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ABSTRACT

This paper describes the development of an expert system for designing the
fusion first wall to be operated in complex reactor environments such as huge
electromagnetic and thermal loadings as well as heavy neutron irradiation.

The object-oriented knowledge representation technique is adopted to store
knowledge modules related to the first wall design, while the data-flow
processing technique is utilized as an inference mechanism. In addition, experts’
empirical knowledge is included in the system to improve the convergence
feature of the iterative design process.

The present system is applied to the design of a two-dimensional model of a first
wall with a cooling channel, and its fundamental performance is demonstrated.

INTRODUCTION

The first wall structures of magnetic confinement fusion reactors such as
tokamaks will be operated in complex reactor environments such as huge
electromagnetic and thermal loadings as well as heavy neutron irradiation
(Gasini, 1988). In the conventional design procedure, a number of calculations
and evaluations are carried out repeatedly to obtain the optimal first wall design,
in which all the failure modes such as melting, yielding and fracturing would be
prevented during the design life. Since experts' knowledge in various
engineering fields plays an important role in such a design process, it is very
difficult to automate the design process.

In this study, an expert system for the fusion first wall design is developed to
overcome the above mentioned problem of the conventional desi gn methodology.
Here, artificial intelligence techniques including the object-oriented knowledge
representation (Smith, 1983) and the data-flow processing (Dennis, 1974) are
utilized to kindly connect elemental calculation or evaluation processes appeared
in the first wall design to each other. In addition, empirical knowledge on
design modification is included in the system as a part of objects in order to
improve the convergence feature of the design process

To demonstrate the fundamental performance, the system is applied to the design
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of a two-dimensional first wall with a cooling channel, which is subjected to a
membrance tensile stress caused by both an electromagnetic loading and other
mechanical loadings and a thermal loading.

OUTLINE OF THE SYSTEM

The object-oriented knowledge representation technique is adopted to store
knowledge modules related to the first wall design. The data-flow processing
technique is also utilized as an inference mechanism. To improve the
convergence feature of the iterative design process, that is, the generation and
test approach (Mittal, et al., 1986), empirical knowledge on design modification
is stored in the system. Each technique is described in detail below.

Object-Oriented Knowledge Representation
The system involves various types of object modules related to knowledge on the

first wall design, such as heat conduction analysis, elastic stress analysis with
thermal effects, finite element mesh generation, evaluations of failure criteria
such as melting and yielding, material properties, and so on.

Figure 1 shows the schematic view of stress analysis object, "stress FEM". In
principle, each object consists of input / output slots and a function-call slot. As
soon as all the input data are prepared on the input slots, the function-call slot
sends a ready-command to the outer processer such as the finite element analysis
code or the database of material properties. After the calculation or the
evaluation are completed, the output data are prepared on the output slots. In
other words, each object corresponds to an expert of each elemental design
process. In the present system, a number of objects are stored as shown in Fig.
2.

Data-Flow Processing

As an inference mechanism controlling the data stream among objects, the
data-flow processing technique is utilized. Figure 3 shows its schematic view. In
the figure, as soon as a two- dimensional finite element mesh data
"mesh.dat(2D)" is prepared on the output slot of the object "2D_mesh", the data
are immediately sent to any objects including "mesh.dat(2D)" on the input slot,
such as "stress_ FEM" and "3D_mesh". The three-dimensional finite element
mesh data "mesh.dat(3D)" is created in the object "3D_mesh". As soon as
"mesh.dat(3D)" is prepared on the output slot, it is sent to the input slot of the
object "heat_ifile". In such data stream, the data name "mesh.dat" plays a role in
designating that the data is related to the finite element mesh, while the tags (2D)
or (3D) denote the data attribute.

Owing to these techniques, all the objects are kept to be independent of each
other, and the system succeeds in maintaining high flexibility and extensibility.
These characteristics of the system are suitable for the first wall design in which
the knowledge on design is renewed day by day in accordance with the progress
of the fusion reactor technology and research. Moreover, the present system is
highly compatible to the distributed computer network system composed of
main-flame computers, 32-bit engineering workstations and 16-bit
micro-computers.
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Empirical Knowledge on Design Modification

In an usual design procedure, the parameters are somehow modified in the
permissible design space when the former design doesnot satisfy the failure
criteria, and the "generate and test" process is iterated until the optimal design is
attained. Such a technique usually takes much time when the number of the
design parameters increases and the design space is spread. In reality, experts'
knowledge on the design modification plays an important role in improving the
efficiency of the iterative design process. Thus, the present system employs some
experts' knowledge on design modification as shown in Fig. 4, which is
expressed in terms of "IF - THEN" rule. In the figure, RULE 1 says that, if the
maximum temperature exceeds the melting point, the wall is thinned and the
cooling channel is enlarged a little in order to increase the cooling capability.
RULE 2 says that, if the maximum equivalent stress value exceeds the yielding
one and the tensile stress component is dominant, the wall is thickened a little to
decrease the effect of the tensile load. However, RULE 3 says that, if the
maximum equivalent stress value exceeds the yielding one and the compressive
stress component is dominant, the cooling capability is increased a little. Thus,
these rules instruct how to modify the design, considering the reason why the
former design fails. The effectiveness of such empirical rules will be examined
in the next section.

