed BWR simulation
capability and to apply it to isotope production reactors, taking into account
the specific conditions and processes of that plant. This will provide the
needed alternative to currently available, but inadequate, methods for reactor
simulation. An isotope production reactor plant analyzer is needed which has

'The BML Engineering Plant Analyzer has these fouc characteristics but it is
currently limited to BWR simulations [Wulff et al., 1984a].



ail of the four characteristics stated above, primarily for the following
reasons:

1.3.1 Modeling Fidelity

Detailed models, based on first principles and on available experimental
data, are needed in conjunction with sufficiently fine nodalization for numerical
integration to obtain engineering accuracy in the simulation of normal and
abnormal plant transients. The short-cuts, coarse nodalizations and the large
time steps for integration now used in all general-purpose computer simulations
at real-time speeds must not be used. Instead, time and space intervals must
be chosen to guarantee engineering accuracy. Consistent applications of the
conservation laws are needed to assure reliable results for all simulated plant
conditions.

The simulation fidelity must be greater than that of currently available
micro and minicomputer codes or of training simulators. It must be equal to or
better than that of systems codes with one-dimensional core flow and point
kinetics simulation capability.

1.3.2 Interactive Operation

An efficient plant analyzer must produce an answer before its user has
forgotten the question. This requires easy and convenient access to the plant
analyzer. It requires the capability of changing input parameters interactively,
and of receiving on-line responses by the plant analyzer. Results must be
displayed on-line to provide control over the simulation.

Efficient testing of operating procedures and the'ir optimization requires
that the user of the plant analyzer can observe on-line displays of computed key
parameters (coolant level position, pressures, fuel and coolant temperature,
etc.) and that he can change valves, or trip pumps, etc. interactively and on-
line, while the simulation is in progress.

On-line displays and interactive control over a simulation saves both time
and resources, as many transients can be terminated after the needed results are
obtained, or after it has been determined that the simulation does not follow
the expected course. Batch processing cannot offer these savings.

Interactive capabilities encourage the user of the plant analyzer to
explore power plant behavior, and to seek answers to "what if" questions, which
would never be answered in normal batch mode operation. Interactive operation
is the central feature of simulation. The benefits and the power of timely
interactive simulation must be seen to be believed.

1.3.3 High-Speed and Low-Cost Simulation

Faster than real-time simulation speed is needed for the following reasons:
firstly, all parametric studies require many repeated calculations with one (or
rarely more) parameter(s) changed each time. Experience shows that standard
computing speeds are inadequate and needed parametric studies are simply not
carried out because they take too much time and cost too much. Statistical



studies have been performed in the past by the NRC to assess error margins of
large computer codes, for example, but the sample size was inadequately small
because of high computing costs.

Secondly, a large number of transients may take as long as one to four
hours or even days. Such transients must be simulated in much less time,
particularly when a number of variations need to be computed. Typical examples
are the prediction of peak clad temperatures, containment pressure and coolant
inventories (in storage tanks, sumps, suppression pool, etc.) during long-term
recovery maneuvers. Often an envelope of a key parameter (peak clad temperature)
is sought as a function of another parameter (over its uncertainty range),
requiring one transient simulation for each point on the envelope. Many
transients must then be simulated to determine the envelope.

It has already been demonstrated that much faster than real-time simulation
speeds are advantageous even for short transients, lasting as little as a few
minutes. Real-time simulation speed is desirable only for some plant-specific
training; faster than real-time simulation, coupled with interrupt capabilities,
is preferred for generic training. Slower than real-time simulation has no
advantages over faster than real-time simulation.

It has been said that the user could not follow the on-line displays from
a simulation which proceeds faster than with real-time speed. One should notice,
however, that hardly anybody takes as much as a few seconds to read a graph from
a one-hour-long transient. Most transients are analyzed and re-analyzed after
the computer simulation is completed. It is the plant analyzer's obligation to
provide the answers as quickly as possible and to have the flexibility of
computing at low speeds only when user intervention is needed in the simulation.
Even then, the simulation speed should not be less than real-time speed, because
realistic interventions during the simulation must be achieved in real-time by
the operator.

It is self-evident that simulation costs need to be reduced below the costs
now incurred from standard batch processing on mainframe or supercomputers.
"Costs" include here not only computing expenses comprising capital investment
and operational costs, but also the manpower expenses from initiating, executing
and evaluating the simulation. Therefore, user convenience and computing speed
are both needed for cost-effective simulation. Both must be achieved, together
with high simulation fidelity and at low cost.

1.4 Purpose of Report

It is the objective of this document to summarise the capabilities and
limitations of state-of-the-art candidate computer codes, computers and
simulation technologies suitable to support the design, optimization, operation
and maintenance of new isotope production reactors. Excluded from this summary
are proprietary codes and facilities which are not accessible to peer review (as
required for example in the Code Scalability, Applicability and Uncertainty
(CSAU) Evaluation Methodology [Compendium, 1987, see Section 4.3.4]).



2. EXISTING TECHNOLOGIES FOR COMPUTER ANALYSES OF
NUCLEAR REACTOR SYSTEMS

Below are presented currently existing techniques, originally developed
to analyze nuclear power plant behavior and now being considered to analyze
design concepts, operational characteristics of, and accident sequences in,
isotope production reactors. Excluded from this presentation are proprietary
computer codes which are not accessible to peer review. Also excluded are codes
which serve to analyze severe accidents with core degradation. The state-of-
the-art code for core degradation and pressure vessel failure analyses is MELPROG
[Camp et al., 1987], which has" the same type of field equations as the
thermohydraulics code TRAC-PF1 [Liles et al., 1988], contains the same
constitutive equations for energy and momentum transfer as TRAC-PF1 (see Camp
et al., 1987, pp. 15 and 16) and employs the same stability enhancing two-step
(SETS) method for numerical integrations as used in TRAC-PF1 (see Camp et al.,
1987, p. 17). Consequently, existing techniques for analyzing core degradation
consequences in the reactor vessel are deemed to be covered in this document as
part of the summary on thermohydraulics codes for mainframe computers (see
Section 2.3 below).

We present available techniques in three categories, namely the techniques
associated with microcomputers, minicomputers including array processors, and
mainframe computers, including supercomputers.

2.1 Microcomputer-Related Analysis Methods

The computing speed and memory capacity of microprocessors (286, 386) in
lap top, personal and desk top computers has been and will be increasing in the
future and so will be their capability to analyze reactor transients. As a
consequence, the distinction between micro and minicomputer capabilities may
disappear in the future. At this time and in the near future, however,
microprocessor-based reactor analysis methods cannot be expected to meet all four
criteria Listed above in Section 1.3.

Microprocessor-based reactor analysis technologies fall into two
categories, namely in reactor simulation and reactor calculation methods (cf.
Section 1.2).

Examples for the microprocessor-based reactor simulation methods are the
proprietary codes RETACT of Singer Link-Miles, CETRAN of Combustion Engineering
and PCTRAN by Clifford Po, and others. The codes provide in principle the kind
of simulation environment discussed in Section 1.2, they meet Criteria (b) and
(d) as specified above in Section 1.3. Criteria (a) and (c), however, are not
met simultaneously, because microprocessors set up for simulation do not have
the necessary detail of modeling nor the computational accuracy for realistic
and accurate reactor simulation. The main reason is that real-time simulation
speed cannot be achieved with current microprocessor simulation technology, while
providing the nodalization detail required for accurate simulation. Neither the
RETACT nor the PCTRAN versions for BWR simulations demonstrated the capability
of analyzing the power and flow oscillations, as they occurred on March 9, 1988
at the LaSalle County Mo. 2 BWR power plant.



In the public domain is the Modular Modeling System (MMS)-based PWR Compact
Analyzer of the Electric Power Research Institute [Ipakchi, Khadem and Peng,
1987], The reference delineates on p. 6-1 the basic factors limiting this
technology in its use for interactive real-time simulation. Figure 6-2 on p.
6-7 shows that the EPRI PWR Compact Analyzer simulates between seven and thirty
times slower than with real-time simulation speed, yet, as shown on p. 5-5, the
simulation is limited to "operating conditions ranging from full power to stand-
by, and natural circulation"..., when "the reactor coolant system remains
subcooled." Clearly the MMS-based simulation facility of EPRI, utilized on
microcomputers, does not meet Criteria (a) and (c); it is not clear whether it
meets Criterion (d). For MMS implementation on minicomputers, see Section 2.2
below.

Microprocessor-based calculational methods have been developed at several
institutions by implementing existing FORTRAN codes, originally programmed for
general-purpose mainframe computers, on personal computers (PCs) or on desk top
computers. The result is a calculational facility which fails to satisfy
Criteria (b), (c) and (d) in Section 1.3. The facility requires remarkably low
capital investment for acquisition, but it fails to meet Criterion (d) because
of the high manpower cost needed afterwards for applications. It fails Criteria
(c) and (d) because it is impossible to produce calculational results on time
and at low cost.

The codes implemented for computer calculation on PCs and desk top
computers are represented by RELAP5 [Ransom et al., 1985], RETRAN [McFadden et
al., 1981], and possibly by TRAC-PF1/M0D1 [1986]. The reader is therefore
referred to Sections 2.3.1-3 below for a discussion on code capabilities and
limitations affecting the degree to which existing calculational methods on
microprocessors meet Criterion (a) in Section 1.3.

It has been claimed that large numbers of microprocessors can be combined
to work in parallel, while exchanging data through a hypercube interconnection
(Westinghouse, through Paralex, a venture company) or through a ring bus
connection (Control Data). While it is correct that computing power expressed
in million floating point operations per second can be increased at low cost to
enormous proportions, the manageability of programming and maintaining a reactor
systems simulation for efficiently utilizing this raw computing power has never
been demonstrated, even in principle. It should be recognized that computing
speed improvements through the use of parallel processing in general-purpose
computers cannot be expected to exceed the improvements achieved by implementing
the vectorization of mainframe computer codes on supercomputers (CRAY-XMP).
These improvements are a disappointingly modest increase in computing speed, by
a factor of 2.4 to 2.8 [Ishiguro, Harda, Shinozawa and Naracka, 1985]. The
reason for such disappointments is that for both programming a set of array
processors and for vectorizing a code, one needs to have extensive regularity
in the set of computer instructions. One must be able to separate the
instruction set into independent instruction streams, one for each processor,
or one needs large arrays on which to operate in parallel. Reactor systems
simulation codes do not have the above regularity, as can be seen from the many
disappointing efforts aimed to speed up their execution [Liles et al., 1983,
etc.].



