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ABSTRACT 
The pressurized light water cooled, medium power (1000 MWt) IRIS (International Reactor Innovative and 
Secure) has been under development for four years by an international consortium of over 21 organizations 
from ten countries. The plant conceptual design was completed in 2001 and the preliminary design is nearing 
completion. The pre-application licensing process with NRC started in October, 2002 and IRIS is one of the 
designs considered by US utilities as part of the ESP (Early Site Permit) process.  

The development of a new nuclear plant concept presents the opportunity and potential for a significant usage 
of computational fluid dynamics (CFD) in the design process, as it is in many conventional applications related 
to power generation. A CFD-Group of international scientists has been given the mission of investigating the 
many application opportunities for CFD related to the IRIS project and to verify the support that the IRIS 
design process may gain from CFD in terms of time, costs, resource saving, and visibility.  

The key objective identified is the use of CFD as a design tool for virtual tests in order to simplify the 
optimization effort for the nuclear plant’s components and support the IRIS testing program. In this paper, the 
CFD-Group is described in terms of their resources and capabilities. A program of activities with identified 
goals and a possible schedule is also presented. 

 
1 CFD POTENTIAL OVERVIEW IN THE NUCLEAR FIELD 
The very complex phenomena taking place in a nuclear reactor require the use of sophisticated tools for 
numerical analysis. These numerical tools have been mainly relying in the past on empirical or semi-
empirical correlations of experimental data for closure of the conservation equations, and therefore require 
extensive experimental activities to support and validate the closure models. Not only is the cost of 
experimental activities a significant concern, but also a deep knowledge of the phenomena cannot always be 
acquired due to the inherent limits of the measurement capabilities. Moreover, the experimental approach at 
full scale for a single component or for the whole system is practical only in a limited number of cases, while 
on the other hand the applicability of scaled tests is subject to significant limitations. 

Thus, the use of computational thermofluid-dynamics may become one of the standard approaches for such 
investigations, as an opportunity for supporting scaled experimental verifications.  

The recent increase in hardware capabilities has made available virtual models and simulations to approach 
the thermofluid-dynamic design and safety analysis within different industrial sectors, including the nuclear 
field. With the modern capabilities implemented and offered by CFD (Computational Fluid Dynamic) codes 
it is possible nowadays to take into account any full 3D geometry and details and also consider the 
multiphysic phenomena that occur in a nuclear plant.  

CFD may allow an in-depth analysis of the fluid mechanics and of the local effects resulting in improved 
performances, better reliabilities, more confident scale-up product consistencies, and increased plant 
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productivities. To confirm this potential, in many industrial fields, equipment designers are increasing their 
usage of CFD to analyze the flow and performance of processing equipments. However, the nuclear field has 
not yet been involved in this process at a similar level to other industrial fields. 

Nuclear safety problems show a strong dependence on the full 3D behavior of the fluid flow [3]. Examples 
are the thermal and fluid mixing, thermal stratification, velocity fluctuations and all the complex physics 
related with multiphase effects (e.g. condensation, evaporation, and mass transfer). CFD provides 
comprehensive results data that are not easily obtainable from experimental tests. These “virtual” data could 
then be used to gain improved verification and for increased modelling capabilities for the overall, complex 
system analysis tools, e.g. as in the identification of suitable thermal and chemical species mixing 
coefficients to be adopted in 1-D nuclear system simulators. In nuclear safety analysis and design ther is a 
growing interest in CFD [8] and the increasing efforts [1, 4, 5, 6] done on this subject within the nuclear 
research field confirm the potential for increased use of CFD in this sector. 

The initial applications of CFD to the nuclear industry have been focused on the analysis of single phase 
phenomena. The importance of multiphase flows in the safety and operational analysis of nuclear plants is 
actually leading to the continued research and development to improve the CFD capabilities, and a continued 
cooperation between industry and commercial CFD code developers need to be maintained in order to 
conjugate common efforts and knowledge to develop a new generation of tools for safety analysis. 

Notwithstanding this very important limitation, CFD tools for single phase flow have reached a good level of 
accuracy and can be used to solve a multiplicity of problems even within the nuclear field. However, CFD 
applications to the complex and large scale 3D geometries represent a challenge to the current limits of 
existing computer power, requiring specific computing skill and/or parallel calculation.  

