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ABSTRACT 

The extension of operational license of second generation pressurized water reactor 
(PWR) nuclear power plants depends to a large extent on the analyses of fatigue usage of the 
reactor coolant pressure boundary. The reliable estimation of the fatigue usage requires 
detailed thermal and stress analyses of affected components. Analyses, based upon the in-
service transient loads should be compared to the design-based ones.  

The thermal and stress transients can be efficiently analyzed using the finite element 
method. This requires that a 3-D solid model of a given system is discretized with finite 
elements. The finite elements mesh density is crucial for both the accuracy and the cost of the 
analysis. 

The main goal of the paper is to propose a set of computational tools which assist a user 
in the deployment of modular spatial finite elements of the main components of the reactor 
coolant system, e.g. pipes, pressure vessels and pumps. The modularity ensures that the 
components can be analyzed individually or in a system. Also, individual components can be 
meshed with different mesh densities, as required by the specifics of the particular transient 
studied. All components are meshed with hexahedral elements with quadratic interpolation.  

The simulations performed with an entire 2 loop PWR reactor coolant system (RCS) 
provided in the paper are: a heat transfer analysis and stress analysis for a complete loading 
and unloading cycles of the RCS. 

1 INTRODUCTION 

At the present time around 80% of the nuclear power plants (NPP) have been in 
operation for more than 20 years and 34% more than 30 years. The extension of 40 year 
operational licenses and possible power uprates [1] will depend to a large extent on the 
analyses of fatigue usage of the reactor coolant pressure boundary. Analyses using structural 
3D solid modeling with finite elements approach are widely used for nuclear engineering 
components design and assessment. It is not so common, however, to perform analyses of 
entire systems with several components. In this case, the analysis becomes more complex and 
it is more difficult to focus on components’ specific behaviors, at least in the first approach. 
At the same time, issues with meshing and interactions between components may appear [2]. 
In this paper a 3-D model of a PWR reactor coolant system (RCS) from a typical second 
generation NPP is introduced for a fatigue usage assessment. 
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2 MODEL 

Figure 1 shows the complete model of a PWR reactor coolant system. In this case, a 
generic two loops reactor coolant system from a second generation PWR has been modeled. 
The main components that form each loop are: the steam generator (SG), pump, hot leg (HL), 
cold leg (CL), crossover leg (COL) and for the first loop, the surge line (SL) and the 
pressurizer. The pressure vessel (PV) is located in the center of the system. 

 

 
Figure 1: CAD model of a PWR Reactor Coolant System 

 
 

2.1 The system’s components 

Ten main components have been modeled separately in detail to recreate the reactor 
coolant system. The ten components are individually meshed and are assigned with element 
type and material properties. The components also have the geometrical surface definitions 
used to apply the loads and boundary conditions. The temperature-dependent material 
properties defined in [3] were consistently used in the thermal and stress analyses, which are 
described below. 

 In the presented work, 3D hexahedral 20-node elements with quadratic interpolation 
have been used for the component meshes. Element types DC3D20 and C3D20 are used for 
thermal and stress analyses respectively by using the ABAQUS/standard finite element code 
[4]. Table 1 lists the main system’s components and the number of elements in their meshes. 
Some main characteristics of the entire system mesh are: 645,578 elements and 3,080,403 
nodes with 9,314,253 total number of variables in the model. 

The model contains components that can be used as many times as necessary in order to 
generate the entire system. It is this feature that allows the model to be used in a modular way. 
The modularity ensures that the components can be analyzed separately or within a system 
where necessary boundary conditions have to be implemented. 
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Table 1: System’s main components and number of elements 
Component Elements 

Pressure Vessel (PV) 138,024 
Steam Generator (SG) 118,764 

Pump 22,239 
Pressurizer 29,320 

Surge Line (SL) 67,080 
Cross Over Leg (COL) 29,952 
Hot Leg Loop 1 (HL_1) 23,740 
Hot Leg Loop 2 (HL_2) 17,776 

Cold Leg (CL) 11,416 
Cross Over Leg Support 1,224 

 
2.2 The PWR reactor coolant system 

Interesting points, edges and planes are defined during the component creation. These 
are used to assemble the desired system. Figure 1 shows a two loop PWR reactor coolant 
system with surge line and pressurizer. Different components are painted with different 
colors. Figure 2 shows the COL’s supports and shim plate. These components are added to 
enable one to model the possible contact between them. Such a contact may occur during heat 
up process. The COL’s support, modeled as deformable 3D solid, is tied to COL using tie 
constraints between contact nodes. Softer material properties are then defined on the COL’s 
support. The shim plate, Figure 2, is modeled as an analytical rigid shell. Subsequently, a 
constraint - rigid body with analytical surface - contact is defined between the shim plate and 
the COL’s support. The main contact properties comprise of an initial cold-position gap of 
51mm to allow thermal expansion, and the contact behavior in the direction of the normal to 
shim plate, which doesn’t allow penetration between the components. 