In conclusion, minicomputer-based reactor systems analysis methods cannot
at this time and in the near future meet all the four criteria which are
specified in Section 1.3 and required for realistic and cost-effective support
of reactor systems design, operation and maintenance. It would require a major
effort in computer systems software development to utilize a combination of
microprocessors in an interactive simulation environment as described in Section
1.2. It is far less expensive to utilize existing simulation computers which
already provide a genuine simulation environment. One such simulation system
is described below in Section 2.2.3.

2.2 Analysis Methods Related to Minicomputers and Array Processors

2.2.1 Minicomputer-Related Technologies

General purpose minicomputers are used in full-scope training and in some
compact simulators. Full-scope training simulators are plant-specific replicas
of control room consoles and contain a minicomputer replacing the power plant.
Singer-Link, Electronic Associates, Westinghouse and Combustion Engineering have
built almost all existing training simulators. The S.E.L. (Gould) minicomputer
is the most frequently used minicomputer in simulators.

The capabilities and limitations of training simulators have been reviewed
in detail in 1980 and 1981 [Wulff, 1980, 1981; Cheng and Wulff, 1981]. It has
been found that training simulators built prior to 1981 are limited to the
simulation of steady-state conditions and quasi-steady transients within the
parameter range of normal operations. Specifically, PWR simulators could not
simulate two-phase flow conditions in the primary coolant loops nor the motion
of two-phase mixture levels beyond the narrow control range in the steam
generator secondary side. Significant discrepancies were found in a PWR
simulator and RETRAN code comparison [Wulff and Cheng, 1981].

Training simulators are designed to reproduce, at real-time simulation
speed, accurate start-up, load-following and shut-down transients and the plant
responses to a very large number of malfunctions. All full-scope training
simulators have the capability of introducing arbitrary combinations of a large
number of malfunctions, but they lack the ability of reliably simulating the
consequences from multiple malfunctions, primarily because of their inability
to simulate the dynamics of nonhomogeneous, nonequilibrlum two-phase flows under
abnormal reactor conditions. Even though model improvements have been introduced
in simulators built and delivered after the publication of the above referenced
assessments, almost all the training simulators are still limited to the
simulation of normal operations.

Full-scope training simulators employ standard FORTRAN computer programs
and general-purpose computers. This is not an optimum combination for efficient
simulation. Real-time simulation speeds are often achieved only through modeling
compromises. Faster than real-time simulations are impossible on full-scope
training simulator:: but they are required for efficient parametric studies.

The most recently built training simulators from Singer-Link have
significantly improved simulation capabilities, based on the newly developed
RETACT coolant dynamics code. This proprietary code executes on general-purpose



minicomputers, but cannot achieve the simulation speed needed for parametric
studies or for the support of accident management (cf. Section 2.1).

Training simulators are in general unsuitable for use as engineering plant
analyzers. Most existing training simulators do not have the necessary range
of realistic simulation capabilities, they are expensive to operate and, most
frequently, committed full-time 'to training and requalification. They achieve
at most real-time simulation speed and are therefore unsuitable for parametric
studies (see also Section 1.3.3).

A general package for power plant analyses with the use of minicomputers
has been developed under the auspices of the Electric Power Research Institute
(EPRI). It is called the Modular Modeling System (MMS) [Modular Modeling System,
1983; Divakaruni and Wong, 1984). For MMS's more recent use in microcomputers,
see Section 2.1 above. MMS was originally designed for fossil power plants, and
it has been extended recently to simulate two-phase flows in nuclear reactor
systems. It utilizes two continuous system simulation languages, either the
Advanced Continuous Simulation Language (ACSL) from Mitchell and Gauthier
Associates, Inc., or the Engineering Analysis System 5 (EASY5) from Boeing
Computer Services Co.

The major emphasis of the MMS development is modularity, which is important
when the same code is to be used for many very different object systems, but it
is not useful for simulating a particular nuclear reactor plant. In fact,
modularity is detrimental from the point of simulation efficiency because it
necessitates computational overhead.

It should also be noted that the two-phase coolant dynamics simulation
capabilities in MMS are not well established. The careful reader of the
reference by Divakaruni and Wong will notice, for example, in the contributions
by S. J. Oh and J. P. Sursock, that conservation laws are written for control
volumes and fixed boundaries, but then applied to control volumes with moving
boundaries. Also, the equation for the speeds of moving boundaries is incorrect
because of errors in differentiation. The user of MMS can, at best, utilize some
selected plant component models and the overall simulation system, but must
develop his own two-phase flow modulss for the nuclear reactor of interest.

New general-purpose minicomputers are being offered for real-time
simulation by Modcomp (Classic II), Control Data (AFP), EAI (EAI 2000) and
others. These minicomputers offer high computing speeds and large memory
capacities. However, as general-purpose computers they come only with standard
FORTRAN compilers and lack the systems software which (a) is needed to utilize
efficiently the theoretical computing speed capacity in reactor systems
simulations, and (b) is required to provide the simulation environment described
in Section 1.2 above. Experience has shown, that power reactor thermohydraulics
codes execute on advanced minicomputers at a small fraction of full computing
speed, that the turnaround is slow and the timely resolution of technical issues
is difficult or impossible to achieve, particularly when many parametric
variations are to be analyzed. Parametric studies accompany most analyses of
reactor systems behavior.
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Large FORTRAN codes, such as TRAC-PF1, RELAP5 or RETRAN, have also been
implemented on minicomputers. The execution of these codes on minicomputers is
far slower than on mainframe or supercomputers, where it is already inadequate
(cf. Section 2.3 below).

In summary, general-purpose minicomputers do not meet the four requirements
specified in Section 1.3 above'. They are inadequate for realistic, cost-
effective and timely (on-line, interactive) simulation of nuclear reactor
systems, because they have either severe modeling limitations, or they execute
too slowly, or they are not available most of the time (training simulators),
or they are not open to peer review (proprietary codes, such as Westinghouse's
TREAT, Singer-Link-Miles' RETACT, etc.).

2.2.2 Array Processor Related Technologies

Array processors are widely promoted for complex system simulation at high-
speed and low cost, even though array processors are not especially suited for
dynamic (reactor) systems simulation.

Array processors consist of arrays of two or more central processing units,
complete with memory and I/O processing. They were originally designed for
signal processing (CAT scan), and are therefore very powerful for operating in
parallel on independent parallel streams of instructions and data. A simulation,
however, cannot be divided into independent parallel streams of instructions
because of the physical interdependence between components and processes in the
plant. With array processors, one has the choice between lagging a number of
parameters, or idling some of the processors. Lagging is the use of parameter
values from the previous time step when they are needed for the current time step
before they can be computed. The resulting time skewing increases the truncation
error accumulation and causes numerical damping. Idling of some of the
processors, on the other hand, leads to the wide-spread observation that the
computing speed increases much less than proportionally to the number of parallel
processors.

Array processors have the potential of providing great computing economy
in three-dimensional transport simulations (fluid dynamics, neutron kinetics)
which involve operations on large arrays and a large number of independent
operations. Array processors are also very powerful in processing a large number
of signals from independent sensors. But array processors are not suitable for
the largely scalar structure of nuclear reactor systems simulations. It is
extremely difficult to program arrays of processors, both during initial code
development and later for code improvements, such that the processors are
effectively utilized.

2.2.3 Special-Purpose Simulation Components

BNL has developed a new technology for high-speed, low-cost, interactive
simulation of transients in nuclear reactors. The new technology has been
implemented for BWR-4 power plants in BNL's Engineering Plant Analyzer (EPA).
It has been developed under the auspices of the USNRC and consists chiefly of
the High-Speed Interactive Plant Analyzer code HIPA-BWR4/I for BWR-4 plants with
Mark I containment, and of the special-purpose peripheral processor, the AD10
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of Applied Dynamics International (ADI) in Ann Arbor, Michigan. A detailed
description of the Plant Analyzer can be found in the reference by Wulff et al.
[1984a]. BWR-5 and BWR-6 versions have also been developed. The BNL Plant
Analyser represents the most advanced technology for nuclear power plant
simulation in minicomputers and is suitable for supporting plant operations.
It is based on an integrated concept for cost-efficient simulation, a concept
in which modeling, numerical methods and computer architecture are coherently
optimized for efficient simulation of BWR power plants. 'ihe techniques
developed, however, are general and can be applied to any other type of reactor
as well. In fact, the new technology is now being extended in the advanced AD100
simulation system from ADI, for the implementation of PWR simulation capabili-
ties.

The uniqueness and superior performance capability of the BNL Engineering
Plant Analyser is evident from the fact that it is the only available simulation
facility that was capable of reproducing2 within less than three days the actual
power and flow oscillations which occurred on March 9, 1988 at the LaSalle-2
station. Over sixty detailed and complete plant simulations have been carried
out after more definitive plant data became available and before any other NRC-
sponsored BWR systems code could produce its first LaSalle-2 simulation.

2.2.3.1 The AD100 Hardware and Software Systems

The AD100 Simulation System is currently the only facility available for
simulating large complex systems which meets all of the four criteria introduced
in Section 1.3 and needed for viable reactor systems analyses; it provides for
realistic aid accurate simulations of normal and postulated accidental transients
through convenient, on-line interactive operation with on-line graphic displays,
at higher than real-time speed and at costs far below that of other existing
analysis methods.

As a special-purpose computer, the AD100 system is specifically designed
for the single purpose of complex system simulation. It is unquestionably better
suited for simulating complicated nuclear reactor systems, than are the general-
purpose computers. The AD100 embodies inherently a unique combination of
hardware architecture and systems software that has been demonstrated to out-
perform supercomputers at costs much below that of supercomputer operations.

The AD100 Simulation System consists of nine simulation task-specific
microprocessors, e.g. for numerical integration, nonlinear function generation,
etc. The microprocessors work in parallel, have pipeline architectures for high-
speed execution and contain built in algorithms defined through systems firmware.
This means that the programmer has no need to develop, implement and debug such
simulation tasks as numerical integration, etc. Instead, he is free to
concentrate on the formulation of the mathematical models describing the system
of interest.

2Initial calculations, based on preliminary information on plant conditions.
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The AD100 Simulation System employs 64-bit floating point arithmetic. It
requires no scaling (as did the AD10), has a dynamic range of 300 decades (100
times greater than the AD10) and is two to five times faster than the AD10,
which achieved simulation speeds more than 100 times faster than the CDC-7600
mainframe computer and eight times faster than real-time speeds, while simulating
the BWR. plant, complete with Nuclear Steam Supply System, Balance of Plant,
Control Systems, Engineered Safety Systems and Containment.