Another key question for the development of CFD applications within the nuclear field is the definition of a 
proven strategy (procedure or protocol) related to the general use of CFD. It is well known that one of the 
main obstacles for further development of commercial CFD codes and their application in nuclear research 
has been the lack of a concerted effort to define the range of applications, the perspective uses, and the 
definition of specific needs and common approaches for achieving high-accuracy goals.  

In conclusion, the following development areas need to be addressed to increase the application of CFD 
analysis tools to nuclear safety and design analyses: i) further development in the physical modeling of 
multiphase flow, ii) greater attention to validation effort for codes and models, iii) need of code 
customization (via subroutine or macro), and iv) more rigorous procedures or protocols for nuclear 
applications. Moreover , it is necessary to couple the code for system analysis of a complex system with the 
more detailed analyses of individual components done by CFD codes and/or include neutronics capability. 
Such coupling is still realized offline and often limited to the detailed study of steady-state conditions. The 
code for system analysis provides boundary conditions for the detailed CFD analysis of components. This 
approach, however, is limited to very weak coupling, when 3D phenomena are not dominant. 

There is a general consensus that, taking advantage from the continuous increase in i) the hardware and 
software performances, ii) the thermal hydraulic and neutronic phenomena knowledge, iii) the progress of 
numerical techniques and, last but not least, iv) a new, more conscious and skilled usage of CFD technology, 
the project design and safety analyses could be significantly supported by CFD. 

 
2 EXPECTED RESULTS AND BENEFITS FOR THE IRIS PROJECT 
The best potential for the application of CFD for a new nuclear plant development is judged to occur once 
the design has reached a sufficient stage of development and maturity that provides adequate information for 
a meaningful CFD analysis. The use of CFD expresses its potential in the design optimization phase, where 
the results and information provided by CFD analysis can support the completion of the design of various 
components. Also, use of CFD to support and complement the testing program is envisioned here as another 
most promising area of application.  

The status of development of the IRIS program [7] was considered ideal for these applications: with the 
conceptual design completed, the preliminary design well under way, and on the eve of the initiation of the 
test program, the opportunity for CFD applications appears most promising.  
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Through meetings with designers and safety analysts, several areas where CFD support would appear useful 
have been identified. Some examples are represented by the boron dilution in the primary system, the mixing 
of various gases (steam, air, and hydrogen) in the containment and the stratification of the containment 
suppression pool and cavities. 

Although conservative methods based on 1D and lumped-parameter methods may still be adequate for safety 
evaluations, 3D computations could reduce safety coefficients bringing good added value to nuclear 
investigations and allowing a more complete quantification of the available margins and of the “realistic” 
plant response to various events. Therefore, the CFD approach, when rigorous and robust, may be able to 
improve the accuracy of predictions and consequently reduce excessively conservative design margins (or 
safety coefficients). Specifically: 

• CFD reduces scale-up problems, because the models are based on fundamental physics and are scale 
independent, thus highlighting the root cause (not just the effect); 

• CFD can be used to analyze many new configurations before deciding which and how many experimental 
tests need to be performed; 

• Many "what if" scenarios can be analyzed after running the first simulation. 

The virtual facility represented by CFD is probably the most strategic approach for the IRIS program. In 
reaching a final, optimized components design, the opportunity for reducing experimental tests without 
reducing the configurations to be taken into account is in particular a very attractive attribute of the CFD 
virtual facility. 

 
3 THE PLANNED ACTIVITIES: 

3.1 CFD-Group mission, competences and resources  
As has been outlined in the previous Sections, CFD applications may be strongly dependent upon the 
capability of scientists to adopt well tested and conservative procedures that grant high quality and control 
standards to the whole CFD process. 

Due to the intrinsic multi-physics and multi-scale complexity related to safety and reliability issues for a 
nuclear plant, this approach may not overcome some limitations still linked to the implementation of 
complex physical models, but may help the diffusion of the technology (and create the know-how and the 
knowledge base) within a wide range of already well tested domains of validity (i.e single-phase flow). 

As in any well posed scientific approach, CFD models, once properly validated, should be able to grant 
reproducible, well assessed and also traceable results. This means developing general procedures and 
standard methodologies to be used when applying the CFD process of analysis. 

