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ABSTRACT 
 

The fuel assembly bow has been widely observed in virtually all commercial Pressurized Water Reactors 
(PWR). The extreme level of fuel assembly bow can bring the Incomplete Rod Insertion (IRI), adverse effects on the 
nuclear design, or handling difficulties that affect the nuclear plant performance. The SAVAN code analyzes the 
fuel assembly growth and bow using fuel assembly design characteristics and in-core conditions. KEPCO NF, 
Westinghouse and ENUSA have jointly developed a three-dimensional fuel assembly growth and bow computer 
code, SAVAN3D, a new fuel assembly analysis and performance models for SAVAN3D, and a new Graphical User 
Interface (GUI) for the prediction of in-core deformation behaviour in the PWR fuel assemblies. The SAVAN3D 
computer code can be efficiently used to facilitate fuel design development, core loading pattern optimization, fuel 
structural behaviour prediction, and fuel loading and unloading sequence optimization.  
 
INTRODUCTION 
 

KEPCO NF, Westinghouse and ENUSA have collaborated together in the technical area of the fuel 
assembly growth and bow in order to develop a new fuel assembly growth and bow computer code for the prediction 
of in-core deformation behaviour in the PWR fuel assemblies[1]. The objective of the collaboration is to develop a 
computer code that will be efficiently used to facilitate fuel design development, core loading pattern optimization, 
fuel structural behaviour prediction, and fuel handling sequence optimization. The collaboration program also 
includes the prediction of drag force between adjacent assemblies and drag force between RCCA and fuel assembly 
guide thimbles and the development of GUI. The SAVAN2D computer code, fuel assembly analysis and 
performance models for SAVAN2D and GUI have been developed to evaluate the fuel assembly growth and bow 
characteristics in the core[2,3].  

KEPCO NF, Westinghouse and ENUSA have jointly developed a new fuel assembly growth and bow 
computer code, SAVAN3D, an improved fuel assembly analysis and performance models for SAVAN3D, and a 
new GUI for the prediction of in-core deformation behaviour in the PWR fuel assemblies. The SAVAN3D computer 
code is a specific three-dimensional finite element code to analyze the mechanical behaviour of the fuel assemblies 
in the operating nuclear power plant.  

In this paper, the fuel assembly growth and bow analysis method and procedure have been proposed. This 
study includes the detailed descriptions of the SAVAN3D code, skeleton and fuel assembly models, core model and 
GUI for SAVAN2D and SAVAN3D analysis, as well as the application areas of the SAVAN3D code. Based on the 
evaluation results, the SAVAN3D code and its GUI can be efficiently used to facilitate fuel design development, 
core loading pattern optimization, fuel structural behaviour prediction, and fuel loading and unloading sequence 
optimization.  
 
GROWTH AND BOW ANALYSIS  
 

The analysis method for the fuel assembly structural performance (growth and bow) consists of 4 
simulation steps[3,4]. The first step is to develop and verify skeleton model. The second step is to develop and 
verify fuel assembly model including fuel rod bundle model. The next step is to simulate the growth and bow 
behaviour of a single fuel assembly at a representative in-core condition. And, the last step is to simulate the full 
core conditions for each row and/or column in the core. The model development stage consists of the first and 
second simulation steps. The representative skeleton and fuel assembly models can be developed using fuel 
assembly design data and mechanical test results. The fuel assembly model developed during this stage will be used 
as a basic model of the core model. The structural performance analysis stage consists of the third and fourth 
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simulation steps. The fuel assembly growth and bow analysis at representative in-core conditions can be performed 
for a single fuel assembly and/or for the all fuel assemblies in the core during those steps.  

The SAVAN3D code is a three-dimensional finite element code dedicated to the analysis of the evolution 
of mechanical core models. The SAVAN3D code analyzes fuel assembly growth and bow using fuel assembly 
design data and core conditions. The core conditions include coolant flow, temperature, and irradiation history, etc. 
In addition, the code models the interaction between fuel assemblies during core loading, at hot full power under 
cycle specific operating conditions and at the end of cycle in order to predict the in-core gaps or lateral forces 
between assemblies.  