The AD100 Simulation System has up to 256 analog to digital and/or digital
to analog converters for interfacing with instrumentation, control systems,
analog input devices or analog display systems. The AD100 also has four dual-
ported memory processors for digital interfacing through 19 kword (16 bit each)
buffers at the rate of 10 million words per second in each channel. A fiber
optics interface is also available with the transfer rate of 200 Mbits/sec in
each direction. The AD100 can be linked to DEC, GOULD (SEL), Harris and Perkins
Elmer Computers. The AD100 is controlled through any VAX computer, such as the
Micro-VAX-II workstation.

The AD100 provides, through its systems software, a fully interactive on-
line simulation environment, complete with graphics display.

2.2.3.2 The Systems Simulation Language and Program Transportability

It has long been recognized, particularly by the large membership of the
Society for Computer Simulation (SCS), that FORTRAN is not the most suitable
language for simulation computer programs. Continuous system simulation
languages have been developed and standardized.

A number of continuous system simulation languages have been written for
FORTRAN compilers. Typical examples are EASV5 and ACSL (cf. Section 2.2.1).
Such programs offer the convenience and clarity of the simulation language but
since they are machine-translated into FORTRAN, they do not provide the execution
efficiency afforded by the direct translation from the high-level system
simulation to the machine language.

The BNL Plant Analyzer for BWR simulation accepts the Modular Programming
System (MPS-10) language. The most important features of MPS-10 are its
simplicity and compactness. In MPS-10 one needs to satisfy only one rule in
order to utilize fully the parallelism of the AD10. Thirty-six thousand
executable FORTRAN statements reduce to less than six thousand MPS-10 statements,
even though MPS-10 has no DO-loop equivalent. One of the main benefits from MPS-
10 is the fact that only 5,660 MPS-10 statements instead of approximately 60,000
FORTRAN statements need to be executed to advance the simulation from one time
level to the next.

The more advanced AD100 computer utilizes the AD100 language ADSIM, which
is superior to MPS-10, because it is more compact, more readable and more
flexible. ADSIM is easy to learn. The AD100 firmware translates ADSIM directly
into machine instructions for more efficient execution. ADSIM is being
maintained by ADI.
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As an example, the ADSIM language needs only six short program lines to
represent an attitude controller, consisting of a lead-lag compensator, a lag
compensator, a hysteresis switch, a summer and a second-order actuator. This
example demonstrates the superiority of ADSIM over FORTRAN. ADSIM has been
developed to the point where it qualifies as a standard of simulation languages.

Use of ADSIM as the programming language would greatly facilitate the
initial program development and, more importantly, it would simplify later
program modifications. It will be easier and less expensive to change the
program under ADSIM than under FORTRAN. However, the AD100 is also capable of
executing FORTRAN programs. FORTRAN codes are less efficient than the ADSIM
code, even on the AD100 system.

Software Transportability permits the execution of a code on different
computers without reprogramming. In the past, the nuclear industry has insisted
on transportability for obvious reasons of economy. As it turned out, however,
all large codes need to be converted before they execute on a computer other than
the one on which they have been developed, often even when both computers are
of the same type but operate under different operating systems. Conversion takes
upwards of six man-months of effort.

It must be pointed out that transportability and simulation efficiency are
mutually exclusive. One program can fully utilize the particular features for
computing efficiency of only one computer. Experience has proven, for example,
that standard FORTRAN, when executed on a CRAY supercomputer, produces
disappointingly small improvements over standard serial machines.

Transportability of programs is less important, when relatively inexpensive
minicomputers are involved, than it is for costly mainframe computers. The cost
of an entire AD100 can be recovered within a relatively short time from savings
in both computing and manpower expenses. This is true even more so, because the
ADSIM language is easy to adopt.

It must be stressed, that the ultimate use of any plant analyzer requires
no familiarity whatsoever with the programming language. Only program changes
require ADSIM programming, and it has been shown, that learning the simulation
language is a negligible effort when compared with the modeling effort itself.
Moreover, the interactive capabilities of the AD100 under ADSIM are unsurpassed
for checking out new coding.

Should it be desirable to execute the simulation software of the plant
analyzer in FORTRAN on a general-purpose computer, then it would be possible to
translate by machine the ADSIM code into FORTRAN. However, it must be recognized
that the resulting FORTRAN code would not execute nearly as fast as the ADSIM
code.

Remote Access Capability is provided by the AD100 system through on-line
interactive response at the locations of engineering offices where issues of
reactor plant behavior must be resolved within a reasonable time, even though
the plant analyzer may be located elsewhere.
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Remote access can be provided through standard telephone linkage, via a
standard modem. The remote user is able to access the plant analyzer from a DEC
Micro-VAX-II workstation.

From the workstation, the user is able to control the plant analyzer, to
display plant analyzer results graphically and in tabular form. The user is also
able to assemble his plant-specific input data file, containing geometric data,
operating parameters, control parameters, setpoints, etc. Before or during the
simulation, the user can enter on-line any operator action or malfunction and
observe instantly the resulting plant response. This remote access capability
has been demonstrated by using the BNL Plant Analyzer for BWR simulations.

2.2.3.3 Advanced Modeling Principles in BNL Engineering Plant Analyzer (EPA)

The simulation efficiencies achieved for BWR (and PWR) power plant
simulations are due in part to the application of six advanced modeling
principles which are unique to the BNL EPA, as no other computer code for nuclear
reactor analyses employs these principles. They are equally applicable to
isotope production reactors. The six principles [Wulff, Cheng, Lekach, Mallen
and Stritar, 198*] constitute the most important differences between the modeling
in the BNL EPA and in other systems codes. Detailed explanations of these
principles are found in the cited reference (see Appendix A), their important
implications are discussed below.

The six principles address (i) the selection of models, particularly for
two-phase flow coolant dynamics, (ii) the priority ranking of processors, (iii)
the use of analytical integration, (iv) the elimination of iterative procedures,
(v) the use of pretabulation for complex functions, and (vi) the choice between
implicit and explicit integration methods, based on permissible integration step
sizes (accuracy, stability) and frame times (time required by the computer to
advance from one to the next time step).

The application of the first modeling principle reveals that the six-
equation two-fluid model is inferior to the four-equation drift flux model
because the former cannot be closed for lack of instrumentation which is needed
to develop two-fluid model transfer laws for mass, momentum and energy between
phases and for momentum and energy between each phase and the flow channel
structures. The second modeling principle is called for by prudence in general
and leads to justifiable model simplifications. The third principle reduces
difficulties arising from numerical instability, and it reduces the computational
errors due to numerical diffusion. Modeling principles number four and five
reduce the number of necessary arithmetic and logical operations by orders of
magnitude, thereby increasing the simulation speed. Application of the sixth
principle reveals that explicit numerical integration is superior to implicit
integration for all but the slowest or quasi-steady transients.

These principles evolved in part from the efforts to utilize to the fullest
extent possible the high-speed simulation capabilities of the ADI special-purpose
parallel processors, but they would be equally advantageous in other computers
as well. Unfortunately, they have not been employed in other large-scale nuclear
reactor analyses.
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2.2.3.'+ Summary on Special-Purpose Simulation Computer Technology

The features of the AD100 Simulation System described above clearly show
the superiority of computer simulation over the traditional computer calculation
on general-purpose computers. The simulation technology developed at BNL is the
only proven method for efficient simulation, as it combines advanced simulation
modeling principles with simulation computer architecture and simulation system
software, specifically designed by ADI for the efficient simulation of complex
systems, such as an isotope production reactor.

2.3 Analysis Methods Related to Mainframe and Supercomputers

The greatest efforts toward accurate and detailed computer analysis of
transients in nuclear reactors for power generation have been made in the last
fifteen years under the auspices of the U.S. Nuclear Regulatory Commission
(USNRC) and of the Electric Power Research Institute (EPRI). These computer
analyses employ mainframe and supercomputers, they constitute computer
calculations, rather than simulations. They exceed in scope and computational
detail the computer-aided analysis tools available now for research reactors
(HFBR, HFIR, etc.) and for isotope production reactors.

The USNRC and EPRI-sponsored efforts toward nuclear reactor thermohydraulic
analyses led to six systems codes, namely to RELAP3B and RELAP4, now superseded
by TRAC [TRAC-PF1/MOD1, 1986], RELAP5 [Ransom et al., 1985], to RETRAN [McFadden
et al., 1981] and to RAM0NA-3B [Wulff et al., 1984b] and TRACB [Taylor, et al.,
1984].

The original development of these codes, except RAM0NA-3B, was dominated
by Large Break Loss of Coolant Accident (LBLOCA) simulations. Once the greater
importance of Small Break Loss of Coolant Accidents (SBLOCA) was recognized after
the Three Mile Island accident, work was started in 1979, and is still
continuing, on also including phenomena associated with SBLOCA and with similarly
frequent events. The systems codes are now claimed to simulate all events short
of core degradation.

These systems codes are written in FORTRAN and executed chiefly on large
mainframe computers (CDC-7600, Cyber 176, etc.). The size and computational
effort of these codes, particularly of TRAC, increasingly necessitates their
execution on supercomputers (CRAY or Cyber 205). Even though efforts have been
made to implement some of these codes (RELAP5) on mini and advanced micro-
computers, none of these implementations could possibly meet the analysis
requirements customarily imposed on national laboratories for the timely
resolution of safety issues. Therefore, only large mainframe and supercomputer
implementations are considered here to be relevant to this review.

Below are discussed those characteristics of the systems codes which are
relevant to the selection of future analysis tools. Particularly, it is shown
that these large systems codes are very complex and expensive to use, so that,
in part, they do not achieve the objectives for which their complexity is
responsible and that they are unsuitable for efficient interactive simulation
of nuclear reactor systems, especially for day-to-day production analyses in
support of plant operations.
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2.3.1 The TRAC Code has been developed for the USNRC in two versions. The first
versions are TRAC-PD3 and -PF for PWR plants. Both have been developed by Los
Alamos National Laboratory (LAHL). The second version is TRAC-BD for BWR plants
and was developed from TRAC-PD by INEL. The TRAC series was started, together
with RELAP5 discussed below, as an advanced thermohydraulic code suited to
supersede RELAP4.

