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AGENDA 
 

Sunday, 10 November 2002 

Arrival of participants in Pisa 

Monday, 11 November 2002 

  8:30- 9:00  Registration 

Session 1. INTRODUCTION 

  9:00-  9:30 Opening of the meeting, welcome, objectives and organization 
 of the technical programme of the meeting  

Welcome by representatives of the host institution/country: 
– Prof. Emilio Vitale, Dean of the Faculty of Engineering, 
 University of Pisa 
– Mr. Angelo Buongiovanni, Councillor for Organization and 

Information Technology of the Province of Pisa 
– Prof. Giuseppe Forasassi, President of CIRTEN (Interuniversity 
 consortium for technological nuclear research) 
OECD/NEA  Mr. Jacques Royen 
IAEA   Mr. Jozef Mišák 

  9:30-10:00 Invited paper 
 Present Status and Future Role of CFD Codes in 
 Nuclear Safety Applications 

M. Réocreux, France 

Session 2.  IN VESSEL BORON MIXING 
Chairperson:  Mr. O. Sandervåg, Sweden 

10:00-10:30 Simulation of OECD/NEA International Standard Problem No. 43 
 on Boron Mixing Transients in a Pressurized Water Reactor 

M. Scheuerer, Germany 
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10:30-11:00 Simulation with CFX-4.3 of Steady-State Conditions 
 in a 1/5th-Scale Model of a Typical 3-Loop PWR 
 in the Context of Boron-Dilution Events 

T.V. Dury, presented by B.L. Smith, Switzerland 
11:00-11:30 Coffee break 

11:30-12:00 Utilisation of CFD-Type Computer Code FLUENT for Safety Related 
Purposes of Nuclear Power Plants with VVER Reactors 

 J. Macek, J. Schmid, P. Mühlbauer, Czech Republic 

12:00-12:30 Experiments and CFD Calculations on Coolant Mixing in PWR – 
Application to Boron Dilution Transient Analysis 

 G. Grunwald, T. Höhne, S. Kliem, H.-M. Prasser, 
 U. Rohde, F.-P. Weiss, Germany  
12:30-13:00 Discussion of papers from Session 2 

Chairperson: O. Sandervåg, Sweden 
13:00-14:30 Lunch break 

Session 3.  IN-VESSEL MIXING AND PRESSURIZED THERMAL SHOCK  
Chairperson:  Ms. M. Scheuerer, Germany 

14:30-15:00 Experiences with Validation of CFD Methods for Pressure Vessel 
Downcomer Mixing Analyses 

 T.S. Toppila, Finland 

15:00-15:30 Comparisons of Non-stationary Convective Mixing Process 
 between Turbulence Models 
 N. Kimura, M. Igarashi, H. Kamide, Japan 

15:30-16:00 Coffee break 

16:00-16:30 Numerical Analysis of Coolant Mixing in the RPV 
 of VVER-440 Type Reactors with the Code CFX-5.5.1 
 I. Boros, A. Aszódi, Hungary 

16:30-17:00 Three-dimensional Analysis of Flow Characteristics 
 in the Reactor Vessel Downcomer during the Late Reflood Phase 
 of a Postulated LBLOCA 

T.-S. Kwon, C.-H. Song , I.-C. Chu, W.-P. Baek, Republic of Korea 

17:00-17:30 Three-dimensional Hydrodynamics and Heat Transfer 
 in WWER Reactor Units 
 E.M. Fedorov, E.I. Levin, Yu.G. Dragunov, Russian Federation 

Tuesday, 12 November 2002 

  8:30-  9:00 Simulation of Turbulent Fluid–Structure Interaction using Large Eddy 
Simulation (LES), Arbitrary Lagrangian–Eulerian (ALE) Co-ordinates 
and Adaptive Time–Space Refinement 

 P.A.B. De Sampaio, P. H. Hallak, A.L.G.A. Coutinho, M. S. Pfeil 
Brazil 

  9:00-  9:30 Efficient Nodal Schemes for CFD 
 in Nuclear Engineering Applications 
 R. Uddin, United States of America 



– 3–  

Poster Session 1.  PRIMARY SYSTEM APPLICATIONS 
Chairperson and Rapporteur:  Mr. J.-C. Micaelli 

  9:30- 10:00  Summary of Poster Session 1 
J.-C. Micaelli, France 

Poster presentations covered: 

Computational Fluid Dynamics applied to Heavy Liquid Metals 
B. Arien, Belgium 
Constitutive Laws for Interaction of Gas Bubbles within the Liquid 
Flow Field – Modelling and Experimental Basis 
D. Lucas, H.-M. Krepper, H.-M. Prasser, U. Rohde, F.-P. Weiss, 
Germany 
Detailed CFD Analysis of Coolant Mixing in VVER-440 Fuel 
Assemblies with the Code CFX-5.5 
A. Aszódi, G. Légrádi, Hungary 
Detailed CFD Analysis of Natural Circulation in the RPV 
and the Cooling Pond of VVER-440 Type Reactors 
in Incidental Conditions during Maintenance 
G. Légrádi, A. Aszódi, Hungary 
Application of TRIO_U Code to the Analysis of Stationary Flows 
in a Circular Pipe 
F. Moretti, D. Mazzini, F. D’Auria, Italy 
Study of Turbulent Heat Transfer in a Rectangular Channel 
by TRIO_U Code 
D. Mazzini, F. D’Auria, P. Vigni, Italy 
Computational Fluid Dynamics Code System for Liquid Metal Cooled 
Reactor Safety Analysis 
A. Yamaguchi, H. Ninokata, Japan 
Modelling of the Multidimensional Phase Distribution 
in a BWR Fuel Assembly 
H. Anglart, Sweden 
Benchmarking Simulations with CFD to 1-D Coupling 
H. Gibeling, J. Mahaffy, United States of America 

