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ABSTRACT 

There is a research project funded by the United States Department of Energy (DOE), as a part of the Nuclear 
Energy Research Initiative (NERI) Program, to investigate possible ways to reduce the high capital costs incurred in the 
design, procurement, construction, installation, and testing cycle of future nuclear power plants in the United States. As one 
of the ways to accomplish this objective, Sandia National Laboratories (SNL) is leading a research effort to investigate the 
feasibility of developing an automated design-to-analysis process to enhance the efficiency of design/analysis cycle. This 
process is conceptually planned to facilitate an efficient interaction between designers and analysts by linking the plant 
design database to a tool suite that performs finite element mesh generation and model simulation. SNL is responsible for 
developing this process, with support from the staff at Westinghouse Electric Company (WEC) and Duke Engineering & 
Services (DE&S) to provide a design database of components/systems. A pressurizer, which is a component in the reactor 
coolant system of the System 80+ pressurized water reactor design, with its connecting piping system and building structures, 
was selected as a demonstration example for developing this process. This paper provides an overview of the progress status 
of the joint effort and discusses some of the technical issues in developing this process. 

INTRODUCTION 

With the advancement in computer hardware and software technology, there are ongoing revolutionary changes in 
the practices of designing structures and performing analyses to evaluate these designs. An array of computer software has 
been developed for the model-based design (MBD) process to handle huge volumes of design data. Significant 
improvements in the analytical solver programs have also been made to evaluate performance of structures with sophisticated 
analyses. Generally, designers and analysts in commercial nuclear industry do not interact in a collaborative manner. This 
practice is based on the fact that the process of generating analysis models and performing calculations usually requires an 
elaborate effort, leading to producing analysis results on the performance of the plant/system long after the completion of the 
design cycle. Therefore, designers usually tend to use very conservative, hence expensive approaches because analysis 
results based on advanced technology have not been readily available to identify the range of uncertainties to support design 
optimization. In addition, structures, systems and components have been generally designed and analyzed independent of 
their connecting items in the currently operating nuclear plants in the United States. In order to ensure the adequacy of these 
designs, conservative conditions were assumed and applied to represent the effects of the connecting structural elements. 
These conditions can lead to increased costs to implement the resulting design during construction. The tendency towards 
overly conservative design can be alleviated by developing a process, generically termed "design-to-analysis" process, which 
facilitates an efficient interaction between designers and analysts and creates a collaborative environment for the team to 
work together throughout the design/analysis cycle. This process will allow analysts to provide timely and informative 
feedback in an iterative manner to improve designs, instead of just providing information to confirm the completed designs. 
This process can be effectively employed to optimize the integrated design of future plants where the design process 
approaches 100 percent complete prior to procurement and construction activities. 

The design-to-analysis process is a part of the MBD process, which incorporates all information for the total life 
management of a nuclear power plant, from conceptual design to decommissioning, in a single electronic database. The 
MBD process provides an integrated information management system to promote effective communication among all project 
team members to minimize rework caused by using incoherent information from different databases and to reduce time loss 
due to schedule conflicts. Therefore, the MBD process can potentially lead to a substantial cost reduction in the overall plant 
management in short and long terms. The design-to-analysis process will contribute significantly in this regard by facilitating 
design optimization while satisfying all safety regulations. 

1 This work is sponsored by the United States Department of Energy. Sandia is a multiprogram laboratory operated by 
Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under Contract Number DE- 
A C04-94AL85000. 



The design-to-analysis process has been developed and applied in a few industries such as automobile, aircraft, and 
tire companies. However, for the commercial nuclear industry, which deals with large civil structures containing many 
mechanical components and piping systems, there are only limited efforts to explore the feasibility of developing and using 
this process in the design/analysis cycle. In the NERI Project on "Development of Advanced Technologies to Reduce 
Design, Fabrication and Construction Costs for Future Nuclear Power Plants" [1], SNL is leading a research task to 
investigate the feasibility of developing this process to be used to enhance the efficiency of the design/analysis cycle as one 
of the potential methods to achieve cost reduction in the overall plant management. A research team consisting of model 
mesh generators and analysts at SNL and plant designers and operators at WEC and DE&S has been working jointly to 
develop this process. The research team selected a pressurizer, which is a component in the reactor coolant system of the 
System 80+ pressurized water reactor design, with its connecting piping system and building structures, as a demonstration 
example for this development task. This paper provides an up-to-date progress report on the development effort. 