The TRAC codes are considered by many today to be the most reliable and
detailed thermohydraulic codes for reactor systems, and they were once proposed
to become the standard codes of the USNRC. However, consultants to the Advisory
Committee on Reactor Safeguards' Subcommittee on Thermal Hydraulic Phenomena,
who reviewed the TRAC-PF1 code, recommended against further use of this code
beyond LBLOCA analyses, because it is "too complicated" and "not a useful tool"
[pp. 316-319, ACRS 1988a], because there is "overkill in some of the great
detail" and "not enough physics" [p. 326, ACRS 1988a], because "there's too many
cases where the physics is not right" [p. 351, ACRS 1988a].

The status of the TRAC codes is based mainly on these four claims:

(a) TRAC used a six-equation two-phase flow model,
(b) TRAC predicts three-dimensional two-phase flow in the pressure

vessel,
(c) TRAC is flexible and accommodates any test facility as well as full-

scale power plants, and
(d) TRAC has been assessed.

Claims (a), (c) and (d) apply equally well to RELAP5. All claims are relevant
to the nuclear reactor analyses because they are said to be needed to achieve
the stated objectives in realistic and accurate predictions. Therefore, we
review the claims below.

Claims (a) and (b) are related to the modeling of the two-phase flow
dynamics of the reactor coolant. This modeling is the central problem of
realistic and accurate reactor system simulation.

Two-phase flow models are based on three, four, five or six conservation
equations for mass, momentum and energy [Wulff, 1981a]. The simplest model is
the three-equation model of homogeneous equilibrium flow. It hardly ever applies
to either light or heavy water-moderated reactor conditions, because it implies
that equal temperatures and equal velocities exist in vapor and liquid phases
or, equivalently, that extremely slow processes occur simultaneously with strong
mixing. The most rigorous and detailed model has six equations, three
conservation laws for each of the liquid and the vapor phases. It implies no
significant restrictions. But, most importantly, it requires, in addition to
all the intrinsic constitutive laws which are always needed (thermodynamic
properties), also seven extrinsic constitutive laws which describe the transfers
of mass, momentum and energy between the phases and of momentum and energy

^Letters B,D,F and P designate "BWR", "detailed", "fast", and "PWR", respective-

ly-
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between each phase and the wall [Wulff, 1981]. These laws are not known for
reactor conditions except in separated flows (annular flow or stratified flow
in horizontal ducts) [p. 348, ACRS, 1988a, Wulff, 1981]. These fundamental laws
will not be available until the necessary basic instrumentation has been
developed, and not until the appropriate models have been first derived from
experiments and then verified.

In the meantime, TRAC uses mixture correlations as its data base (reported
in TRAC-PD1, 1981; TRAC-PF1, 1984; Taylor et al., 1984; Adessio, 1985], just as
the four-equation drift flux model [Zuber and Findlay, 1965]. TRAC depends upon
unverified hypotheses to complete its six-equation models. Claim (a) is invalid
for TRAC (and for RELAP5).

The six-equation two-fluid model implies a time consuming computing effort
and a tremendous requirement on computer memory capacity. Yet, the two-fluid
model cannot produce more information than is contained in its data base. It
should be used only in separated flows, where the interphase geometry and, with
it, the transfer laws are known and where the simple mixture model does not
apply. The indiscriminate application of the six-equation model in TRAC is in
part responsible for TRAC's extremely high computing expenses.

Concerning Claim (b), TRAC integrates for the reactor vessel three momentum
balances each for vapor and liquid, to compute three-dimensional flow fields.
However, the momentum balances lack the internal fluid shear term, and for this
reason TRAC failed to reproduce the only available experimental results obtained
to verify its capability of computing multi-dimensional flow distributions [Saha
et al., 1982] .

TRAC contains field equations (TRAC-PD2, 1981] which apply to two-phase
flow domains not penetrated by solid structures. These equations are used in
TRAC for reactor vessel regions containing fuel rod arrays. The equations are
used in TRAC without having been suitably volume averaged over a domain
containing a two-phase coolant mixture and solid structures. The appropriate
averaging can be found in standard text books [Slattery, 1972].

This well-established volume averaging for heterogeneous systems would have
produced the unambiguous relation between measured and predicted velocity
components, which is indispensable for code verification, and it would have
produced both the wall shear and the internal shear, quite contrary to a recent
claim [Adessio et al., 1985] that some (unpublished) averaging process could
eliminate internal shear. It is well known from elementary fluid dynamics that
global integrations, which lead from internal shear to shear at solid boundaries,
also eliminate the capability of computing velocity distributions between such
boundaries. This capability is the stated aim of TRAC. TRAC is obviously
incapable of computing the simplest velocity distributions known: the two-
dimensional velocity distribution of single-phase flow, laminar or turbulent,
in a common pipe, but it is expected to predict three-dimensional two-phase flows
in complex geometries (downcomer or plena) .

The lack of internal shear is compensated for by "tuning" of wall shear,
which is possible only if yet to be predicted results are known a priori.
Therefore, TRAC is in principle a one-dimensional hydraulics code.
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Concerning claim (c), TRAC has indeed the capability of accommodating, via
input data specifications, both small-scale experimental facilities and full
scale power plants. This feature is absolutely essential (although not
sufficient) for "extrapolating" from small-scale test results to the unknown
behavior of full-scale power plants. Moreover, this important capability
provides a possible link between plant-specific full-scope training simulators
and plant analyzers on the one hand, and well-controlled laboratory experiments
related to severe off-normal conditions on the other.

It must be pointed out, however, that this flexibility cannot be utilized
in the application of a verified simulation facility (such as a training
simulator or plant analyzer) to a specific nuclear reactor. Moreover, TRAC (and
RELAP5) are far too flexible, permitting for example physically impossible flow
connections (e.g., from core interior to interior turbine stages) at the expense
not only from additional overhead in computational efforts, but also i'rom the
requirement for specifying unnecessary input data. The indiscriminate
flexibility for system assembly in TRAC contributes to its computing expense.

Finally, concerning claim (d), TRAC has indeed undergone intensive
developmental and independent code assessment, which has been supported by a
large international effort on experiments. The most complete TRAC-PF1/MOD1
assessment was performed through the use of the Code Scaling, Applicability and
Uncertainty Evaluation Methodology [CSAU TPG, 1989]. TRAC was assessed regarding
its ability to predict the maximum cladding temperature rise during a Large Break
LOCA, for which the code had been originally developed. Table 40 on Page 99 of
the cited report reveals4 that TRAC-PF1/MODI predicts for the first (blowdown)
peak the maximum cladding temperature rise of 509°F with the uncertainty of 395°F
(78Z), part of which (22Z) is attributed to the net effect from systematic
modeling errors. The uncertainty for the second and third (reflood) peaks is
larger (154Z), as expected, because of error propagation and accumulation. This
shows clearly that the uncertainty of TRAC predictions is larger than previously
reported and that it must be expected to be larger for Small Break LOCA analyses.
In fact, code uncertainties must be determined for each specific transient.
Uncertainty estimates, if available from previous developmental and independent
code assessments, cannot be generalized to other applications, particularly if
code modifications were also made in the past. Once a code such as TRAC had been
perfected, it could serve for selected benchmark calculations, but it would be
far too expensive for production analyses for day-to-day resolution of reactor
related issues.

TRAC has been combined with a user-friendly graphics facility to form a
Nuclear Plant Analyzer (NPA). The resulting software package is very large, so
as to run only on a CRAY supercomputer. The operation of the TRAC-NPA is
expensive, because it executes too slowly on a very costly computer and it
requires of the user that he be familiar not only with the plant of interest but
also with the complicated TRAC code.

In summary, the TRAC code and its I1PA version are unsuitable for efficient,
on-line interactive reactor system simulations. TRAC is expensive to execute

Jthe initial clad temperature is 650°F.

19



because it is programmed only with standard methods in standard FORTRAN for
general-purpose computers to simulate complicated three-dimensional two-phase
flow processes with the rigor of the two-fluid model. TRAC is inefficient
because it is expensive to execute yet unable to reliably simulate three-
dimensional flow processes with the rigor of a true two-fluid model.

2.3.2 The RELAP5 Code has been developed for the USNRC at INEL [Ransom et al.,
1985; Trapp, 1985]. It started out with a five-equation model and was later
expanded to contain six equations, as TRAC. For the purpose of this review, the
differences between TRAC and RELAP5 are insignificant. RELAP5 has been widely
accepted because it appealed to the many users which are familiar with RELAP4
input data formats.

RELAP5 started out as a five-equation thermohydraulics code, with a strong
emphasis on the need for a balance between mathematical model formulation and
the data base available for supporting the model. Later, a sixth equation was
introduced. Thus, the principal difference between RELAP5 and TRAC disappeared.
RELAP5 simulates only one-dimensional coolant flows (cf. discussion on TRAC claim
(b) in Section 2.3.1). It uses point kinetics as TRAC-PF1, but it employs a
numerical integration scheme which differs from that of TRAC. RELAP5's
integration scheme has never been carefully documented, and it is claimed to
involve the solution of nonlinear equations without iteration. As there is no
basis for such a solution s.cheme in the open literature, it is not clear whether
RELAP5 produces the solution to the original conservation equations. Moreover,
the numerical methods in RELAP5 contain also ad hoc time averaging which was
declared to be wrong during the ACRS review of RELAP5 [pp. 100-101, 117-118,
ACRS, 1988b]. Thus, the numerical integration methods in RELAP5 remain an open
issue.

RELAP5 contains the six-equation two-fluid model which cannot be closed
for lack of needed closure relations as is clearly evident from [Dimenna et al.
(1988)]. This reference states (p. 4-1) that some correlations are based on
"engineering judgement", because of the "incompleteness in science". It shows
on pp. 4-5 through 4-59 that thirty-seven ad hoc multipliers are used just to
"tune" interfacial heat transfer in RELAP5, largely in order to justify the code
developer's intuition. Chaotically deforming interface geometries are assumed
to be spherical (pp. 4-5 and 7), "ad hoc correlations" had to be made up for lack
of bases in physics, theory or experiment (pp. 4-20, 24, 25 and 28). It is
obvious from this that the two-fluid model, implemented in RELAP5 to provide
computational detail, cannot provide that detail but requires the computing
resources needed to integrate the six equations of the two-fluid model.

RELAP5 also has a user-friendly graphics package, and its use with RELAP5
constitutes INEL's Nuclear Power Plant Analyzer (NPA). The INEL NPA was
scheduled to support the USNRC Technical Training Center for both on-line and
off-line simulation of nuclear power plants, using previously computed results
for off-line operation. The INEL NPA, however, failed to function in either
mode, its remote access and graphics terminal has been removed from the center.