10:00-10:30 Discussion of papers from Session 3 and Poster Session 1 
Chairpersons: M. Scheuerer, Germany, and J.-C. Micaelli, France 

10:30-11:00 Coffee break 

Session 4.  IN VESSEL SEVERE ACCIDENTS 
Chairperson:  Mr. Z. Téchy, Hungary 

11:00-11:30 The Development of SIMMER-III, An Advanced Computer Program 
for LMFR Safety Analysis 
Y. Tobita, Sa. Kondo, H. Yamano, S. Fujita, K. Morita, Japan 
W. Maschek, Germany 
P. Coste, S. Pigny, J. Louvet, T. Cadiou, France 
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11:30-12:00 Analyses of Non-condensable Gas Accumulation and Hydrogen 
 Combustion in Pipe using IMPACT Code 
 R. Kubota, M. Naitoh, F. Kasahara, I. Ohshima, Japan 
12:00-12:30 CFD Analysis of Air Ingress Distribution 
 during Mid-Loop Accident Sequences 
 F. Oriolo, G. Fruttuoso, M. Leonardi, Italy 

12:30-13:00 Study with the CFD Code TRIO_U of Natural Gas Convection 
 for PWR Severe Accidents 
 H. Mutelle, U. Bieder, France 
13:00-14:30 Lunch break 

Session 5.  CONTAINMENT 
Chairperson:  Mr. M. Durin, France 

14:30-15:00 Application of CFD Codes STAR-CD and FDS 
 for addressing Hydrogen Distribution and Mitigation Issues 
 in the Containments of Indian NPPs 
 S.G. Markandeya, P.K. Sharma, A. K. Ghosh, H.S. Kushwaha, 

V. Venkat Raj, India 

15:00-15:30 Status of Development, Validation, and Application 
 of the 3D CFD Code GASFLOW at FZK 
 P. Royl, W. Baumann, V. Krautschick, G. Necker, J. Starflinger, 

J. R. Travis, Germany 

15:30-16:00 Coffee break 

16:00-16:30 Aspects of Nuclear Reactor Simulation requiring 
 the Use of Advanced CFD Models 
 B.L. Smith, M. Milelli, S. Shepel, Switzerland 

16:30-17:00 3D Calculations for Bubbler Condenser Experimental Qualification 
 Z. Téchy, P. Kostka, Hungary 

17:00-17:30 Hydrogen Distribution in a Ventilated Room 
 S. Keijers, W. Vanhove, D. Aelbrecht, Belgium 
17:30-18:00 Development of Fluid Dynamic Codes (MISAP, PCCSAC/3D) 
 for Passive Safety Systems and Thermal Hydraulic Behavior of 

Qinshan-II under Severe Accident Conditions 
 S. Zhang, China 

19:30   DINNER 

Wednesday, 13 November 2002 

  8:30-  9:00 CFD Analyses of Hydrogen Risk within PWR Containments 
 J. M. Martín-Valdepeñas Yagüe, M. A. Jiménez García, Spain 
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   9:00-  9:30 CFD Analyses of Steam and Hydrogen Distribution 
 in a Nuclear Power Plant 
 N.B. Siccama, M. Houkema, E.M.J. Komen, The Netherlands 

Poster Session 2.  CONTAINMENT AND SEVERE ACCIDENT APPLICATIONS 
Chairperson and Rapporteur:  Mr. J. Mahaffy 

  9:30-10:00 Summary of Poster Session 2 
 J. Mahaffy, USA 

Poster presentations covered: 

Coupled RELAP5/GOTHIC Model for Accident Analysis 
of the IRIS Reactor 
D. Grgić, T. Bajs, Croatia 
L. Oriani, L.E. Conway, USA 
SIMMER-III Applications to Reactor Accident Analysis 
T. Cadiou, France 
W. Maschek, A. Rineiski, Germany 
Chemical Reaction Models in a Code of the SIMMER-Family  
D. Wilhelm, Germany 
CFD Analysis of Passive Containment Cooling 
by Falling Film Evaporation 
W. Ambrosini, N. Forgione, F. Oriolo, Italy 
Safety Analyses using CFD Code and its Application to a System 
Code “IMPACT-SAMPSON” for Severe Accident Analysis 
M. Naitoh, T. Ikeda, H. Ujita, T. Morii, T. Mitsuhashi, Japan 
Experimental Results for Condensing Jets 
T. Eden, J. Mahaffy, United States of America 

10:00-10:30 Discussion of papers from Sessions 4, 5 and Poster Session 2 
 Chairpersons: M. Durin, France, and J. Mahaffy, USA 

10:30-11:00 Coffee break 

Session 6.  COMBUSTION 
Chairperson:  Mr. B. Smith, Switzerland 

11:00-11:30 Use of a Finite-Volume Scheme for the Simulation 
 of Hydrogen Explosions 
 A. Beccantini, P. Pailhories, France 

11:30-12:00 CFD – Application to Reactor Safety Problems 
 with Complex Flow Regimes 
 A.K. Rastogi, Germany 
12:00-12:30 Multi-level Modeling in CFD Coupled with Sodium Combustion 
 and Aerosol Dynamics in Liquid Metal Reactor 
 A. Yamaguchi, T. Takata, Y. Okano, Japan 
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Session 7.  TWO PHASE MODELLING AND OTHER ADVANCED METHODS 
Chairperson:  Mr. F. D’Auria, Italy 