The skeleton and fuel assembly lateral stiffness analyses can be performed using the skeleton and fuel 
assembly models to verify them by comparing with the stiffness test results, such as the load-deflection and 
deformed shape. The pre-determined lateral load can be applied at a specified grid with holddown spring force. The 
adjustment factor for guide thimble-to-spacer grid joint stiffness can be used to simulate the load-deflection 
characteristics of the skeleton. The adjustment factor for spacer grid spring force can be used to simulate the load-
deflection characteristics of the fuel assembly. The skeleton and fuel assembly models are verified based on the 
skeleton and fuel assembly test results and the final fuel assembly model is used as a basic model of the core model.  

The growth and bow analyses can be performed using single fuel assembly core model or multiple fuel 
assembly core model to simulate the growth and bow behaviour of the fuel assembly at representative in-core 
conditions. The in-core conditions include fuel assembly design information such as weight, holddown force, 
hydraulic force, buoyancy force, temperature, and fluence. It is assumed that the fuel assembly weight, hydraulic 
force, and buoyancy force are uniformly distributed at spacer grid locations. The temperature distribution at span 
locations is calculated using thermal hydraulic design code. It is assumed that the span temperature distribution does 
not change during operation. The fluence distribution at spacer grid and span locations need to be calculated using 
nuclear design code. The initial bow distribution can be assumed based on the previous bow analysis results, 
measured bow data, or the allowable “as-built” deviation from true straight conditions.  
 
COMPUTER CODE AND MODELS  
 
SAVAN3D CODE  

The SAVAN3D code is a three-dimensional computer code and the code predict fuel assembly deformation 
at different reactor conditions including beginning of cycle (BOC) conditions during core loading, hot full power 
(HFP) conditions under cycle specific operating conditions, and end of cycle (EOC) conditions after core offload. 
Currently, the SAVAN3D code has the capability to simulate skeleton lateral stiffness test, fuel assembly lateral 
stiffness test, single fuel assembly behaviour and full core fuel assembly behaviour at in-core conditions. The code 
also can predict the drag force between adjacent assemblies and drag force between RCCA and fuel assembly guide 
thimbles.  

 
SKELETON AND ASSEMBLY MODELS  

The skeleton and fuel assembly models have been developed for the skeleton and fuel assembly lateral 
stiffness analysis and fuel assembly in-core analysis. Figs. 1 and 2 show the typical skeleton and fuel assembly 
models, respectively. The skeleton model consists of the guide thimbles, spacer grids, appropriate guide thimble-to-
spacer grid joint and top nozzle holddown springs connected to each other using the appropriate joints, connections 
and interfaces. The fuel assembly model consists of the skeleton model and fuel rod models. The fuel assembly 
weight was uniformly distributed at spacer grid locations taking into account the actual number of the fuel rods and 
guide thimbles.  

The guide thimbles are modelled by a beam element to represent all guide thimbles including the dashpot 
and the instrumentation tubes. The fuel rods are also modelled by a beam element attached to the skeleton using 
preloaded friction elements and rotational spring elements. These elements simulate the characteristics of grid 
springs and dimples in grid cells. The total area and inertia of the beam elements simulating the guide thimbles and 
fuel rods are the sum of each area and inertia. The grid to grid rotational spring elements are included to consider the 
additional stiffness of the guide thimbles and fuel rods. There are two different rotational springs between grids, one 
for the skeleton model and the other for fuel assembly model.  The grid straps are modelled in the fuel assembly 
model using beam elements to simulate the grid growth. The holddown springs are simulated by one linear spring in 
the upper part and gap elements are located at the ends of the fuel rods to simulate the fuel rods to nozzle gaps. The 
fuel assembly finite element model is constrained at the top of top nozzle and the bottom of bottom nozzle to 
simulate in reactor support conditions. The model is based on nominal dimensions of fuel assembly components and 
geometrical configurations. The guide thimble to fuel rod rotational springs characteristic curve is bilinear. The fuel 
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assembly and the skeleton models without creep, growth and relaxation capabilities are used to tune some 
parameters of the models to match the test results. These parameters are factors affecting the grid to grid rotational 
springs, grid spring and dimples rotational springs and the fuel rod drag forces.  