Kmetyk et al. [1984] shows on p. 8 in Table III that RELAP5 calculates
transients in small-scale test facilities on CDC-7600 and CYBER 76 mainframe
computers 40.0 + 60.1 (standard deviation) slower than with real-time speed, on
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CRAY-1 it executes 21.3 ± 40.7 times slower than with real-time speed. Summers
[1983] shows on p. 180 in Table 5.3.1 that RELAP5 takes 9.0 ± 4.7 times longer
than real-time to simulate the semiscale test facility on the CYBER-76 computer.
It should be recognized that complete full-scale reactor simulations take even
longer than the above computing times.

In summary, what has been concluded for TRAC applies also for RELAP5.
RELAP5, even in its NPA operating mode, is unsuitable for efficient, on-line
interactive reactor simulations at high speed or low cost. RELAP5 does not meet
the four requirements of viable reactor systems simulation specified in Section
1.3 above.

2.3.3 The RETRAN Code has been developed, with RELAP4 used as a starting point,
by Energy Incorporated (El) of Idaho Falls, Idaho for the Electric Power Research
Institute (EPRI) [Energy Incorporated, 1981]. RETRAN is the only code for
reactor systems simulation that has undergone an official Quality Assurance (QA)
program. This guarantees, among other things, agreement between its FORTRAN
coding and the RETRAN documentation.

RETRAN employs five field equations for the coolant dynamics; the three-
equation model of homogeneous equilibrium flow is expanded by adding the vapor
mass balance and the dynamic equation for phasic velocity difference. Thus,
RETRAN simulates one-dimensional nonhomogeneous, nonequilibrium two-phase flow
and either point kinetics or space-time kinetics (using a space-time factoriza-
tion method). RETRAN is used for simulating both PWR and BWR transients.

The RETRAN code has a detailed control systems simulation capability which
allows the assembly of any control system through input data specifications.

The RETRAN code is a versatile code and is suitable for a large class of
transients where thermal disequilibria in the vapor phase are unimportant. Its
chief weaknesses are the highly hypothetical formulation of its dynamic slip
model for phasic velocity differences, a formulation that is n>t related to
appropriate experiments, then the fact that there is no documentation on
consistency of its numerical solution method [Wulff, 1989, p. 207] and further
its program size (necessitating large mainframe computers) and its slow execution
speed. RETRAN is, consequently, also unsuited for efficient interactive
simulation of reactor transients.

2.4 Summary of Existing Computer Analysis Methods

The spectrum of currently available technologies for analyzing nuclear
reactor transients by computer has been discussed. Covered are the methods
utilizing micro, mini, mainframe and supercomputers.

It is shown that most technologies fall into the traditional category of
computer calculation and do not meet the requirements of viable computer analysis
suitable for complex nuclear reactor systems design, optimization and main-
tenance. Computer calculation cannot provide realistic and accurate reactor
analysis conveniently, at low cost and in short time.
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In contrast, efficient computer simulation has been demonstrated
successfully through the use of special-purpose parallel processors in the
category of minicomputers, and of advanced simulation principles.

No existing computer code is suitable to accommodate the two-phase flow
processors in the core geometry of isotope production reactors, without
considerable modifications in key correlations. These modifications require,
in part, new experiments.
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3. CONCLUSIONS

It is important for the nuclear community, both in government, industry
and universities, to begin to take advantage of modern simulation technologies
and equipment. Non-nuclear industries, as well as the armed forces, have
utilized and promoted the technology of special-purpose, peripheral parallel
processors for convenient and efficient high-speed simulations for many years
and with outstanding success. It is particularly important for the nuclear
industry, because the nuclear industry has to cope with extremely complex
processes in very large and complicated systems and it may have to respond
quickly to unexpected emergencies. During the past decade, it has been shown
that this is not possible with standard methods and general-purpose computers.
The most advanced technology should be used to render a powerful tool for a
difficult simulation task.

For consistency, the same simulation facility should be used for conceptual
design, design optimization, control system development and optimization, for
developing normal operating and emergency operating procedures and for safety
analysis.

It has been shown in this review that traditional computer codes, written
in standard FORTRAN and executed on general-purpose micro, mini, mainframe or
supercomputers, cannot meet the requirements of viable reactor simulation as
needed in support of isotope production reactors. The chief reason for this
inability is that they cannot offer an efficient simulation environment for on-
line interactive operation.

It has also been shown that special-purpose computers, such as the AD100
of applied Dynamics International, can provide a complete simulation environment
and meet all four requirements for viable nuclear reactor simulation as specified
in Section 1.3 above. The AD100 can outperform alternative computers, including
supercomputers in carrying out parametric studies, optimizations of design
concepts, control systems and operating procedures, in supporting human
reliability studies and in training. The AD100 can also be used to test control
system components in closed feedback loops, since it has high-speed, high-
fidelity analog to digital and digital to analog converters. Above all, it
provides the means to resolve issues at such low cost and great ease as cannot
be imagined by anyone not familiar with the AD100 Simulation System performance.
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- ABSTRACT

The purpose of computer-assisted emergency re-
sponse in nuclear power plants, and the requirements
for achieving such a response, are presented. An im-
portant requirement is the attainment of realistic
high-speed plant simulations at the reactor s i te .
Currently pursued development programs for plant simu-
lations are reviewed. Five modeling principles are
established and a criterion Is presented for selecting
numerical procedures and efficient computer hardware
to achieve high-speed simulations. A newly developed
technology for high-speed power plant simulation is
described and results are presented.

It is shown that siaulation speeds .ten times
greater than real-time process-speeds are possible,
and that plant instrumentation can be made part of the
computational loop in a small, on-site minicomputer.

Additional technical issues are presented which
must s t i l l be resolved before the newly developed
technology can be implemented in a nuclear power
plant.

INTRODUCTION

The Aim of Conputer-Aided Emergency Response

Operators of n u c l e a r power p l a n t s respond to emer-
g e n c i e s by f o l l o w i n g documented emergency procedures .
Emergency procedures a r e c a r e f u l l y deve loped sequences
of operator actions, designed to mitigate a large num-
ber of anticipated emergency scenarios. Even though
the scope of emergencies covered by procedures is
large and growing, the emergency potential is s t i l l
larger, and an operator will always face the challenge
of having to synthesize a response to unanticipated
events* In such an emergency, the operator should be
assisted by a computer.

The objectives of computer assistance in a power
plant are (i) to monitor the plant's performance, ( i i )
to diagnose failures in instruments, components and
systems, and (Hi ) to predict quickly the plant re-
sponses to several remedial operator actions after an
accident. This must be achieved fast enough, so that
the operator can select the optimum strategy before
committing himself to a recovery maneuver. The latter
two objectives are the aims of emergency assistance by
computer.

Requirements for Computer-Asalated Emergency Response

Local Expertise. Emergency response Is the re-
sponaibillty o£ the operating supervisor at the plant.
Only the technical ataff at the power plant site has

*Uork performed under the auspices of the U.S.
Regulatory Coamission.

Nucletr

the in-depth knowledge about the plant which is essen-
tial for an emergency response. Therefore, the com-
puting facility for emergency response must be oper-
ated with plant-specific expertise by the technical
staff at the site of the plant.

On-Site Simulation Facility. It is impossible to
prepare a remote central simulation facility to an em-
ergency response at a particular plant, because inval-
uable time would be lost first in loading the respec-
tive instructional program and input data set, and
then in synchroniz ing the Simula tions wi th the tran-
sient conditions in the power plant. Instead, a low-
cost dedicated minicomputer must be available at the
site of the power plant.

The minicomputer must be loaded with its plant-
specific instructional software package and with all
plant-specific data other than operating condi tions.
It must be continuously linked with the plant control,
instrumentation and protection systems such that the
dynamic simulation can be locked in step with the ac-
tual transient In the power plant, until the plant
simulator or analyzer is needed for emergency re-
sponse. The plant analyzer can also be made to ignore
the signals from the plant and then serve for a varie-
ty of plant transient analyses and for operator train-
ing.

It would not be wise to maintain this readiness
for several power plants in a single, large computer
facility with a supercomputer, because all plants
would be left In despair during the failure of a sin-
gle computer, and remote program maintenance and up-
gTad ing for p iant-spec!fie pro gram changes are no t
practical.

Fast Simulation Speeds. While plant performance
monitoring can be done at real-time simulation speed,
the prediction of plant responses to contemplatad re-
medial actions in emergency situations requires much
faster simulation speeds. Simulation speeds of ten
times faster than real-time speeds or higher must be
achieved without loss in frequency response. High
computing speeds are- routinely obtained for slow,
quasi-static events. They are also needed for rapid
transients in severe accidents.

On-Line Link with Reactor. As discussed above,
the plant analyzer raus t be linked with plant control
and protection systems via one-way optical data trans-
fer channels and with the control room instrumentation
so that the transient in the power plant can be repro-
duced in the analyser until a prediction is needed in
an emergency.

This requirement should not be confused wi th the
task of ea tablishlng the steady-state condi tions in
the plant from a few operating conditions because a
transient starting condition ia defined only by the
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complete sec of All state variables for the ays ten.
I t is therefore necessary to Isolate from the entire
plant that portion which must be dynamically simulated
for an emergency in the nuclear steam supply system.
Then one must define the boundary interfaces between
the simulated portion and the remainder of the sys-
tem. These interfaces are invariable control actuator
positions for valves, relays, e tc . , and must be com-
municated on demand to the plant analyzer.

The communication channels must be scanned during
every computational cycle, to assure computational
continuity and fidelity. The computational cycling
frequency must be approximately an order of magnitude
greater than the expected simulation response
frequency.

The plant analyzer must offer a large number of
computed parameters from which the operator can select
any one for convenient graphical display.

Scope of Paper

From all the above requirements imposed on a nu-
clear power plant analyzer or simulator for emergency
response, the requirements of high-speed realistic
simulations of severe transients in a low-cost mini-
computer are the most difficult ones to achieve. We
present f i rs t a summary of previously used and cur-
rently contemplated approaches to nuclear power plant
simulation, then we report on a newly developed tech-
nology and present an assessment of i ts capabilities.

CURRENT APPROACHES TO HIGH SIMULATION SPEED

Real- t ime s imula t ion speed has been sought by man-
ufac tu re r s of t r a i n i n g s imu la to r s , by vendors for the
design of nuc lear power p lan ts and, on behalf of the
Nuclear Regulatory Commission, by the developers of
codes for safety analyses in national laboratories.
Real-time simulation speed can be achieved only by
matching modeling and programming techniques with com-
puter capabilities.