Based on previous experience in other fields, the researchers in the CFD group for IRIS believes that CFD 
processing is not a full scale linear process where a model is created and results are obtained in one “shot”. 
To get to the final meaningful results it may take a few cycles of the whole process: the results must be 
checked, the setting must be properly adjusted and readjusted (models, materials properties and even 
boundary conditions), further runs must be performed up to convergence in order to improve the accuracy of 
the prediction. No boundary conditions, choice of models, mesh strategy or geometrical simplification, made 
in order to implement the virtual (and discrete) model of the real (and continuum) problem can be set without 
affecting the final results and, as a consequence the accuracy of the CFD prediction. Therefore, the CFD 
analyst must be always ready and open minded to revise all steps.  

CFD for nuclear applications is still a young field when compared with other industrial sectors. To start the 
computational approach in a massive way for investigating safety and control systems may help the learning 
curve and the rate of diffusion of CFD within the sector. This can be done faster and more efficiently through 
a team of scientist sharing, under the flag of the same project, deep nuclear competences and high CFD 
expertise. 
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The IRIS framework represents a great opportunity and the potential for a wide and deep usage of 
Computational Fluid Dynamics in the whole nuclear design process, as it is today in many conventional 
applications related to power generation. CFD expected results rely on the following lists of requirements: 

- deep knowledge of the nuclear plant is required both in terms of plant and reactor engineering as well as 
core behavior; 

- a good understanding of the specific project issue is mandatory to focus the investigating effort;  

- a long term experience in computational fluid dynamics is necessary for setting up the diagnostic 
procedure using the most efficient approach; 

- the availability of human resources and adequate hardware facilitiesare necessary;  

- competent project managing while interacting in an international frame is necessary. 

Within this framework, the need of setting a specific CFD working group for IRIS was recognized and the 
activity started in Pittsburgh in early 2004. Such CFD-Group of international researchers has been given the 
mission to investigate the opportunities for CFD applications and to verify the benefits in terms of time, costs 
and resource savings that the global process of IRIS design may gain from CFD.  
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Figure1. CFD process cycle 

The institutions involved in the CFD-Group are listed below together with the researchers involved and their 
key competences:  
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Member Ref. Name Researchers Key competences 

Politecnico di Milano, ITALY 

(Group coordinator) 

POLIMI Emanuela Colombo 
Fabio Inzoli 
Marco Ricotti 

CFD long term experience, project 
managing, IRIS knowledge, Nuclear 
Plant engineering. 

University of Illinois  

Urban-Champaign, USA 

UIUC Rizwan Uddin  
Yizhou Yan 

Nuclear field knowledge, Hardware 
resources (125 parallel processors).  

Tokyo Institute  

of Technology, JAPAN 

TIT Hisashi Ninokata  
Emilio Baglietto 

Nuclear Field knowledge, CFD 
models development 

Commissao Nacional de 
Engenaria Nuclear, BRASIL 

CNEN Antonio Barroso  Nuclear energy plant engineering, 
Market issues. 

Università di Pisa, ITALY 

 

UNIPI Sandro Paci  
Nicola Forgione 

Nuclear Field Knowledge, Modeling 
experience (1D codes). 

Westinghouse Electric Co., USA 

 

WEC Luca Oriani 
Bin Liu  
Milorad Dzodzo 

Nuclear Field Knowledge,  Industrial 
Experience, CFD models 
development. 

Table1. IRIS CFD Group members and competences 

 
 
3.2 The Protocol of the CFD group: setting and sharing a common CFD Procedure 
The CFD group for IRIS elaborated a standard CFD “application protocol” within the nuclear field. This 
procedure (see Figure 2) was developed based on the experience of the group members in CFD applications 
in other industrial fields, and is not discussed here in detail. The overall objective of the procedure is to 
guarantee reproducibility of the results and a solid approach to validate the final conclusions.  
 
This guideline is intended to become the standard procedure adopted by each single member and shared 
within the IRIS CFD-Group. Through the use of this approach, it is expected that CFD will: 

 

1. Reduce the experimental tests; 

2. Support and speed up designing and prototyping processes; 

3. Decrease global costs for design. 

 

This procedure also takes into account the excellent Best Practice Guideline [2], developed in a European 
Community sponsored program with the specific objective of improving trust and quality in industrial CFD 
results. 
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Figure 2. Procedure for the CFD-Group 
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3.3 CFD applications within IRIS frame and time scheduling 
Amongst the many subjects already identified, the downcomer design, the hydraulic control rod drives  and 
mixing phenomena have been the first to be investigated. These and further planned applications are listed in 
Table 2.  