12:30-13:00 Modelling of Local Two-phase Flow Parameters in Upward 
Subcooled Flow Boiling with the CFX-4.3 Code 

 B. Končar, B. Mavko 
 Presented by I. Kljenak, Slovenia 

13:00-14:30 Lunch break 

14:30-14:45 Coupling the RELAP-3D© Systems Analysis Code 
 with Commercial and Advanced CFD Software 
 R.R. Schultz, W.L. Weaver, United States of America 

14:45-15:00 CFD Applications in Canadian Nuclear Safety 
 A. Delja, Canada 

15:00-15:30 First Experience in Developing and Applying the NEPTUNE Code: 
 A Two-phase CFD Tool for Reactor Safety Analysis 
 D. Bestion, C. Morel, W. Yao, P. Coste, M. Boucker, A Laporta, 

France 
15:30-16:00 Coffee break 

16:00-16:30 3D Unified CFD Approach to Thermalhydraulic Problems 
 in Safety Analysis 
 V. Chudanov, A. Aksenova, V. Pervichko, Russian Federation 

16:30-18:00 Discussion of papers from Sessions 6 and 7 and final discussion 
 Chairperson: M. Réocreux, France, and all session chairpersons 

Thursday, 14 November 2002 

  9:00-13:00 Drafting of the summary report and conclusions of the 
 Technical Meeting 
 Scientific secretaries and chairpersons of the sessions 
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Abstract 
 

In various situations relevant to Nuclear Reactor Safety (NRS), CFD codes are most 
appropriate when highly multidimensional flows need to be predicted. However, for results to 
be accepted in safety assessments, these codes must satisfy several requirements that are listed 
in this paper. Current approaches in the use of numerical simulation tools for NRS will be 
described, including classification of codes and different calculation methodologies (single 
direct, conservative, best estimate). Specific features of CFD codes regarding physical 
modelling, assessment and numerical methods will be listed and compared to former 
requirements and practices. As a consequence, needs for further development of CFD codes 
will be identified to meet acceptability requirements. Modelling improvements, control of 
numerics, minimization of user effects, code assessment and evaluation of uncertainties are 
these needs. 

 
 
1. INTRODUCTION 

In nuclear power plants, coolant flows play a key role in removing thermal nuclear power from the 
core. Disturbances in these flows may induce heating of the core, its eventual degradation and possible 
fission products release. The prediction of such coolant flows is therefore essential for Nuclear 
Reactor Safety (NRS). Most of these predictions, especially in accidental conditions, are performed 
using the well-known two-phase system codes, for example, ATHLET, CATHARE, RELAP5 or 
TRAC. However, in some cases, CFD (Computational Fluid Dynamics) single-phase codes are used 
when the highly multidimensional feature of the physical situation may affect the type and level of 
consequences on safety. This paper aims at analyzing the questions raised by using CFD codes in 
safety assessments. 
  
The OECD Nuclear Energy Agency (NEA) has been discussing the problematic of CFD code use in 
Nuclear Reactor Safety (NRS) applications for some years now (in the GAMA group, formerly the 
PWG2 group). Recently, a CSNI exploratory meeting of experts [1] was held in Aix-en-Provence in 
May 2002. At this meeting, actions to be carried out on an international level for the years to come 
were discussed in an attempt to investigate open questions raised by such a problematic. 
The status review of CFD code use in NRS and the drawing of prospects within the context of the 
present IAEA meeting is a very challenging objective. The CFD code status makes indeed the analysis 
quite difficult: CFD codes are already used in NRS applications when certain questions still remain 
unanswered, and investigation of these questions on an international level is just on a planning state. 
This explains why technical analysis of the problem has been pursued in this paper as far as possible, 
with most of the open questions having been identified, yet very few will be solved. When 
investigating how CFD code results may be acceptable for safety assessments, analysis has often 
focused on principles and methodologies only. Defining R&D programmes necessary for reaching this 
goal would require more investigation and will not be covered in this paper. 
 
In the first chapter, reactor safety domains requiring CFD codes will be briefly recalled. In order to 
determine whether these codes are applicable for these NRS applications, current practices in NRS 
will be discussed. A general classification of codes will then be proposed. In order to obtain code 
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results acceptable for safety assessments, particularly in a licensing framework, a list of requirements 
will be established. Practices in using safety code results for drawing conclusions concerning safety 
will be reviewed, with a focus on the different types of calculations used (single direct, conservative or 
best estimate). CFD codes will then be examined, with a review of their characteristics and specific 
features, followed by a comparison to former requirements and practices. From these comparisons, 
development requirements for CFD codes will be identified. In the conclusion, prospects of using CFD 
codes in nuclear reactor safety applications will be debated. 
 

2. NUCLEAR REACTOR SAFETY PROBLEMS REQUIRING CFD CODES  

2.1. Reactor situations potentially requiring CFD codes 

Several situations relevant to safety show a strong dependence on the detailed 3D behaviour of fluid 
flows. These situations will be briefly recalled here, which will provide an illustration of some cases 
where use of CFD codes is essential for assessing safety. 
 