Modeling

The mathematical models for training simulators
were simplified in the past to achieve real-time simu-
lation speed with available computing power. Rates of
change (for fission power, for example [1]) have been
artificially limited and coolant inertia has been ig-
nored [1] to maintain computational stability. Such
modeling restrictions are now being eliminated as
faster minicomputers become available.

The need for increased computing speed has had al-
most no impact on the modeling in the major systems
codes TRAC [2] and RELAP-5 [3], developed by Los Ala-
mos National Laboratory and Idaho National Engineering
Laboratory, respectively, for the U.S. Nuclear Regula-
tory Commission. The models are based on standard fi-
nite differencing of partial differential equations
for the two-phase coolant mixture. Increases in com-
puting speed have been sought by remodeling the power
plant with fewer computational cells. Finite differ-
ence me thods, however, converge to the correct solu-
tion only as the mesh size and the time step decrease
toward zero. As expected, any significant reduction
of the ce11 number leads to significant losses in ac-
curacy [U]m Analytical methods have rarely been used
Jn the past to increase simulation efficiently [5].

Numerical Integration

Major efforts have been made to improve the inte-
gration algorithms for greater execution speed, parti-
cularly in codes which use matrix inversions for solv-
ing large systems of nonlinear equations, such as TRAC
and .RELAP-5. A linearization technique has been used
to replace the matrix of rank (MN), .representing M
field equations la N computational cells, before its
inversion by a matrix of rank N for the pressure
field. This reduces drastically the computational ef-
fort for integrating all field equations. The method
fails, however, when partial derivatives of coolant
properties vanish or tend toward infinity. With this
method one cannot realize the computational savings
arising from the behavior of incompressible fluids.

Predictor-corrector methods, traditionally used
for integrating ordinary differential equations, have
also been used for integrating partial differential
equations faster in the fast version TRAC-FF1 {2}.

PROGRAMMING LANGUAGE

One must always choose between computing efficien-
cy and program transportability. Computer codes writ-
ten in standard FORTRAN can readily be made to execute
on any large computer, yet they can never utilize ful-
ly the architecture of a particular computer. FORTRAN
compilers have been developed for several computers
with parallel and/or pipeline execution, but they do
not produce efficient machine codes unless the pro-
grammer adheres to very detailed and cachine-dependent
constraints which render the code machine-specific.
The Cray-I supercomputer executes for a dense linear
ays tern [6] from two to six million floating point op-
erations when programmed in standard FORTRAN. Spe-
cialized Vector FORTRAN for the Cray machine executes
up to six times faster, Vector Assembly Language up to
twenty times faster, but only on the Cray machine.
One can have either an efficient code, or a transport-
able code. *

Program transportability has always been given a
higher priority than execution efficiency by vendors
of training simulators, by power plant designers and
in government-sponsored code developments for reactor
safety analyses. There is widespread apprehension
against unfamiliar, non-FORTRAN programming languages
in the nuclear Indus try which is unparalleled in non-
nuclear simulation activities.

There are two trends in the selection of computers
for nuclear power plant simulations. Vendors of
training simulators seek to employ minicomputers with
increasing computing power, accomplished by parallel
processing in pipelined computer architectures. In
contrast, for almost all major systems codes, devel-
oped on behalf of the Nuclear Regulatory Commission,
the trend la from large mainframe computers such as
the CDC-7600 to even larger super computers such as
the Cray computer. Simulations are largely carried
out on general-purpose computers with standard FORTRAN'
programs. However, thi3 paper deals with a power
plant simulation on a modern special-purpose peripher-
al processor which was specifically designed for sys-
tems simulation.

Graphic Display Systems. The advantage of multi-
color graphics cor input and output processing ha a
been widely accepted because It has the potential of
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reducing sharply the first and last of the three tine-,
consuming operations la simulation, which are input
data preparations, program execution and evaluation of
output data.

NEWLY DEVELOPED HIGH-SPEED SIMULATION TECHNOLOGY

The careful selection of modeling and programming
techniques and the deliberate choice of a particularly
suitable, special-purpose minicomputer produced a new
plant analyzer for realistic simulations of normal and
severe abnormal transients in nuclear power plants.
The most prominent distinctions of the plant analyzer
are its great simulation speed, its low capital and
operating costs, its outstanding user conveniences and
its unsurpassed ability to accommodate control and in-
strumentation signals in analog or digital form.

The plant analyzer was developed for BVR power
plant simulations. The simulation principles em-
ployed, however, are general and apply to ail power
plant simulations.

Modeling Techniques

The most demanding part of light water reactor
plant sinulation is the modeling of the two-phase flow
therciohydraulics in the reactor vessel and, if appro-
priate, in the steam generators. The coolant dynam-
ics, therefore, dominate the selection of modeling
strategy, mathematical methods and computer hardware.

The balance of plant simulation, while taxing com-
puting capacity and input/output processing, is effec-
tively achieved with familiar mathematical models.
The simulation of neutron kinetics may require special
attention. The plant analyzer described herein em-
ploys point kinetics, requiring a relatively small
simulation effort. Multidimensional kinetics simula-
tion, however, can also be achieved with standard mod*
els and a suitable peripheral processor. Here, the
focus of power plant simulation is on the coolant
thermohydraulics.

Modeling Principles. Modeling efficiency is
achieved when the greatest possible simulation fideli-
ty is produced with the smallest possible number of
arithmetic operations. It is achieved by;

(i) selecting the least complicated thermohydrau-
lics model for two-phase flow which accommo-
dates all the available experimental informa-
tion on two-phase flow,

(11) eliciina ting from the mode Is all irre levant
phenomena, while accounting for all possible
flow patterns and important processess,

(111) executing as many integrations as possible in
analytical form and evaluating the analytical
solutions dynamically during the simulation,

(iv) executing in advance all iterative procedures
required for the solution of implicit seta of
nonlinear equations, then tabulating the re-
sults in terms of explicitly known variables
and interpolating the tables during the simu-
lation.

(v) combining analytically in every equation all
consti tutive relations (material properties,
correlations, etc.) into the smallest possi-
ble number of expressions and tabulating the
expressions for interpolation during the sim-
ulation.

The first of these five principles suggests to use
only field equations with known mass, momentum and en-
ergy lnterphase and wall to fluid transfer terms that
can be modeled and validated with currently available
instrumentation 17] , since otherwise such field equa-
tions only burden the computations, without producing
reliable information. By adhering to the fouTth and
fifth principles one takes advantage of low-cost cen-
tral core memory now available even in modern minicom-
puters, and one reduces many computations of any coa-
plexity to evaluations of linear expressions. All
five principles require some engineering judgement and
developmental efforts but, together with proper selec-
tions of computing methods and processors, they con-
tribute significantly to efficient high-speed simula-
tion. Below we demonstrate how these principles have
been applied in the plant analyzer. For a complete
description of the models see Reference 18).

Coolant Hydraulics. For the BVR. plant analyzer
development described herein, it was recognized [8]
that phase separation, coolant mixture level tracking,
nonequilibrlum boiling, flashing and condensing, and
particularly the tight coupling between fission power
and vapor void fraction in the reactor core are the
most important aspects of coolant dynamics modeling.
Acoustical effects in the steam lines are deemed to be
important, while acoustical effects in the liquid
phase of the coolant mixture are unimportant.

Following the first modeling principle, we select-
ed the four-equation drift flux model which consists
of the vapor mass balance and the three balance equa-
tions for mixture mass, momentum and energy. Follow-
ing the second principle and recognizing the irrele-
vance of acoustical effects in the liquid, we decided
to use the volume-averaged vessel pressure*

<p> - - i /pdV (1)
V V

to compute all thermophysical coolant properties. The
vessel pressure is computed by combining the mixture
mass balance, expressed as the volumetric flux diver-
gence equation,

T - (2)

with the caloric equations of state for liquid ?"d
vapor, and with the phasic energy balance for the liq-
uid, and by integrating the resulting ordinary differ-
ential equation

P, - PE

. + / '•••. . s r . d v -

{ /a
V, "g

Aj

3p
f — l-r-Z-) dV) ,

v{ "l
(3)

Following the third principle, we integrated Equa-
tion 2 analytically to replace the partial differen-
tial equation of mixture mass conservation by this
quadrature in space

•All symbols are defined in the Nomenclature
end of the paper.

it the
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X d*

(4)

The tine-dependent s tart ing v*lue jm(o) i s computed
from the momentum equation. Sat isfying again the
third pr inc ip le , we integrated ana ly t i ca l ly the momen-
tum balance

example, as many as fifty-four momentum equations for
fifty-four vessel cells by the simpler task of Inte-
gra ting three momentum equationa for three loops,
covering a LI fifty-four cel ls , but i t also reduces
drastically the computational stiffness of the mathe-
matical model. Only in the steam line does the plant
analyzer integrate the momentum balance in f inite-
difference form for each one of ten computational
cel ls [8] .

The use of Equations 3, 4 and 6 reduces the need
for integrating the 216 differential equations of the
four-equation model for fifty-four computational
cells* to the much simpler task of integrating only
111 differential equations. These are the three loop
momentum balances (Equations 6), and fifty-four each
of the vapor mass balances

G 0
nl mio"£o 2d,_

(5)

along every s tra ight stream-tube segment of every
closed flow contour in the vesse l and rec irculat ion
loops, linked the r e s u l t s to el iminate the pressures
at segment terminals and thereby replaced Equation 5
in every computational c e l l by three loop momentum
balances

N
to £o 0 G dzl

ml m| 1

dm

r < A VJ

j-1 54

and of the mixture energy balances

d<u p >

f iA(cihi

(10)

+ Lj [<q̂ > + A <(l-a)q'£>] ,

i-1 54 . (11)

Further details, specifically on constitutive re-
lations for vapor generation and heat transfer, are
found in Reference [6] .

i*JTP

. - 2
[ I + < - * — ) ? ] } , j - 1 , . . . . 3 ( 6 )

• i n 1J

for the vessel and a similar one for the recirculation
loop. The loop momentum In Equation 6 is defined by

Conduction in Fuel Elements. Following once again
the third modeling principle, we integrated the tran-
sient conduction equation for radial conduction of
heat, over the cross sections of fuel pellet, gas gap
and fuel cladding to obtain an ordinary differential
equation (8,9) for the rate of fuel temperature
change:

(pe).
(12)

S s , l

'"j I / < = ( * > d 2 > ( 7 )

and the mixture, vapor and liquid mass fluxes are re-
lated to the mixture volume flux in Equation 4 by, re-
spectively,

where NB1-h,.s/kcil is the cladding Blot nunber,
C- is a constant depending on geometry and F is
a function of thermal properties [3], Equation 12 is
integrated for every axial fuel element (twelve in
each channel) and then used to compute for each axial
element the radial temperature distributions. In the
fuel pellet the distribution is, with ; - r/Rj

" "s < f l

<Jn> -

where f j • C <a> , f2 - <a> <<V ,>> ( 9 )

R k
T n" T-

,6,

(13)

and In the cladding the distribution is, with n -

Notice that Equation 6 accounts fully for gravity ef-
fects, wall shear, momentum flux and form losses. It
predicts natural circulation but not the unimportant
propagation of acoustical waves. Equation 6 not only
replaces the expensive task of Integrating, for

In Equations 13 and 14

< T w "

(C + F )
S pr

(14)

(15)
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is the excess wail temperature above the coolant tern-1

perature Tm.