 

IRIS system    Specific need Summer 
2004 

End 
2004 

Summer 
2005 

End 
2005

Mixing 
Phenomena in the 
Downcomer 

- Mixing coefficients to be adopted in RELAP, 1-D 
calculation (preliminary study to be completed);  
- Boron injection and mixing;  
- Design for lower shielding. 

    

Pressurizer Design 
Support: Heat 
Losses and Mixing 
Phenomena  

- Simulation of boron and thermal mixing (steady-
state and slow transients of filling/emptying); 
evaluate surge holes and mixer holes effect; 
- Thermal losses and thermal insulation; 
- Design of heaters geometry and layout; 
- Disturbances due to flow in the riser and in the 
pump suction regions. 

    

Mixing 
Phenomena in the 
Riser of the Steam 
Generator (SG) 

- Effectiveness of the bypass flow paths (thermal and 
boron mixing effects); 

- Natural circulation flow path (Riser  holes to SG and 
valves) for decay heat removal. 

    

Hydraulically 
Driven Control 
Rod concept, 
System simulation 

- Simulation of Rod behavior (insertion and 
withdrawal transients) 
- Investigation of the pressure loss profile. 

    

Further Future 
activities 

a. Primary circuit: Helicoidal tube bundle, external 
flow: 
- Pressure fields on tube bundle to support evaluation 
of mechanical stress (vibration) due to fluid-structure 
interaction (tube supports design); 
- Thermal and velocity flow fields in the bundle 
(cross flow) to evaluate thermal mixing effects. 
b. Containment 
- Supporting the GOTHIC/RELAP analysis 
(evaluation of the containment mixing effects). 

Not yet scheduled 

Table 2. IRIS CFD Group members and competences 
 
Most of the mentioned subjects are related to a complex modeling of flow field coupled with thermal 
behavior and turbulence issues. A proper CFD analysis cannot be carried out without a full three-
dimensional approach coupled with a transient solution, and proper turbulence modeling with solid and fluid 
zones. In addition, species transport must also be solved. In the future, based on the results obtained, even a 
multiphase approach might be taken into consideration. 
 
Before starting any extensive CFD analysis there is an urgent need to determine the potential of the parallel 
computing capabilities available at UIUC. This will be very useful to understand the available computing 
resources and to optimize the node load for future parallel calculations. Simulations have been run on 
NCSA’s Platinum cluster. This Pentium III Linux cluster is primarily intended to run applications of 
moderate to high levels of parallelism (32-1024 processors). Platinum is also intended for use by applications 
that can bundle many single-processor tasks within a single batch job for processing.  
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Figure 3. Simplified downcomer geometry 

 
Preliminary calculations have been carried out using a simplified geometry of the IRIS downcomer,  
(Figure 3). Since the goal was to test the parallel performance, simulations were not carried out till complete 
convergence.  
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Figure 4. Parallel performance on Platinum at UIUC 

 

The large number of cells (close to 4 million) made it an interesting test case to check the total clock time of 
the calculation running in serial as well as on 4, 6, 8, 16, 24, 32 and 48 processors. A speed-up curve as a 
function of the number of processors is shown in figure 4 where the total wall-clock time is compared with 
the CPU time. This may help to see the general gain obtained by a parallel calculation over a growing 
number of processors. It should be noted that these are preliminary results and further optimization may lead 
to better speedup in the future. 

 
4 CONCLUSION 
The status of CFD analyses in nuclear engineering has been reviewed, and the main limits to a more 
significant penetration of this tool into the design and safety analyses of nuclear plants have been discussed.  

Notwithstanding these limitations, CFD appears mature enough to provide an effective support to the IRIS 
program. The potential for application of CFD to the design optimization stage of the IRIS reactor and to 
develop a "virtual facility" that can be used to integrate the IRIS testing program has been presented. From a 
design support point of view, CFD can assist in the optimization of various components, limiting to the 
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minimum necessary the testing required for this purpose. From the point of view of supporting the IRIS 
testing program, the most interesting area is represented by the use of CFD as a “virtual facility”. While CFD 
can't of course completely eliminate the need of physical testing, it can provide comprehensive data that are 
not easily obtainable from experimental tests and thus reduce scale-up problems because the models are 
based on fundamental physics and are scale independent. Thus, not only can support a reduction in the 
overall cost of the testing program, but it can also provide additional insights in the physical phenomena 
being analyzed. As discussed, an effective application of CFD to these tasks will require a rigorous approach, 
that is being jointly defined by the IRIS team members of the CFD group as presented in this paper. 
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