Deficiencies in normal operation 
 
Thermal fatigue and mechanical vibration phenomena, in particular, are deficiencies that occur under 
normal operation conditions. Thermal fatigue appears, for example, in tees or bends when imperfect 
mixing of fluids at different temperatures generates wall temperature fluctuations. Mechanical 
vibrations appear in some components such as the core or steam generators when velocity fluctuations 
interact with the structures. Thermal fatigue and mechanical vibrations – problems in normal plant 
operation conditions - can provoke major accidents, such as ruptures of pipes, fuel rods or steam 
generator tubes. In all of these cases, the multi-dimensional features and detailed fluid flow 
fluctuations are determinant. 
Several other problems requiring CFD code use are also encountered in normal operation control, 
such as the control of fluid temperature at the core outlet. Due to mixing and multidimensional effects, 
the measured temperature - used as the core outlet temperature for core power evaluation - may 
deviate from the real average outlet temperature. This may disturb safety analyses where core power is 
a key parameter. CFD codes can therefore be necessary for such an evaluation. 
 
Single-phase accidental transients in the primary circuit 
 
Boron dilution or cold slug propagation in the core are well-known examples of accidents in single-
phase where CFD codes are required. Turbulent mixing between unborated and borated, cold and hot 
fluids, as well as the multidimensional spreading of the corresponding slugs in the vessel can prevent 
or decrease the power excursion that may result when these slugs go through the core. Such power 
excursions may induce significant safety consequences. 
A Pressurized Thermal Shock (PTS) may occur when injected cold water reaches the hot pipe or vessel 
walls. A PTS may induce mechanical failure with significant effects on safety. A PTS can be caused 
by thermal stratification, imperfect thermal mixing or jet formation with pronounced multidimensional 
behaviour. 
 
Severe accidents in the primary circuit 
 
The multidimensional character of severe accident situations has been neglected for a long time, even 
though it is now more and more recognized as a determinant factor in the outcome of an accident. This 
is the case for the so-called "induced break event". After core meltdown, natural circulation may be 
initiated between the core and the steam generators. Hot steam generated by the core flows through the 
upper part of the hot leg. This steam flows into the steam generator and back again (direct and reverse 
flows depending on the tubes) where it is cooled. The "cold" steam returns to the core through the 
lower part of the hot leg. These flows induce structural heating of the hot legs and steam generator 
tubes, and may provoke rupture in case of high pressure in the primary circuit. Consequences on safety 
may be very important (e.g. containment by-pass, effects on molten core ejection and direct 
containment heating). The physical nature of these phenomena is related to multidimensional flow 
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behaviour, thermal stratification and mixing, which are phenomena that can be taken into account by 
CFD code calculations. 
Another example concerning detailed multidimensional flow behaviour in a severe accident scenario is 
the deposition of aerosols in the primary circuit. Once again, CFD codes need to be applied if an 
accurate prediction is required. 
 
Containment fluid flow transients 
 
Multidimensional fluid flows greatly determine transient behaviour of the containment for Design 
Basis Accidents (DBA) and Severe Accidents (SA). For example, pressure build-up inside the 
containment depends on several multidimensional phenomena such as the steam/air distribution and 
the film wise condensation/evaporation on the walls. This pressure build-up may directly affect 
containment integrity. During severe accidents, hydrogen released from the primary circuit may 
undergo combustion, detonation or even deflagration, depending on hydrogen concentration levels. 
Hydrogen distribution inside the containment that produces these levels is governed by mixing and 
diffusion effects in multidimensional flows as well as condensation phenomena on the walls. 
Hydrogen combustion that can result strongly depends on initial hydrogen distribution, flow 
turbulence and the multidimensional way it propagates. Aerosol deposition is another phenomena 
occurring in the containment during a severe accident that is highly determined by multidimensional 
flows. Such phenomena may strongly affect fission product release in the event of a containment leak. 
In all these cases, realistic predictions should use CFD codes. 
 
Two-phase flow situations 
 
Many two-phase flow situations are largely influenced by the 3D behaviour of the flow. With the 
present multidimensional two-phase flow models, description uses a porous approach on a large-scale 
(tenths of centimetres). Such models have several limitations and there is an unquestionable need to 
improve them. Those improvements should deal with free volume and smaller-scale descriptions of 
two-phase flows. CFD-like codes can meet these requirements and are being considered in 
development plans for advanced thermalhydraulic. 

2.2. Use of CFD codes in NRS: the issues 

In the preceding reactor situation examples, the detailed multidimensional character of the flows 
governs the phenomena relevant to safety. Predicting such phenomena can be based on: 
 
- Simple calculations using empirical correlations. This method has been, and continues to be used 

in most cases where 3D detailed CFD calculations are not available and it is the only way to 
obtain a global answer to the safety question. Correlations are developed from experiments that 
are designed to simulate as realistically as possible the multidimensional aspects of the reactor. 
Creare tests for PTS and Bora tests for boron dilution are two examples. This approach raises 
several questions, in particular, representativity of the experimental facility and extrapolation by 
scaling. Problems may also be encountered in obtaining accurate measurements that are supposed 
to track extremely detailed reactor phenomena, such as small temperature fluctuations whose 
measurements can be complicated. 

- Detailed 3D flow calculations obtained by CFD codes. The issue here will be to obtain technical 
acceptability of such CFD calculations within the nuclear safety process. Thus, the question of 
acceptability will be reviewed, by listing general calculation requirements and practices and by 
analysing how such requirements can be met by CFD codes. 