Equation 15 is implicit In Tw because the heat
transfer coefficient hc In the Blot number and the
material properties in Fpr depend on Tw. There-
fore, the calculation of the right-hand side of Equa-
tion 12 and of Equations 13 through 15 requires an i t -
erative procedure, involving the selection of the ap-
propriate heat transfer regime and the evaluation of
the corresponding heat transfer correlation. * Follow-
ing the fourth modeling principle, the excess wall
temperature is computed in advance by Newton-Raphson

• iteration, over the entire range of possible fuel tem-
peratures and flow conditions. The result is stored
in a multi-dimensional table, with known variables as
table entries. The evaluation of transcendental ex-
pressions is thereby reduced to a time-saving linear
Interpolation of a nonlinear table. A single table
accounts, without loss in accuracy, for a l l the mate-
rial properties and heat transfer correlations [Si,
regardless of their complexity.

Turbine Models. In order to predict the turbine
power and the steam exit enthalpy from inlet condi-
tions, turbine speed and exit pressure, one must com-
pute the isentropic enthalpy drop and the theraody-
namic turbine efficiency f8] . Following the third
modeling principle, we integrate Gibbs1 equation

Tds • dh - dp/p * , , *
m m m Vlb^

along an I sentrope, from the Inlet condition
{(h ) , , p . j to the exit pressure p and find

. T.(pJ . Pe v.

during the simulation, as called for by the third mod-
eling principle:

Ta(Pl>

T 2
(17)

Equation 17 is evaluated by closed-form integration,
with known polynomials for the saturation properties.
Following the fifth modeling principle, we tabulated
the tern in square brackets and the last term in Equa-
tion 17, each aa a two-place function. Thus, the
lsentroplc enthalpy drop in the turbine is computed
rigorously by evaluating linear expressions in
(hn)i, Pi and pe.

Adhering again to the fifth principle, the turbine
speed-dependent thermodynamic efficiency is evaluated
for a set of nine fixed coefficients of a particular
stage, specifying the theoretical degree of reaction,
the rotor entrance flow angle, the mean radius ratio,
the meridian velocity ratio, the losses in rotor and
stator, the reheat factor and the kinecic energy re-
coveries [8], and as a function of the ratio v -
Ut//2£hjs of rocor speed over maximum steam veloci-
ty. Here, a single linear interpolation produces
the result of two square root extractions, the evalua-
tion of a trigonometric function and over fifty addi-
tions, subtractions and multiplications.

Feedwater Preheatcrs. The feeduater temperature
rise in the combination of a main heat exchanger and a
drain cooler Is computed from analytical Integrations
of the energy balances for the fluids on the shell and
tube sides. The result is dynamically evaluated

<Tfw>« - <Tfw>, V e - <Tfw>J • FWH

where

FWH (l-e11)

(IS)

(19)
- 1

• " < A U> D [1/WSHS " 1 / Wf W]
/ Cp= ° " ( A U ) M / ( C p U f w K < 2 0 )

Effects of thermal storage and transport tines are
modeled as a first-order tiae lag. Individual heater
failures are also modeled.

Other Components. The five oodeling principles
listed above have been employed for the nuclear steao
supply system, the balance of plant components, the
control systems and the plant protection aystens.
While ordinary differential equations are used to pre-
dict angular speeds In pumps, turbines, electric no-
tors and generators, control functions and valve posi-
tions, all nonlinear characteristics for induction no-
tors, punps and valves are precomputed from first
principles or generally applicable empirical correla-
tions and tabulated for linear interpolation in the
plant analyzer [S].

Selection of Computing Methods and Conputer

The computing method and the special-purpose pro-
cessor have been chosen for the plane analyzer to
achieve the greatest possible simulation speed in a
minicomputer. The choice of suiCable algorithms for
the numerical simulation and of the corresponding pro-
cessor are, however, intimately related to the forn of
the mathematical node is. As explained above, physics
dictated the selection of the four-equation mixture
model for coolant dynamics. This four-equation model
was then cast In the fora of ordinary differential
equations (cf Eqs. 3, 6, 12 and particularly Eqs. 10
and 11). This form, and also the fourth and fifth
modeling principles established earlier, suggest
strongly simulation procedures and computer character-
istics, the selection of which Is discussed below.

First, we decided whether to Integrate expllcitly
or Implicitly, and then we selected a suitable digital
computer. A numerical integration procedure is called
explicit if the values of all state variables for a
future time level are computed explicitly in terns of
state variable values only from the past and present
time levels. Such a procedure requires no iteration
on state variables.* All other numerical integration
procedures are called implicit, lead to nonlinear dif-
ference equations and require Iterations for every
time step.

The rational choice between explicit or implicit
Integration is based upon estimates of these three
measures:

(I) the most predominantly encountered high-
frequency (fy) content of input data and
computed parameters,

(11) Che permissible Integra don step size <lT*nt
and

(Hi) the frame tir.e AT*rn needed by the conputer
to advance the simulation from one time level
to the next.

•Minor iterations nay be necessary to calculate sub-
sidiary variables (cf. Eq. 15).
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Frequency Content. Of all the processes driving
the system transients, the one with the highest natur-
al frequency fv must be accurately simulated and
therefore imposes an upper limit A T V " l/(5fv)*
on the integration step size AT£nt* This limit must
be imposed over and above applicable limits arising
from numerical stability or form truncation errors.

Neutron kinetics has the highest frequency, but it
is not a driving mechanism In a BWR power plant. In-
stead, prompt fission follows the relevant ••driving
mechanism of acoustics in the steam line. In a BVR-4
plant the pressure oscillations reach the frequency of
approximately fv - 10 Hz.

Permissible Integration Step Size. The highest
possible simulation speed is achieved with the largest
permissible integration step size

- Hln (21)

where AT4 is the Unit required to maintain accuracy
by controlling the truncation errors inherent in all
finite difference analogues for derivatives, ATS IS
the stability limit Imposed to avoid exponential
growth of round-off errors, and ATV is the limit im-
posed co simulate accurately the high frequency con-
tent of driving processes or of boundary conditions.
The first two limits characterize the integrating al-
gorithm and depend on i ts time-dependent eigenvalues.
The third limit characterizes the system to be simu-
lated. The f irst and last limits are related to each
other via the same high-order time derivatives of the
mathematical model.

For unconditionally stable integrating algorithms
AT, is obviously unbounded. Most implicit algo-
rithms have this desirable feature, while explicit in-
tegrations are conditionally stable with a bounded
AT3.

Frame Tine. AT f r a is the clock time tha t the
computer needs to execute al l computations for the ad-
vancement of the t. Lnulation from one time level at t
to the next level at T + AT£nC. The frame time for
lop l i c i t integration is always much larger than for
explicit integration because of time-consuming Itera-
tions.

If the model is formulated, the number of arithme-
tic operations Is established and the frame time can
be predicted from given processing speeds. Host com-
puter vendors specify maximum execution speeds (in
million floating point operations per seconds, for ex-
ample) but such specifications are useless because of
the uncertainty in the utilization of maximum process-
ing rates. Only Applied Dynamics International of Ann
Arbor, Michigan, specifies the time requirement for
each operation in sufficient detail for reliable frame
time estimates.

Computing Speed. Once the above three measures
have been estimated one can easily compute the simula-
tion speed as the multiple S of real-time process
speed:

ATint/ATfrm (22)

•The factor 5 applies here to a third-order Adams-
Bashford integration routine and may be greater for
lower-order algorithms.

It is clear that if A T V is small, explicit integra-
tion with its small Aifrn produces the larger ratio
S, while unconditionally stable, implicit algorithms
simulate quasi-steady transients faster.

Computing Method for Plant Analyzer. Computing
experience with TRAC and RELAP-5 codes lead to an es-
timate of the frame time Aff raj. An implicit inte-
gration of four field equations for approximately one
hundred computational cells would require a frame time
of £80 milliseconds on a large mainframe, general-pur-
pose computer (CDC-7600) or 160 to 700 milliseconds on
an array processor programmed in FORTRAN. An explicit
integration of the same problem requires approximately
30 milliseconds on a general-purpose computer and 6
milliseconds on available array processors designed
specifically for explicit integrations.

Since AT l n t in Equation 22 is limited, according
to Equation 21, to A T V • 50 milliseconds for both
explicit and implicit integrations, it is clear that
explicit integration produces the higher speed-up fac-
tor S in Equation 22. Therefore, explicit integration
was chosen for the plant analyzer.

Implicit integration is of interest only when
A T V and ATa in Equation 21 are much larger than
180 milliseconds. To achieve ten tines real-time sim-
ulation speed (S - 10) with implicit integration, one
would have to limit the range of simulated transients
to those whose frequency content is be low 0.1 Hz, and
one would have to use a large mainframe computer.

Computer Selection for Plant Analyzer. Implicit
integration involves matrix inversions which are best
accomplished in array processors with two or more cen-
tral processsing units, because the elementary row op-
erations of matrix inversion involve parallel eoluen
operations, similar to signal processing. Explicit
integration, on the other hand, is best accomplished
in a special-purpose peripheral processor which has
the inherent characteristics of an analog computer and
the integrating capacity and stability of a digital
minicomputer.

With the explicit integration method selected, a
nationwide search was launched for the most suitable
minicomputer to execute high-speed integration of
large systems of nonlinear explicit first-order ordin-
ary differential equations. The AD10 of Applied Dy-
namics International in Ann Arbor, Michigan emerged as
the most suitable minicomputer available in 1981. Two
AD10 units have been installed at 3NL and are opera-
tional since March 1982.