 

       
 

Fig. 1. Typical Skeleton Model             Fig. 2. Typical Fuel Assembly Model 
 

 
 

Fig. 3. 5x5 Core Model and its Central Section  
 
CORE MODEL  

Fig. 3 shows a 5x5 core model with the coordinate system and the central section of row 3 or column 3. 
The typical 3D core model consists of several fuel assembly models placed side by side with gap elements between 
fuel assemblies and between the outermost fuel assemblies and the core barrel. The number of fuel assemblies in a 
row or column is dependent on the type of reactor core. The core model has been developed based on the skeleton 
and fuel assembly models. There are two kinds of core models, one for a single fuel assembly core and the other for 
all the fuel assemblies in each row or column of the full core configuration. The single fuel assembly core model can 
be used for the fuel assembly in-core behaviour analysis during fuel design development stage. The full core model 
can be used for the core loading pattern optimization, fuel structural behaviour prediction, and fuel loading and 
unloading sequence optimization.  
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MATERIAL MODEL  
The fuel assembly growth and creep models developed for SAVAN2D code have been implemented to the 

SAVAN3D code for the fuel assembly in-core simulation. The fuel assembly component material properties play a 
key role in fuel assembly behaviour simulation in the core. The in-pile material testing, post-irradiation examination 
results and hot cell test results have been used to establish the growth and creep material properties required for the 
simulations at in-core conditions. The fuel assembly component structural materials are Zircaloy-4, ZIRLOTM, 
Optimized ZIRLOTM and Alloy-718, and those structural materials are used for the SAVAN3D code library. The 
material library is sufficient to support the fuel assembly bow and distortion resistance assessment for the most of 
PWR fuel assembly design.  
 
GUI FOR GROWTH AND BOW EVALUATION  
 

The GUI has been developed as a separate program for the pre-processing and post-processing of the fuel 
assembly bow evaluation. The pre-processing and post-processing program has been developed using Visual Basic 
2005 with Visual Studio 2005 IDE (Integrated Development Environment). 

The SAVAN_Preprocessor, the pre-processing program of the SAVAN2D and SAVAN3D code, has been 
developed for the easy preparation of the input files of fuel assembly design data and core conditions and the easy 
execution of the SAVAN2D and SAVAN3D code with the input files. The SAVAN_Preprocessor program provides 
the functions of analysis setup, input data preparation and SAVAN2D and SAVAN3D analysis. User can setup the 
analysis options with the analysis setup function. All the input data can be prepared using input data preparation 
functions. There are two groups of input data, one for the plant specific input data and the other for the cycle specific 
input data. And, the SAVAN2D and SAVAN3D analysis can be performed using SAVAN analysis function. Fig. 4 
shows the Analysis Option window. Figs. 5 and 6 show the Plant Specific Input window and Cycle Specific Input 
window, respectively. Fig. 7 shows the SAVAN Analysis window.  
 

           
Fig. 4. Analysis Option Window             Fig. 5. Plant Specific Input Window  
 

           
Fig. 6. Cycle Specific Input Window                              Fig. 7. SAVAN Analysis Window  
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The SAVAN_Postprocessor, the post-processing program of the SAVAN2D and SAVAN3D code, has 
been developed to generate the standard output database based on the SAVAN2D and SAVAN3D output, present 
these database in user friendly form in SAVAN_Postprocessor environment and keep these standard results in text 
format files in the assigned directory. The SAVAN_Postprocessor program consists of the menus for database 
manager and database viewer. The menus for database manager provide the functions of database log file generation, 
test database generation, RCCA database generation, and SAVAN database generation. The menus for database 
viewer provide the functions of graphical review of test database, RCCA database, and SAVAN database. Figs. 8 
and 9 show the database manager window and database viewer window, respectively. User can generate the log file 
and database file, edit the skeleton and assembly test result files, perform the SAVAN3D analysis for RCCA drag 
force calculation, and generate the database for test simulation, RCCA drag force simulation, and core simulation 
using the database manager window. User can use the program to select interesting evaluation item, to select 
interesting row or column, to select one or more assemblies for the generation of graph, to select the time step from 
beginning of life (BOL) to end of life (EOL), to select the axial elevation by grid number, and to select the zoom 
rate.  
 

      
Fig. 8. Database Manager Window                             Fig. 9. Database Viewer Window 

 
ANALYSIS RESULTS  
 

The SAVAN2D and SAVAN3D analysis results can be evaluated using post-processing program for the 
skeleton and fuel assembly lateral stiffness test simulation, RCCA drag force simulation, and fuel assembly in-core 
behaviour simulation. The comparison graph between SAVAN3D analysis results and test results for the load-
deflection characteristics and deformed shape of the skeleton and fuel assembly can be generated. Figs. 10 and 11 
show the comparison result of load-deflection characteristics and deformed shape for the fuel assembly. 
 