 
As two-phase flow models are in starting phase of development, the cases to be considered in this 
paper, will mainly concern single-phase situations (liquid flow, gas flow or similar situations i.e. 
single-phase flow with homogeneous dispersed particle transport). Most of the single-phase 
conclusions should apply to two-phase flow models. Specificities of two-phase flow models will be 
discussed briefly at the end of the paper. 
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3. CLASSIFICATION OF CODES USED IN NUCLEAR REACTOR SAFETY (NRS) 

Developing numerical simulation of physical phenomena is a rather complex process that must follow 
certain principles to obtain a code applicable in Nuclear Reactor Safety (NRS). Depending on the 
progress of code development and how remaining technical questions are handled, different code 
categories can be distinguished. Code acceptability for Nuclear Reactor Safety (NRS) varies greatly 
depending on the category. It should be noted that this classification is very general and applies to all 
numerical simulations, whatever the NRS discipline involved (e.g.: thermalhydraulics, fuel mechanics, 
metallurgy, fission product chemistry, aerosols, radioactive transfers in the environment, waste, 
earthquake evaluation and human factors,…). 
 
The first basic distinction to be made is between what will be called Laboratory Codes (LC) and 
Released Codes (RC).  
 
Laboratory Codes        LC 

 
This class of codes normally covers all codes under development. These codes are in constant 
evolution, as some technical questions that are part of their development remain partially 
unsolved. Among these questions, physico-numerical ones may render the robustness of these 
codes somewhat unreliable. The advantage of such codes is that they contain the most 
advanced physical knowledge, which often makes them the only tool able to clarify certain 
acute technical questions. Advanced top findings incorporated into LC codes, however, are 
often not yet confirmed and may evolve. Such results need complementary validation. 
Consequently, "reasonable" results can only be obtained "by" or "with" code developers. Use 
of these codes may even be strictly restricted to code developers when robustness problems 
are too important. These features are characteristic of other codes that are no longer under 
development and whose finalization is not perfectly completed. Such codes, in their 
application to NRS, should be considered as belonging to the LC code category. 

 
Released Codes        RC 

 
This class of codes currently represents the majority of codes used in NRS. The term “release” 
refers to the fact that they have been made available to external users. A minimum of 
robustness has therefore been obtained to make this external use feasible and a version has 
been formally frozen. Freezing a code requires choosing certain physical and numerical 
answers. As these answers may not be definitive due to a lack of knowledge, the code 
developer may retain different options for some poorly known physical phenomena or 
numerical algorithms. Physical options can drastically change results. Consequently, different 
sub-categories should be distinguished in the RC class, depending on the number of options 
and on the existence or not of guidelines helping users in their choice of physical and 
numerical options. These categories are: 

Released codes with physical options    RC (opt) 
Released codes with reduced physical options  RC (red-opt) 
Released codes with no physical option   RC (no-opt) 
Released codes with guidelines    RC (guide)  

Practically, depending on the availability of guidelines, frozen versions include different 
combinations of the preceding sub-categories, for example RC (opt), RC (opt, guide), RC (no-
opt) RC (no-opt, guide)…. 

 
An important feature that differentiates the various RC codes from each other is the existence or not of 
a systematic assessment including documentation. A specific class should therefore be defined for 
such cases: 
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Released Codes + Systematic Assessment with Documentation  RCA  

 
The RCA code version is belonging to the RC class (see above). It should then be frozen and 
released. Assessment mainly carried out on experimental data provides in addition views on 
the capabilities of the code to describe accidents for which it has been designed. 
Documentation should allow traceability of the code and its assessment. 

 
RCA codes are certainly the most advanced and finalized code versions for NRS applications. 
Looking back on the last twenty years, it appears that RCA codes were not always as frequently 
available. In many NRS domains, technology moved from LC to RC and from RC to RCA. 
Consequently, numerous NRS applications used, or are still using, RC and LC code types without 
complete assessment. In such cases, using calculation results to backup safety assessment raises the 
question of acceptability. In an attempt to clarify these questions, requirements on calculations 
necessary to render results acceptable for NRS applications will be reviewed in the following chapter. 
 

4. REQUIREMENTS FOR SAFETY APPLICATIONS 

Acceptable calculations for safety applications should be: 
 

- Reproducible 
- Assessed 
- Traceable 

 
These three requirements seem quite obvious, however meeting them is far from being simple when 
referring to practical applications.  
 
Reproducibility refers to the fact that the same result must be obtained when the calculation is 
repeated, for example, with a different user, using a different computer, years later. This requirement 
is crucial because licensing decisions based on calculation results should be justifiable at any time 
during the plant lifetime and should not depend on the team performing the calculation. 
Assessment relying mainly on experimental results should be performed to evaluate 1) correctness of 
the physical models, 2) code capabilities to predict phenomena, and finally 3) code applicability for 
the calculated case. 
Traceability concerns the whole code process. It should cover code source programmes that should be 
archived and accessible for analysis and code documentation, particularly documentation on models 
and numerics including justification. Assessment should also be documented with a detailed physical 
analysis of the assessment results and all information pertaining to the calculation itself, i.e. input data, 
code version, calculation parameters such as time steps, mass energy conservation indicators and 
restarts, …. 
 
The different classes of codes are largely unequal in front of these requirements: 

LCs cannot fulfil these requirements due to their evolutionary feature, their incomplete 
assessment and their robustness deficiency. Consequently, their use may often be restricted in 
providing qualitative input in unknown domains. 
RCs partly satisfy requirements and treatment of options and guidelines is crucial. Options 
reflect the lack in physical knowledge and may introduce large user effects (the question of 
reproducibility). 
RCAs are the only codes that meet these requirements. One of the remaining key points for 
these codes is the quality and completeness of their assessment. 
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5. NRS PRACTICES FOR OBTAINING AND USING CALCULATION RESULTS  

The main objective of calculations with numerical codes is to obtain a credible prediction of the 
physical phenomena for which the code has been designed. However, obtained predictions do have 
structural limitations due to the following unavoidable facts: 

1. Physical knowledge is never complete, even with very advanced physical modelling 
2. Simulation tools reflect this knowledge status and nothing more, 
3. Simulation tools show difficulties in obtaining accurate numerical solutions,  

 
As a consequence of these limitations, calculation strategies must be elaborated and applied in NRS 
applications so that "imperfect" results can still be used for deriving safety conclusions. 
 