Major Characteristics of Plant Analyzer

A detailed description of the AD10 architecture is
beyond the scope of this paper but can be found else-
where (8,10). In brief, the AD10 is a special-purpose
peripheral array processor, designed for high-speed
simulation of large complex systems by integration of
nonlinear ordinary differential equations. The ADIQ
is programmed via a host computer, a PDP or VAX mini-
computer.

The AD10 contains six distinct, task-specific pro-
cessors which operate in parallel and are synchronized
at the computing cycle frequency of 10 MHz. The six
processors serve (i) to link the AD 10 with the host
computer, (ii) to time and control the other five pro-
cessors, (Hi) to execute logical decisions and binary
searches for table interpolation (iv) to execute addi-
tions, subtractions and nultip Iications in integer or

33



fractional arithmetic, (v) to carry out nunerical in-
tegrations, and (vl) to address memory. Two additions
and one mul ti plication can be carried out in one
cycle, resulting in thirty million fractional opera-
tions per second. Twenty million words can be trans-
ferred each second between memory and processors. In-
ternally generated digital data can be issued as digi-
tal data at the rate of 3 million words per second or
converted to analog signals in the range from -10 volt
to +10 volt. Input signals can be accepted at digital
(3 million words per second) or analog signals (± 10
volt) .

Capabilities. The two AD10 processors installed
at BNL can integrate as many as 1,950 state equations,
with any combination of seventeen built-in algorithms*
such as first through fourth orders Adams-Bashford or
Adaos-Moulton and second through fourth orders Runge-
Kutta procedures. The mix of algorithms can be al-
tered with a single keyboard command, on-line and
without reloading the program.

The two processors can generate as many as 13 non-
linear functions of one variable, plus 34 functions of
two variables, plus 12 functions of three variables in
as l i t t l e as 98 microseconds, regardless of the func-
tions complexity. This feature is utilised by Model-
ing Principles iv and v.

Up to 256 input and output analog channels can be
scanned for every computing frame. This makes the
outside world (instrumentation and controls in a power
plant) part of central core memory.

The BWR plant simulation presented here entails
320 integrations with A, 000 subroutine or nodule
cal ls t including the interpolation of over 200 nonltn-»
ear multldioensional tables, many as often as 54 times
during every computing frame. All of this is achieved
in the frame tine Atfrm * 5.4 as. The maximum inte-
gration step - size is ATjnt - 54 ns, producing a ten
times greater than real-time simulation speed (cf.
Eq. 22). Twenty-eight analog channels are scanned 200
times per second to introduce operator actions and
malfunctions any time before or during the simula-
tion. Sixteen output channels are currently updated
200 tines per second for graphic display and storage
of computed results. This capability is indispensible
for computer-aided emergency response.

Limitations. The AD10 processors installed at
BNL* employ 16-bit integer arithmetic in a l l but the
integrating processors (which have a 43-bit mantissa
In pseudo floating point representation). The 16-bit
integer arithmetic not only requires scaling of al l
variables, but also limits the dynamic range to two
decades if the relative error la kept below 1/2". Ail
variables are scaled to fall in the range [-1, +1].
The least significant bit is 2"1S - 3 x 10"5.

Scaling means additional analytical work during
program implementation. One is rewarded, however,
from this scaling work by gaining in-depth understand-
ing of the mathematical models and by obtaining a sol-
id basis for program validation.

'We have employed dynamic scaling for one parameter
only, to expand its dynamic range from two to five de-
cades. Assume that in the scaled equation

, 7 (23)

0 _<_ | c | _< 512, constant

| f | teaches the noise level for *x E [ a , b ] . Then

where *p(x) - 1 for "x e [-1 and <24)

*p(x) for "x e [a,b] ,

*A new floating-point processor TX is now available
with greater computing speed and capacity, at the
same coat.

has a dynamic range which is three decades larger than
that of Equation 23.

Programming Language• The AD 10 is not a general-
purpose computer, programmable in general-purpose
FORTRAN. The AD10*s own high-level systems simulation
language MPS-10 consists of subroutine or module calls
which reflect analog computer operations. The major
advantage of MPS-10 is that it contains a single rule
with which to utilize fully the parallel and pipelined
processing in the AD10. Module calls need only to be
packaged in groups, called Data Areas, until such
groups are filled up. Then all overhead operations
are minimised, pipe lines are fully utilized and the
maximum simulation speed is achieved, unless one cares
to program in assembly language. MPS-10 is relatively
easy to learn.

Graphic Display. Currently we transmit any set of
fifteen parameters and time to an expanded IBM Person-
al Computer (PC) for storage and subsequent display in
labelied diagrams on a four color CRT tnonitor. Any
two of the fifteen parameters can be selected for on-
line display during the simulation. A dot matrix
printer produces black and white hard copies of the
monitor image.

Any variable can be displayed also on a Type 4012
Tektronix storage oscilloscope with thermal printer.
The oscilloscope is the primary display device for
program development and interactive system analysis.

ACHIEVEMENTS OF HIGH-SPEED SIMULATION

Figure 1 shows schematically the BWR-4 plant con-
figuration simulated for this paper. Shown are the
reactor, the balance-of-plant components and the con-
trol system, i.e., the pressure regulator (P), the
feedwater regulator (FW) and the recirculation flow
controller (FW). The arrangement of computational
cells in the vessel la shown in Figure 2.

The simulation encompasses neutron kinetics, ther-
mal conduction In fuel structures, nonhotnogeneous,
nonequilibriun coolant dynamics with level tracking,
boron transport, the dynamics of steam line flow, tur-
bines, condensers, feedwater preheaters, turbine-
driven £eedwater pumps, pump speed-controlled reclrcu-
lation flows, suppression pool, plant protection sys-
tems and the control system described above [S|.
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Figure 2 Vessel Flow Schematic and Arrangement of
Computational Cells in Pressure Vessel

Thirty-seven different transients have been simu-
lated as part of the developmental assessment for the
plant analyzer, Including sixteen multlpLe failure
events. Geometric parameters, operating conditions
and control parameters (delay times, amplifier gains
etc.) were entered through keyboard commands. Fail-
ures were entered from a control panel shown In Figure
3.

Figure 3 Control Panel

Simulation Speed

All transients can be simulated at speeds up to
ten times faster than real process speed. It is easy
to simulate as many as ten different transients in
less than two hours and display the results on the IBM
PC.

This simulation capability results from the plant
analyzer's outstanding convenience for changing input
data, from its ability to respond Instantly to Input
changes, from its high simulation speed and from its
graphic display capability which still can be further
improved.

Simulation Accuracy

Good simulation accuracy can be achieved only with
complete and exact plant-specific input data for geo-
metric parameters, set point data for the plant pro-
tection system, control parameters and characteristics
for pumps, valves, etc. A preliminary assessment of
the plant analyzer has been performed with most Input
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data as available for Che Peach Bottom II BtfR power
plant. Unspecified data have been inferred from nor-
mal steady-state operating conditions and from data
published in the Final Safety Analysis Report for
Peach Bottom II.

Plant analyzer results have been compared [31 with
results from CDC-7600 calculations using the same
original equationsf from the Final Safety Analysis Re-
port, from GE calculations for ten different Antici-
pated Transients Without Scram in a generic BWR-4
plant, with results from TRAC-BDI, RELAP-5 and RAMONA-
3B. The comparisons show relatively good agreement
even though the transients were simulated with slight-
ly different input data. Figures 4 through 10 shov
typical results of the comparisons between plant ana-
lyzer results and results from major systems codes.
Figure 4 shows two pressure curves from TRAC-BD1 be-
cause the authors (11) observed an error in TRAC-BDl's
kinetics calculations. Other differences are ex-
plained in more detail in reference [3].
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Figure 6 Comparison of Vessel Pressure Predictions
from Plant Analyzer and RAMONA-33 Code
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CONCLUSIONS

BNL Plant Analyzer /

It has been demonstrated that a combination of ad-
vanced nodeling techniques and modern special-purpose
array processor technology can yield a nuclear power
plant simulation capability which is superior to that
obtained on large mainframe computers, with standard
FORTRAN systems codes.

Realistic and accurate slnulations can be achieved
with the plant analyzer at much faster than real-time
simulation speeds, at low cost and with unsurpassed
user convenience, for both normal and severe abnormal
events.

The plant analyzer can accommodate hardware (con-
trols and instruments) on-line into its corcputaclonal
loop and nake the outside world part of its central
core memory.

Computer-Aided Emergency Response

The new technology presented here produces the
necessary simulation speed for plant monitoring, for
failure diagnosis and for on-line predictions of the
plant response to operator actions which might be con-
templated for the mitigation of the consequences from
reactor accidents.

A dedicated facility at the ̂j.ant site, programmed
for, and synchronized with, the specific power plant
is required, in principle, for timely and effective
emergency response. New research Is required to ac-
complish the synchronization.

NOMENCLATURE

A
Amln

cross-sectional area
Min{A+,A-}
specific heat
heated perimeter
Zuber-Findley distribution parameter
geometric parameter
hydraulic diameter
substantial derivative for phase k, k»g,Z
Eq. 19
Eq. 9
single-phase friction factor
property parameter
component of gravity in z-direction
nass flow race
enthalpy
convective heat transfer coefficient
volumetric flux
thermal conductivity
length
Eq. 20
vapor mass
Eq. 7
Eq. 20
number of segments in j-th flow contour
pressure
linear heating rate

vail heat flux

gamma heat absorption rate
radius
fuel pellet radius
mean cladding radius
outer cladding radius
cladding thickness
mixture entropy
temperature
Internal energy
overall heat transfer coefficient
rotor entrance speed
specific volume
void fraction-weighted, area-averaged
drift velocity
vessel volume, V,+V2

volume of pure liquid in vessel

Vl
axial velocity component
mass flow rate
axial coordinate

void fraction
vapor generation rate per unit of volume
form loss coefficient

«£„/•-. US
7

densi ty
time
two-phase nultiplier for wall shear
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Subscripts

c
e*

D
ef
ft
fw
g
i
ij
In]
la

J
JTP
I
m
s
it
SHS
V
m

SDeclal

condenser
cladding

exit
saturated liquid

fuel
feedwater
saturated vapor
inlet
loop and segment indices
injection
isentropic
loop index
jet pump
saturated liquid
two-phase mixture
saturated
steam line
shell side of heat exchanger
vapor
coolant (subcooled, saturated or
superheated)

Symbols

ave rage
tine derivative
derivative with respect to pressure, along
saturation line
up and downstream of expansion or
contraction
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