Currently, there is an extensive DOE funded Accelerated Strategic Computing Initiative (ASCI) Program at SNL. 
One of the major tasks in this Program is to develop an automated design-to-analysis process for military applications [2]. 
The expertise and technology base for this process developed in the ASCI Program have been leveraged and applied by the 
NERI development team to structures and components in nuclear power plants. 

INTEGRATED STEPS IN DESIGN-TO-ANALYSIS PROCESS 

The design-to-analysis process, which aims at delivering timely information based on analysis results to improve 
plant/system designs, usually involves four steps: 

1. Creating a 3D design solid model to represent/define the design geometry, 
2. Translating the design solid model representation to a format compatible with a finite element meshing tool, 
3. Meshing the design solid model to generate a finite element model, and 
4. Performing analytical simulations with the finite element model. 

The four steps are represented schematically in Figure 1. It should be noted that the second step of performing solid model 
translation is not always necessary because some software packages integrate solid modeling and meshing capabilities. In 
most cases, these packages offer a distinct advantage in bypassing the finicky translation step in which important information 
may be lost thus requiring laborious corrections to the translated data. 

A collaborative team effort between designers and analysts is required for executing successfully the design-to- 
analysis process because design details and features introduced in any step of the process will have a direct impact on the 
level of performance in the subsequent step. This process can function effectively to optimize design of a plant/system only 
when relevant information on performance specifications is shared to allow analysts to provide timely and useful feedback to 
designers. 

, 

Creating 3D Design Solid Models 
The design definitions of selected components and subsystems are created in 3D design solid models at SNL with 

either the Pro/ENGINEER or SolidWorks computer-aided drafting (CAD) package. Typically, these solid models, which are 
created with procurement and manufacture as the primary applications of the CAD model, contain all detailed features 
necessary to define components, subsystems and/or assemblies. Special attention must be geared to include critical 
requirements unique to the analysis in these design solid models, such as the integrity of model geometry, to allow for 
downstream applications of mesh generation and analytical simulation. 

Since the meshing process is very much dependent on the quality of modeling techniques in creating the design solid 
models, a set of best practices or preferred techniques for the design-to-analysis process should be followed in order to 
achieve the highest quality possible. A recommended set of best practices is discussed in a later section. Because of the 
numerous downstream applications that must be considered when creating a design solid model, it is inevitable that there will 
be conflicting priorities to resolve. For example, a design solid model may include interference between volumes to indicate 
a press-fit, which is acceptable for manufacture purposes, but not for analyses. Based on this premise, the following 
fundamental steps are assumed: 1) the design solid models will not be created for analysis only but their contents will focus 
on the finite element analysis (FEA) aspect, and 2) the analytical solid models (ASM) will be derived from the design solid 
model. 

The first step to creating an ASM is to review the quality of the original design geometry, and then perform 
necessary fixes (using best practices) to obtain a "clean" or meshable geometry. This sanity check process should be done 
with the native CAD package for efficiency. An overall review of the design solid models should be performed to eliminate 
any detailed features, such as a small fillet, a tiny hole, and threads, which have no significant bearing on the analysis 
objectives. A less complex geometry may be chosen, and/or small parts are consolidated to a single feature, depending on the 
analysis intentions. In any case, if an ASM is selected with a simplified geometry, it will have the same mass properties as 
the original design solid model. Geometry simplification is often done to optimize the analysis process by 1) facilitating the 
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meshing process and 2) reducing the size of the ASM to a manageable level to produce accurate analysis results within 
practical limits of computer time. It is important to maintain the linkage between the design solid models and their associated 
ASM to retain configuration management of the plant. Some CAD packages provide the capability to reduce the level of 
design details, such as fillets, prior to mesh generation while retaining the detailed features for manufacture purposes. This is 
particularly important when analyzing large and complex models as in the case of a nuclear power plant. 

When the desired level of geometry simplification is achieved, it is recommended that a final quality check be 
performed to help minimize exporting bad ("dirty") geometry entities to the meshing software, such as CUBIT [3] in SNL 
applications. These bad geometric entities should be corrected in the native CAD software (by direct method or recreating 
the geometry). Otherwise, the following two approaches may be taken: 1) export all entities except the identified bad 
geometry and recreate the missing geometry in CUBIT, or 2) export all entities and attempt to reconcile the bad geometry in 
CUBIT. However, the user is advised against creating geometry in CUBIT and should use the CAD software whenever 
possible to create and manipulate geometry to ensure configuration management of the plant. 