 

 
Figure 2: COL’s supports and shim plates modeling contact 

 
2.2.1 Special components 

Other system components, such as the pump’s motors and the variable springs that hold 
up the surge line, also represent important loads to the system. Since in this work we are not 
interested in their structure integrity, we therefore do not model them as 3D solid parts. 
However using special element types one can model their behavior in relation to the RCS 
structure. 
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Figure 3: Pump’s motor and SL’s variable springs and hydraulic restraints 

 
Figure 3 shows the pump’s motor and the springs that secure the surge line. The pump’s 

motor has been modeled as a mass point, which is located at motor’s center of gravity. The 
mass point has been tied to the center of the pump’s upper surface. Subsequently, this point 
has been coupled to the surface where the pump’s motor lies, using a local coordinate axis to 
ensure the pump’s upper surface may still expand due to thermal expansion. 

Similar procedure has been implemented to model the SL’s variable springs and 
hydraulic restraints. Initially, a reference point was created at the coordinates where the spring 
is fixed to the ground. Next, this reference point and center of pipe are tied using a spring 
element. Finally, the point at the center of pipe is coupled to the pipe’s cross section using a 
local coordinate axis. 

 

3 RESULTS 

In order to test the model, a complete start up to cool down cycle has been modeled. 
This begins with the heat up process that includes basic system’s temperature and pressure 
changes to bring the RCS from cold shutdown into no-load or hot standby operating 
temperatures and pressures. Following the heat up process, the loading transients from 0% to 
15% of full power and from 15% to 100%, at 5% of full power per minute, have been defined. 
When the system has reached full power, the unloading transients start from 100% to 15% 
and from 15% to 0% of full power reaching hot standby operating temperatures and pressures. 
At the end of the simulation, the cool down process brings the system back to cold shutdown 
conditions. 

Each simulation’s step comprises of time-dependent temperature and pressure values 
for the RCS, the hot leg, the cold leg, the steam and the feed water. 

A thermal analysis was performed followed by a stress analysis. The temperatures 
distribution results from the thermal analysis are used, as inputs, to perform the stress 
analysis. 

 
3.1 Thermal analysis 

Table 2 contains the steps used in the thermal analysis. Each step comprises of time-
dependent temperature data of the system’s fluids at different locations. The implemented 
data are typical values for a 2nd generation PWR working temperatures. The temperatures that 
have been defined in each step are: HL, CL, steam temperature and feed water temperature. 
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Each temperature is implemented using different component’s inner surfaces, e.g. the 
definition of HL’s water temperature uses inner surfaces from PV’s outlet nozzles, HL and 
SG’s primary plenum hot side. Thus each component contains surface definitions where the 
interactions with the fluids are defined to perform the analysis. A fluid’s time-dependent 
temperature is modeled as amplitude used in a film condition’s sink temperature. 

 
Table 2: Thermal analysis: step definition. 

Step Initial 1 2 3 4 5 6 7 

Type - 
Steady-

State 
Transient Transient Transient Transient Transient Transient 

Name Initial 
Pre Heat 

Up 
Heat Up 

Loading 0-
15 % 

Loading 
15-100% 

Unloading 
100-15% 

Unloading 
15-0% 

Cool 
Down 

 
In the initial step the system’s starting temperature is set to 30°C. In step 1 the system’s 

temperature is raised to 48.85°C, which is the RCS water’s temperature at the beginning of 
step 2. During steps 2 to 7 the water’s temperature is time-dependent and one ensures that 
each of the steps ends in a steady-state by setting the end condition when the temperature 
change is less than 1°C per hour for the entire system. Figure 4 shows two examples of time-
dependent temperature data used to perform the simulation. These show the Cold Leg’s fluid 
temperature during steps Load 15-100% and Unload 100-15%. 
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Figure 4: Cold Leg’s fluid temperature during a) Load 15-100% b) Unload 100-15% 

 
 

The time-dependent temperatures for Hot Leg, Steam and Feed water have been defined 
for each simulation step in the same way. 

The temperature field distribution results at the beginning of Unload 100-15% transient 
step is shown in Figure 5. One can see different temperature values for CL and HL, as well as 
temperature gradient on the SG tube sheet and upper shell. Pressurizer temperature is the 
saturation temperature at RCS pressure, higher than HL’s temperature. 
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Figure 5: Temperature field distribution during step Unload 100-15% 

 
3.2 Stress Analysis 

Table 3 contains the steps used in the stress analysis. Each step comprises of time-
dependent pressure data. The implemented data are typical values for a 2nd generation PWR 
working pressures. The pressures that have been defined in each step are: RCS and steam 
pressure. Each pressure is implemented using different component’s inner surfaces, e.g. the 
definition of RCS pressure uses all the inner surfaces from primary loop components, i.e. 
reactor coolant pressure boundary components. Thus each component contains defined 
surfaces where the loads have been applied during the analysis. A time-dependent pressure is 
defined as amplitude used in a surface load. 