Hardwares and_ Softwares

To perform a large amount of the symbolic inference processing and the
numerical calculation on a single CPU, a 32-bit engineering workstation (NEC
EWS4800, MC68020 [16MHz] & MC68881) is employed. The main portion of
the system such as objects and the inference engine is written by UTILISP, and
the outer processers are written by either FORTRAN or C, respectively.

EXAMPLE AND DISCUSSIONS

Description of the Problem

To demonstrate the fundamental performance, the system is applied to the design
of a two-dimensional first wall with a circular cooling channel as shown in Fig.
5. The wall is subjected to a membrance tensile load, F on its edge, which might
be caused by an electromagnetic loading and the pressure from the branket, and
to a heat loading, q on the plasma-side surface. The material properties used are
tabulated in Table 1. In this example, the following two failure criteria are
employed :

(1) Temperature criteria : T > T,

(2) Stress criteria D 0> 0y
where Ty, is the melting temperature, o ys the yield stress, and o the

equivalent stress, respectively. For the purpose of simplicity, no safety margins
are considered here.

Using the present system, the two design parameters of the wall thickness (W)

and the diameter of the cooling channel (r) are automatically designed to prevent
the above failure modes under the given condition.
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Results

Figure 6 shows the convergence features of the shape parameters, (W) and (),
starting from four different initial values. The figure clearly demonstrates that
the convergence feature is very complicated in coupled problems such as the first
wall design. In this example, when the initial value of (W) is too large, (W)
decreases and (r) increases monotonously in order to increase the cooling
capability. When the initial value of (W) is medium and that of (1) is too small,
(r) increases almost monotonously in order to increase the coolant capability.
When the initial value of (W) is too small, only (W) increases to decrease the
tensile effect and then (r) increases in order to increase the coolant capability.
Finally, the optimal design parameters that satisfy the two failure cirteria come
in a narrow region of about (0.009 m < W < 0.0095 m) x (0.003 m < r < 0.0034
m). It should be noted that the optimal design space varies depending on the
given conditions such as boundary conditons. In the first wall design, the
optimal design space is considered to be so small that the utilization of empirical
knowledge on design modification is inevitable to improve the convergence
feature of the design process.

CONCLUSIONS

An approach of the fusion first wall design based on the artificial intelligence
techniques is presented in this study.

Due to both the object-oriented knowledge representation and the data-flow
processing techniques, the system succeeds in maintaining the high flexibility and
extensibility of function. Also the empirical knowledge is successfully utilized to
achieve the convergence of the first wall design.

In the future work, the following issues will be studied : (1) the consideration of
fracture and irradiation phenomena, (2) the development of the user-interface
which advices to the user how to access to the system, (3) the development of the
advanced finite element modeler which can produce a realistic model by
controlling fewer shape parameters, (4) the partial employment of theoretical
knowledge on design modification such as an inverse-problem approach or the
synthesis approach, and (5) the utilization of the distributed computer network
system.
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(F Maximum Temperature T Table 1 Material properties of 304
> Melting Point Tm stainless steel
Then Ww - AW(T/Tm) (included in “mat_dbase" object)
r—==r1+Ar(T/Tm)
Bule 2
IF Maximum G > Yield Stress o, Valus Unit
and Tensile Stress is dominant Thermal
Then w W+ Aw(G / oy) Conductivity 16.338 J/ (m-secK)
H
Rules Capacity 512.4 J/ (KgK)
IF Maximum 5 > Yield Stress gy Mass Density 7.97x 102 Kg/m?
and Compressive Stress is dominant
_ Young's 5
Then W-—W - Aw(G / oy) Modulus 1.87 x 10 MPa
N r=>r1+Ar(c/o) Poisson's
Ratio 0.275
. . . . Li n
Aw, Ar (> 0) : unit steps for design modification c'c"‘:f:i'c i'zfa"smﬂ 17.22x 108 1/K
Yield
- - 150.53 MPa
Fig. 4 Examples of empirical St’efs
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Fig. 5 Two-dimensional model of

the first wall
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Heat Fluxq : 0.1MW/m 2

Fig. 6

Convergence feature of
design parameters