The ASM is then exported from the CAD software via a translator into an appropriate file format for the geometry 
kernel in CUBIT. The translation is a necessary step because the CAD and meshing packages usually use different ways to 
define geometry. It is always beneficial to use compatible CAD, mesh generation and analysis software packages in order to 
maintain the high quality of the model. 

Generating Analysis Model Mesh 
After importing the translated file into CUBIT, the utilities in CUBIT are used to verify the quality of the geometry, 

and to assist the process of fixing invalid geometry that has been identified. The approach to the mesh generation and the 
selection of finite element types are dependent on the analysis objectives and the analysis solver codes. It is advisable to 
have a clear understanding of the mesh requirements, such as element size, mesh density and element type when creating the 
design solid model. The mesh of finite element models may consist of shell or solid (tetrahedral or hexahedral) elements, or 
may include a hybrid of them. The element type can be linear, quadratic or even higher order polynomial. Of the three 
element types, a finite element model of shell elements is probably the easiest to generate. In contrast, generating an analysis 
mesh of solid elements in CUBIT can be more challenging, with hexahedral elements being more difficult to generate for a 
complex system model. 

In the updated version of CUBIT, meshing with shell and tetrahedral elements is mostly automated, but the 
hexahedral algorithms still require user intervention in most cases in order to generate a quality mesh of a complex model. A 
quality hexahedral mesh requires decomposition of the geometry to logical hexahedral volumes, which are then meshed by 
sweeping the elements along a given trajectory vector. 

The process of geometry decomposition becomes more involved with the complexity of large FEA models that 
require a contiguous mesh throughout the model. It is important to exercise careful planning to balance the mesh quality, 
density and contiguity issues when creating the design solid model. For example, if a mesh is propagated from small to large 
entities, the mesh density can quickly increase in order to maintain contiguity as it transitions to larger sections. If 
propagating the mesh from the larger cross-section and maintaining contiguity, the mesh quality is likely to degrade as it 
transitions to smaller sections. The level of decomposition depends on the model geometry and the mesh requirements 
coupled with the performance of software and hardware packages. In addition, the degree of decomposition should be 
weighted with model management issues. It is recommended to perform decomposition within practical limits of computer 
time in order to maintain the file sizes at a manageable level to facilitate meshing operations. 

Once a quality mesh is completed, the next step is to assign sidesets and/or nodesets to the model. In CUBIT, 
sidesets are a mechanism by which constraints may be applied to the model. They usually represent a grouping of element 
sides with which a constraint must be associated in order to address satisfactorily the physics of the problem. The nodesets 
are typically used to specify load or boundary conditions on portions of the CUBIT model or to identify a group of nodes for 
a special output request in the FEA solver code. The entire finite element model data is then exported and incorporated into 
the appropriate input file for the various solvers. 

Performing Finite Element Analyses 
When a FEA model, whose mesh has been generated from the design-to-analysis process, is completed with 

properly prescribed boundary conditions and loading configurations, it is ready to undergo either structural dynamic or 
thermal analysis with a selected solver code. It is important to point out that the analysis results should be assembled in a 
comprehensive format and at critical locations on the structure to provide useful information to designers to evaluate the 
performance of the structure. 

One of the important applications of the design-to-analysis process is to generate automatically complex meshes of 
FEA models to perform highly sophisticated simulations, such as coupled or integrated analyses. Examples of coupled 
analyses in nuclear power plant applications may consist of models of neighboring structures and structures/components 
connected by piping systems. In most cases, a FEA model usually involves a homogeneous set of one element type, but the 
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coupled model may use shell and/or solid elements to represent structures/components and beam elements for piping 
systems. These coupled analyses with mixed elements have been identified as effective means to optimize designs by 
reducing the range of uncertainties (caused by performing separate analyses with a hierarchy of models) and hence an 
increased margin of conservatism. However, the current technology has not been able to resolve the technical difficulties 
relating to the connectivity issues at joints with mixed elements. There are proposed plans to develop this capability in the 
near future as part of the ongoing programs. 