These strategies are based on general principles, even if they may be derived in slightly different ways 
depending on the domain. As for code classification, these strategies apply in all safety domains and 
are not restricted to thermalhydraulics or fluid mechanics. These strategies produce different types of 
calculations available that are practiced in NRS applications. In the next chapters, calculation types 
will be classified and then associated with general strategies. 
 
5.1. Single Direct Calculations 
 
Single Direct calculations     SD 
 
In this type of calculation, physical behaviour is evaluated by performing a single calculation using the 
code in a direct way i.e. using "standard" models – an unchanged code or with a frozen set of options - 
and a prescribed set of boundary conditions. The results of this single direct calculation are considered 
as representative of what actually occurs, and therefore are not discussed at all but used directly for 
drawing safety conclusions. 
In this process, lack of physical knowledge is completely ignored, which presents strong limitations. 
This method is applied to all code types, such as laboratory codes (LC), released codes (RC) or 
released codes with assessment (RCA). For calculation results considered as representative, the risk of 
deviation from the real response may be more or less significant depending on the code type (see 
discussion in § 3). SD calculations are often practiced because they are an "economical way" to obtain 
results. However, economic considerations sometimes extend to the code itself, with SD calculations 
often being performed with codes lacking complete assessment. Risk of significant error is therefore 
not only non-negligible but also remains completely ignored by the SD calculation principle itself. 
It is obvious that the "single direct" feature may affect safety conclusions drawn from calculation 
results, as they do not consider uncertainties. This aspect particularly affects conclusions that are based 
on thresholds values (limits in physical parameters, time for operator actions). 
Nevertheless, it must be noted that SD calculations are frequently used in safety assessments and more 
often than expected, considering SD limitations. One of the most important drawbacks remains the 
fact that validity of results is often never questioned at any time in the discussions prior to establishing 
safety conclusions. Introducing the notion of uncertainty would significantly change the sense of the 
conclusions and the way they would be perceived. This is obviously a problem connected to the 
current state of what we call "the culture in the use of safety codes". Greater care should be clearly 
taken when using SD calculations in order to avoid misunderstanding of real phenomena underlying 
safety questions. 
As a consequence, should this practice be abandoned? Certainly not, as mentioned beforehand, SD 
calculations are economical. These calculations provide economically interesting qualitative 
tendencies that can be relied on to a certain extent, especially when it comes to using RCA codes. SD 
calculations can, for instance, be used as an "engineering compromise" and with “sufficient care”, to 
qualitatively show that the situation is far from safety criteria, and that no crucial safety problems may 
occur. However, SD calculations will never represent a rigorous method in scientific terms and will 
never satisfy quality standards in quality insurance terms.  
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Single Direct calculations with sensitivity studies  SD-SS 
 
SD calculations are sometimes completed with sensitivity studies. Sensitivity studies are conducted 
with the objective of preventing from cliff edge effects. As several calculations are executed, SD-SS 
calculations can no longer be considered as "Single". However, verifying the absence of cliff edge 
effects - even if it is a very popular process in safety assessments - cannot be considered as a substitute 
for an uncertainty evaluation and the lack of physical knowledge is still not taken into consideration in 
the calculations. Once again, it seems relevant to continue to classify these calculations as SD-types. 
 
5.2. Conservative calculations 
 
Conservative calculations     Co 
 
The principle applied here is to take "into account" the lack of knowledge by introducing conservative 
assumptions into calculations so that the results can be used as bounding limits in NRS applications. 
This practice is widely used in all safety domains. Almost all Nuclear Reactor Safety (NRS) 
applications have employed this method. Several applications are still processed this way today. 
 
Different types of conservatisms can be distinguished with regards to the different parts of the code 
and data to which conservatisms are applied. These are: 

-Conservative models     Co(M) 
-Conservative boundary conditions   Co(BC) 
-Conservative models + boundary conditions   Co(M,BC) 

 
Conservatisms on the models are applied to those models that present large physical unknowns. In 
general, uncertain physical laws are replaced by maximized or minimized values so that consequences 
on safety provided by calculation results are maximized. Conservatisms on boundary conditions cover 
uncertainties related to their own knowledge but are sometimes introduced as an "artificial means" for 
adding global conservatisms that cover all uncontrolled unknowns. 
 
In some cases, conservatisms have been formalized by rules. This was the case for the well-known 
Appendix K 10.CFR.50 for LOCA prediction. Specific code versions were at that time frozen with the 
introduction of prescribed conservatisms. These versions were called EM versions (EM for evaluation 
models). 
 