                             
Fig. 10. Load-Deflection Characteristics                          Fig. 11. FA Deformed Shape  
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The RCCA drag force distribution for the RCCA location in the core and guide thimble and RCCA 
deformed shape for each RCCA location can be generated. Figs. 12 and 13 show the RCCA drag force distribution 
and deformed shape, respectively.  
 

      
Fig. 12. RCCA Drag Force Distribution                        Fig. 13. RCCA Deformed Shape  
 

The fuel assembly deformed shape and growth can be displayed for each fuel assembly or for each row or 
column. The grid displacements vs. time graph can be generated for each fuel assembly. The assembly-to-assembly 
and assembly-to-baffle gap vs. time graph can be generated for each row or column. The axial gap and contact force 
distribution can be displayed for each row or column. The graphs for the in-plane distribution of fuel assembly bow, 
fuel assembly gap, and contact force can be generated for each grid elevation of the core. Figs. 14, 15 and 16 show 
the axial distribution of fuel assembly bow, grid displacements vs. time and axial gap distribution between fuel 
assemblies and between fuel assemblies and baffles. Figs. 17, 18 and 19 show the the in-plane distribution of fuel 
assembly bow, fuel assembly lateral gap, and fuel assembly contact force for the selected row, selected grid 
elevation, and selected time.  

 

       
Fig. 14. Axial Bow                           Fig. 15. Grid Displacement                       Fig. 16. Axial Gap  
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Fig. 17. Assembly Bow                      Fig. 18. Lateral Gap                     Fig. 19. Contact Force 

 
APPLICATIONS  
 

The 3D fuel assembly bow evaluation program and its GUI can be utilized for the fuel assembly 
dimensional stability assessment in the early stage of new fuel assembly design development. It can be used to 
assess the design change efficiency to control the fuel assembly bow and reduce the potential for IRI events. The 
fuel assembly design modifications including holddown spring force optimization, stiffening the guide thimble 
dashpot region, implementing a new structural material, and increased skeleton stiffness can be potential corrective 
actions based on the fuel assembly bow analysis results using SAVAN3D code and its GUI.  

The skeleton and fuel assembly design modification can be done based on the skeleton and assembly 
stiffness simulation and in-core simulation results. The skeleton and assembly stiffness analysis need to be 
performed for the proposed design features and the final design can be selected based on the evaluation of the load-
deflection characteristics of the skeleton and fuel assembly. The fuel assembly in-core simulation needs to be 
analyzed for the assumed in-core conditions to investigate the in-core structural behaviour in the fuel assembly. The 
fuel assembly growth and bow characteristics for the proposed design features and different structural materials can 
be evaluated based on the in-core simulation results.  

The potential for the IRI can be assessed based on the fuel assembly bow analysis results. The fuel 
assembly bow and RCCA drag force distribution in the core need to be evaluated based on the SAVAN3D analysis 
results. A core loading pattern analysis can be done from a mechanical point of view to reduce the potential for IRI. 
Based on the mechanical evaluations of different loading patterns, core loading pattern optimization can be 
performed. The fuel assembly bow analysis results also can be used for the fuel loading and unloading sequence 
optimization to reduce the plant overhaul time.  
 
CONCLUSION  
 

KEPCO NF, Westinghouse and ENUSA have jointly developed a new fuel assembly growth and bow 
computer code, SAVAN3D, an improved fuel assembly analysis and performance models for SAVAN3D, and a 
new GUI for the prediction of in-core deformation behaviour in the PWR fuel assemblies. The fuel assembly growth 
and bow analysis method and procedure have been proposed. The SAVAN3D analysis results for the skeleton and 
fuel assembly lateral stiffness test, RCCA drag force calculation and fuel assembly in-core behaviors are presented. 
The application areas of the SAVAN3D code are also presented. Based on the evaluation results, the SAVAN3D 
code and its GUI can be efficiently used to facilitate fuel design development, core loading pattern optimization, fuel 
structural behaviour prediction, and fuel loading and unloading sequence optimization. 
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