Collaborative Environment for Designers and Analysts 
The design-to-analysis process provides a systematic tool and a collaborative environment for designers and analysts 

to work together on different connected structures, systems and components to identify uncertainties and hence to reduce 
conservatism that adds to the plant cost. To start the process, analysts need to inform designers of the special features for the 
FEA models, which should be included in the design solid model. A single design solid model is preferred for different 
downstream applications including analysis, but because the current computer technology has not achieved this level of 
robustness, multiple models are still needed to address different applications. It is therefore recommended that special issues 
unique to the analysis, such as joint connectivity and geometry simplification, should be addressed in the native CAD 
software package and integrated into a data management system to track the pedigree of different models. Designers and 
analysts should share information on the appropriate analytical procedures for evaluating the performance of 
structures/components, including selection of element types and prescribed boundary conditions and load configurations in 
the FEA models. More importantly, this team interaction will allow analysts to assemble analysis results in a format most 
comprehensive and informative to designers. 

Since the design-to-analysis process is constructed to perform efficiently design optimization, it can also be used to 
streamline the management of design changes. In order to avoid unnecessary rework and to enhance the robustness of the 
design-to-analysis process, it is crucial for designers and analysts to anticipate probable design variations that are not 
included in the initial design geometry and incorporate features to accommodate them in the initial design solid model. 
These variations, which can be suppressed if not used in the FEA model, will provide an effective way to manipulate changes 
in the design solid model. 

DETAILED PRESSURIZER MODEL DEVELOPMENT 

The project team for developing the design-to-analysis process includes plant designers and CAD modelers from WEC, plant 
operators from DE&S, and mesh generators and analysts from SNL. The team selected a pressurizer, which is a component 
in the reactor coolant system of the System 80+ pressurized water 'reactor design, with its connecting piping system and 
building structures, as an example to demonstrate the feasibility of the process development. The development effort 
includes the following subtasks: 

1) Creating 3D design solid models of individual parts of the pressurizer using Pro/Engineer, 
2) Translating these design solid models to a compatible format for generating meshes with CUBIT, 
3) Simplifying design geometry and generating a mesh of the pressurizer with CUBIT, 
4) Repeat these three steps for connecting piping systems and surrounding building structures, 
5) Develop a composite mesh consisting of the pressurizer, connecting piping systems and building structures, and 
6) Performing analytical simulations of this composite mesh with selected FEA solvers. 

The project will document the technical issues encountered and the lessons learned in each step of the process development 
and recommend a set of best practices for executing the process. The technical merits of the process will be demonstrated 
through generating analysis meshes of complex structural systems from 3D design solid models to facilitate design/analysis 
interactions aimed at design optimization, with an expected result of substantial cost savings. 

Creating 3D Design Solid Model of Pressurizer 
A series of 3D design solid models of individual parts of the pressurizer, as well as the pressurizer assembly, were 

created at WEC, based on an existing design for the System 80+ pressurized water reactor. Since these design solid models 
were prepared for defining interfaces with surrounding structures and components, they contained geometry details of every 
external part, including all bolts and nuts. The first task for the mesh-generating group at SNL was to assemble all individual 
parts together by defining the connectivity at every joint and interface. The analysis mesh is particularly sensitive to the 
connectivity issues and it does not tolerate any gap or interference in geometry definitions. An example of the connectivity 
issues at interfaces is shown in Figure 2 for an array of cylindrical structures and rings adjacent to the pressurizer base. There 
were gaps and interferences due to press-fit with these structural parts, which needed to be reconciled in CUBIT before 
generating meshes. 

The second step involves conducting a critical review of the geometry details of the design solid models and 
simplifying them to eliminate all assembly details that are not essential to the FEA model. An example of geometry 
simplification procedure was performed with the details of nozzles on the pressurizer head. Details of individual parts of the 



nozzles, which were included in design solid models, were simplified and consolidated by representing each nozzle with a 
continuum set of elements in the FEA mesh. Figure 3 shows a "simplified" design solid model representation of the 
pressurizer head. The geometry simplification procedure was applied to all parts of the pressurizer. A 3D design solid model 
of the pressurizer with simplified geometry desirable for mesh generation is shown in Figure 4. 