The conservative approach certainly seems very reasonable as far as the safety question is concerned, 
as it foresees for unknown factors to assure maximum safety. This explains the success of this practice 
in all NRS domains. However, certain questions do remain unanswered, which motivated the 
exploration of other approaches. Conservative calculations do reveal indeed several limitations: 

- Conservatisms margins are unknown. Evaluation of real values is needed to estimate 
plausible margins. A conservative approach cannot provide real values. 
- Moreover, several other questions remain unsolved: 

-Additivity of conservatisms: two conservative models that are conservative separately 
can be non-conservative when combined. Additivity of conservatisms is generally 
very difficult to demonstrate. 
-Non-linearity effects: such effects can, for example, lead to the fact that one 
assumption, which provides conservative results for certain part of a transient, will be 
non-conservative for other parts. Non-linearities are related to the physical nature of 
the model. Additivity problems are often related to non-linearities. 
-The difficulty of scaling conservatisms: Conservatisms are very often justified 
through comparisons with experiments that are performed on a small-scale. 
Transposing conservatisms to reactor-scale level proves to be very difficult and is 
rarely considered. 
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As a consequence of these intrinsic limitations, conservatisms are difficult to demonstrate. However, 
due to the physical knowledge deficiencies that cannot be overcome, often no alternate method can be 
used. To deal with this situation, very important conservatisms were applied in the early seventies in 
order to be sure to be “on the right side” for safety, without being able to prove it rigorously. This lack 
of proof urged the scientific community to turn towards Best Estimate (BE) methods and ambitious 
research programmes were launched for that purpose. As a consequence, a trend in using best estimate 
methods can be observed in recent years, even if BE methods have not entirely substituted 
conservative methods. Others, in an intermediate way, preferred to try to reduce conservatisms, 
without entirely doing away with them. With regards to the limitations listed earlier (additivity, non-
linearity, scaling), it seems understandable that limiting conservatisms should be done with great care. 
 
5.3 Best estimate calculations 
 
Best Estimate calculations     BE 
 
The principle of a Best Estimate calculation is to limit unknowns as much as possible, and sufficiently 
enough, so that real phenomena are realistically represented from a qualitative viewpoint. This is a 
fundamental change when compared to both SD calculations that do ignore unknowns and Co 
calculations that compensate them through conservatisms. Of course, in order that the results will be 
useable for NRS, any residual unknown deficiencies should get a special treatment (for instance by 
uncertainty evaluations). 
 
This strategy requires RCA codes to demonstrate physical capabilities of the Best Estimate method. In 
applications, the Best Estimate strategy is derived from different variants that can be classified in the 
following way: 
 

- Best Estimate single direct    BE SD 
- Best Estimate + sensitivity studies   BE SS 
- Best Estimate + uncertainty evaluation   BE UE 

 
As mentioned beforehand, the SD approach (BE SD) has several limitations. However, the BE 
character of the code moderates the effect produced by the SD non-integration of knowledge 
deficiencies. Introducing sensitivity studies in BE SS in order to investigate potential "cliff edge" 
effects does not really improve the SD approach. The true BE strategy in NRS applications is, in fact, 
the BE UE approach that provides ranges in which physical parameters are situated, and from which, 
consequently, sound conclusions concerning safety can be derived. A BE calculation is by far the most 
advanced method. This method is claimed to be the one, which should be used in the future in every 
domain dealing with safety, such as design basis, severe accidents, waste and radioactive transfers in 
the environment… This method implies a good mastery of physics, which is still difficult to achieve in 
many domains concerned with safety. 
 
There are two categories of open questions that may limit the applicability of BE UE in NRS 
applications. The first category concerns the demonstration of the BE character of the code i.e. 
questions essentially relative to code assessment. The second category refers to uncertainty 
evaluations. All these questions will not be developed here as they are discussed extensively in other 
papers [2], [3]. Only a list is provided further on, concerning those that play a special role in CFD code 
use in NRS applications. 
 
As far as code assessment is concerned, even if it has been practiced for several years now in several 
disciplines, certain questions remain unanswered, such as: 

•Frozen versions. To complete a code assessment, years of studies may be needed, during 
which the code version may evolve. As assessment should be carried out on frozen versions, 
how can these evolutions be managed? 
•Experimental databases. What is the minimum necessary set of tests before an assessment can 
be considered complete? Do available experiments cover the whole range of physical 
phenomena encountered in the plant? 
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•Evaluating assessment. Should analysis be restricted to dominant phenomena only? How can 
obtaining favourable results for the wrong reasons be avoided? 
•User effects, modelling guidelines, system effects and scaling. 

 
In evaluating uncertainties, it is often basic structural questions that present problems, such as: 

•Elementary model uncertainty evaluations. How can elementary uncertainties be evaluated 
when only global effects of the models can be measured? Certain techniques do exist but what 
are their limits? Are these techniques completely satisfactory? 
•Uncertainties related to the mathematical modelling of physics: mathematical equations 
depend on assumptions made during the physical modelling process. Changing assumptions 
changes the mathematical equations. How can uncertainty evaluations take into account the 
uncertain form of mathematical equations? 
•Contributions of non-dominant phenomena and numerics. Can such phenomena be 
neglected?  How can they be taken into account? 
•Analysis of scaling effects on uncertainty evaluations. 
•Number of calculations required, especially for methods based on uncertainty propagation. 

 
BE methods are certainly the ultimate goal in NRS applications, but as illustrated in the list above, 
they are often difficult to fully apply. For that reason, intermediate strategies combining BE and 
Co(BC) have been developed. Introducing conservatisms allows some flexibility or permissiveness in 
BE methods but this combination adds together problems originating from BE and Co approaches. 
Reasonable answers to these questions must be found if such methods are to be used in sound NRS 
applications. 
 