 
Table 3: Stress analysis: step definition. 

Step Initial 1 2 3 4 5 6 7 8 

Type - 
Static-

General 
Static-

General 
Static-

General 
Static-

General 
Static-

General 
Static-

General 
Static-

General 
Static-

General 

Name Initial Gravity 
Pre Heat 

Up 
Heat 
Up 

Loading 
0-15 % 

Loading 
15-100% 

Unloading 
100-15% 

Unloading 
15-0% 

Cool 
Down 

 
Boundary conditions are created during the initial step. Table 4 shows the boundary 

conditions implemented in the system. The initial temperature is set to 30°C, for consistency 
with the implemented temperatures in thermal analysis at the beginning of step 2. 

 
Table 4: System boundary conditions list 

Surface Boundary Condition 
Pressurizer – Support Fixed on plane allowing radial 

expansion 
Pressure Vessel – Supports 
Steam Generator – Support 
Pump – Supports 

Allowing movement on horizontal 
plane 

Surge Line – Springs ground nodes Encastre 
Cross Over Leg – Shim plates Encastre 
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In the step 1, gravity is introduced to the model. In the Step 2 a 3.324MPa surface 
pressure is applied to the inner surfaces of the RCS. This pressure is consistent with that at the 
beginning of step 3. During the entire analysis, temperatures at the system’s nodes are read 
from the results file of the thermal analysis. In the steps 2 to 7, the RCS and steam pressures 
fluctuate. Figure 6 shows two examples of time-dependent RCS pressure data used to perform 
the simulation. These show the RCS pressure during step Load 15-100% and Unload 100-
15%. 
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Figure 6: RCS pressure variation during a) Load 15-100% b) Unload 100-15% 

 
The results for stress field distribution during Load 0-15% transient step is shown in 

Figure 7. One can see stress concentrations on the PV’s nozzles, HL’s nozzle and SG’s 
nozzles. Temperature differences, pressures and thermal expansion on the different parts, 
generate different stresses on the SG, pump and SL. The value of RCS pressure is around 
16MPa and pressure in secondary side of SG around 7MPa. 

 
 

 
Figure 7: Stress field distribution during step Load 0-15% 

 
The system’s temperature distribution at the same step time than in Figure 7 is shown in 

Figure 8.  
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Figure 8: Temperature field distribution during step Load 0-15%; same step time than in 

Figure 7 
 
RCS water temperature in Figure 8 is above 290°C. Pressurizer has reached saturation 

temperature, 348°C, at the RCS working pressure. Steam temperature is close to RCS water 
temperature and the water temperature at the secondary side of steam generator is around 
220°C. 

 

4 COMPONENTS SIMULATIONS 

The modularity of the approach introduced in this work ensures that the components can 
be also analyzed individually [5] or forming partial systems. An example of a partial system 
would be the entire system without the pressurizer and surge line, and replacing the HL_1 for 
another HL_2. In that case, simulations of the RCS transients, where the omitted components 
are not important, can be performed saving computing time. 

Performing individual components simulations allows the user to focus more precisely 
on the component behavior and its interaction with the system. Proper boundary conditions 
must be implemented and subroutines can be developed and added to the system, to recreate 
specific fluid’s behavior for example. 

 

5 CONCLUSIONS 

A 3D modular solid finite element model for a generic 2 loops second generation PWR 
is developed. The main RCS components are individually meshed and assigned with materials 
properties. One can perform a variety of assemblies using the system’s components that are 
present in the transient that one wants to simulate. Basic objective of this tool is to be used in 
the future for fatigue analyses assessment. 

Temperatures and stress simulations for different transients are performed for the whole 
system. The implemented transients are as follows: the system loading from room 
temperature until full reactor power, and the system unloading down to cold shutdown 
conditions. The loads applied to the system are gravity, temperatures and pressures. 
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In the future, interactions or subroutines developed during single component 
simulations can be added to the whole system to perform more precise transient analyses. 

The values of film coefficient at the pipes’ inner surfaces in contact with the fluids are 
of utmost importance. A detailed computational fluid dynamic study on the fluid to pipe wall 
transfer would improve the assessment of fatigue relevance. 

The RCS water is also an important load to the system structure. To implement the RCS 
water into the system certainly will be the next step to improve the model.  
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