During this process, the team learned that a clearer understanding of the needs of the mesh generation requirements 
in the beginning of the modeling process would have resulted in changes in the development of the design solid models to 
simplify the process of mesh generation. 

Generation of FEA Mesh of Pressurizer 
The design solid model with simplified geometry was first decomposed before generating FEA meshes. The 

pressurizer was modeled with shell elements in the mesh because of its vessel shape. The local details of FEA meshes for the 
head and base of the pressurizer are depicted in Figures 5 and 6, respectively. Figure 7 shows a mesh representation with 
shell elements of the entire pressurizer. Sometimes there might be a need to perform detailed stress analyses of the 
pressurizer at certain critical location, such as the four keys, adjacent to the pressurizer head, connecting it to the surrounding 
buildings. A mesh model of the pressurizer with hexahedral elements was thus developed to provide this option to analysts. 

Generation of FEA Mesh of Subsystem with Pressurizer and Connecting Piping 
The fiAal step of the development effort is to generate a FEA mesh that connects the pressurizer to a piping system 

and surrounding building structures in order to allow performing coupled or integrated analyses of the subsystem. A set of 
pressurizer piping drawings with pipe dimensions typical of the System 80+ pressurized water reactor design was gathered by 
the staff at DE&S and was used in this process development for demonstration purposes. The piping system was modeled 
with beam elements in the FEA mesh. Two different views of the subsystem with pressurizer and piping system are shown in 
Figures 8 and 9. 

It is technically appropriate to perform coupled analyses of the subsystem using shell elements to represent the 
pressurizer and beam elements for the piping system in the FEA mesh. However, the current version of CUBIT has 
difficulties in dealing with connectivity issues at joints with mixed elements, such as shell and beam elements. Future 
research efforts have been proposed to develop logarithms to resolve these issues to allow coupling of the interfacing piping 
and structures to the pressurizer. 

SUMMARY 

There is a research effort, as a part of a DOE NERI project to reduce the overall construction costs of a future 
nuclear power plant, to investigate the feasibility of developing an automated design-to-analysis process to enhance the 
efficiency of design/analysis cycle and remove excessive conservatism in order to reduce the capitol cost of future plants. 
SNL is leading this development task, with support from staff at WEC and DE&S. The task objective is to develop the 
design-to-analysis process as a systematic tool to facilitate the timely availability of useful information on plant/system 
performance based on analysis results to optimize structural designs and to streamline the management of design changes. 
This process will allow analysts to play an active role in the design cycle by identifying the range of uncertainties and hence 
the margin of conservatism' s. 

The 3D design solid models contained in the plant design database, which are created for other project functions, 
such as procurement and construction, should also be used to generate FEA meshes to make sure that they contain the 
coherent design information. However, it is important for designers and analysts to communicate on the analysis objectives 
and interact on the design details so that characteristic features unique to analysis efforts are implemented in the design solid 
models to minimize downstream efforts to resolve incompatible geometry in FEA meshes. 

The research team selected a pressurizer, which is a component of the reactor coolant system in the System 80+ 
pressurized water reactor design, with its connecting piping and structures as a demonstrationexample for developing the 
design-to-analysis process. Through sequential steps of creating design solid models, translating them to a compatible 
format, simplifying geometry, and decomposing, a FEA mesh of the pressurizer was successfully generated. The next effort 
of the development task is to generate a composite mesh of the subsystem by connecting a piping system to the pressurizer 
and to perform coupled analyses of the subsystem. However, if mixed elements are selected in the subsystem when using 
shell elements to represent the pressurizer and beam elements for the piping system, there are currently technical difficulties 
in handling connectivity issues at joints with these mixed elements. Future research plans have been proposed to develop 
algorithms to resolve these problems. 
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Figure 1. Schematic of the four steps in design-to-analysis process 
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Figure 2. An example of local details in 3D design solid models adjacent to the pressurizer base 

Figure 3. A "simplified" design solid model representation of the pressurizer head 



Figure 4. A 3D design solid model of the pressurizer with simplified geometry 

Figure 5. A FEA mesh of the pressurizer head 
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Figure 60 A FEA mesh of the pressurizer base 
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Figure 7. A FEA mesh with shell elements of the pressurizer 
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Figure 8. An isometric view of the subsystem with 
pressurizer and piping system 

Figure 9. A front view of the subsystem with 
pressurizer and piping system 
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