The following table recapitulates the types of codes and calculations that have been defined in the 
previous chapters. It provides the list of acronyms used in this paper to which the reader can refer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

CODE TYPE  

Laboratory Codes        LC 

Released Codes        RC 

Released codes with physical options    RC (opt) 
Released codes with reduced physical options  RC (red-opt) 
Released codes with no physical option   RC (no-opt) 

Released codes with guidelines      RC (guide) 

Released Codes + Systematic Assessment with Documentation  RCA  
 
CALCULATION TYPE  

Single Direct calculations      SD 
Single Direct calculations with sensitivity studies    SD-SS 

Conservative calculations       Co 
-Conservative models      Co(M) 
-Conservative boundary conditions     Co(BC) 
-Conservative models + boundary conditions    Co(M,BC) 

Best Estimate calculations      BE 
- Best Estimate single direct     BE SD 
- Best Estimate + sensitivity studies    BE SS 
- Best Estimate + uncertainty evaluation     BE UE 

TABLE 1 
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6. SPECIFIC FEATURES OF CFD CODES  
 
Before analyzing how CFD codes can be used in NRS and what requirements need to be met, the 
specific features of such codes will be reviewed. In this review, single-phase codes will be discussed 
in length, whereas two-phase flows will be covered later. 
 
6.1. Modelling Specificities  
 
Various physical models co-exist in CFD codes. In a schematic manner, model specificities can be 
described as follows. 
 
The initial base, from which these codes are derived, is constituted of local instantaneous Navier 
Stokes equations obtained from conservation principles. 
 
To obtain a detailed description of the flow, the most direct way is to solve these local instantaneous 
equations (DNS – Direct Numerical Solution) in space and in time (3D + time transients including all 
fluctuations (turbulence)). Such a solution is very difficult and costly. 
 
Simplified techniques have been developed, where main fluid parameters are transformed, either by 
time averaging or by filtering techniques into: 

- An average value + a fluctuating value (Reynolds averaged equations), 
- Or a low filtered component - representing large turbulent structures - and a high frequency 
component - representing dissipation effects on small structures (Large Eddy Simulation). 

 
Closing the system requires models for either the fluctuating values or the sub grid scales. These 
models are mechanical models based on different turbulence representations within the fluid. These 
representations focus on different phenomena such as kinetic energy transport, energy dissipation, 
turbulence frequency, turbulent shear stresses and anisotropy effects. Each representation produces 
completely different sets of closure equations (for examples k - ε models, k - ω models, Reynolds 
stress models RSM, LES, and several variants). 
 
Inside the sets of closure equations, there are several series of parameters whose numerical values 
have to be defined. These values are determined on the basis of basic experiment calculations. The 
obtained models are then considered as describing the fundamental turbulence mechanisms that are 
characteristic of the basic fluid behaviour. 
 
These models withstand for the standard part of the flows. Near the walls, significant gradients require 
either a very detailed calculation (fine meshes) or specific averaged models. These models are very 
sensitive and can considerably modify global results. 
 
Fluid flow phenomena can be combined with thermal effects that are often the cause of many safety 
problems such as thermal fatigue or thermal shocks. These thermal effects are most often modelled 
using Prandtl analogy. Such an analogy may be questionable under certain circumstances. 
 
6.2. Assessment  
 
Developments - considered as assessment in other physics disciplines - have several specificities for 
CFD codes. 
 
Once the set of closure equations has been chosen for CFD codes, numerical values for model 
parameters must be determined. This action is similar to the qualification phase as defined, for 
example, in thermalhydraulics when physical closure laws are correlated from separate effect tests. 
Simple basic experiments are used for CFD codes. On the contrary to usual thermalhydraulic codes, in 
general no qualification domain is defined. For some CFD codes, it seems the set of parameter values 
is considered as "universal". In such cases, the qualification domain would be defined as "unlimited". 
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On the contrary, in some specific industrial applications that have not been explored in detail, it seems 
that qualification is performed to some extent, allowing particular tuning and rendering these codes 
specifically adjusted for these applications, which means the obtained set of values would not be 
optimum if applied to other applications. For these cases, such adjustments may correspond to the 
usual definition of a qualification domain. It is important to point out that the notion of a qualification 
domain in NRS applications is a major notion as it determines the range of physical phenomena for 
which the code is considered applicable. 
 
Developments that recall the verification process applied in usual thermalhydraulic safety codes are, in 
fact, comparisons of CFD codes on more or less complicated "global" experiments. In general, 
analyses of comparisons concerning CFD codes are oriented towards the suitability of the set of 
closure equations, rather than the suitability of the parameter values, as is done for physical 
correlations in usual thermalhydraulic codes. This is somewhat consistent with the absence of the 
notion of qualification domain. In these comparisons, questions of extrapolation, transposition and 
scaling are not raised, which gives the impression that the CFD code assessment approach is not really 
complete when compared to usual standards applied to safety codes. 
 
This statement should however be further investigated. Some CFD code specificities could be 
highlighted, which could clarify the present observed state and could orient future actions to satisfy 
requirements in NRS applications. 
 
CFD code physical models are extremely detailed, which implies an increased number of physical 
parameters compared to lesser-detailed models. For example, several turbulence parameters are 
needed to describe what is summarized in a single friction factor. As the description of physical 
models describes very detailed mechanisms, these mechanisms are considered as fundamental and 
quasi-independent of the external environment. Consequently, corresponding model parameters look 
highly general and, once determined, adjustment may appear unnecessary. Extensive detail in models 
also explains trends that are observed in assessment results. Very often, assessment results appear 
quite positive from a qualitative viewpoint. This reveals indeed the powerful capacities of detailed 
models to describe real physics, whereas the lesser-detailed models are unable to predict the same 
qualitative behaviour. On the contrary, it is much more unnerving with CFD codes to be confronted 
with quantitative differences that consequently appear to be more a deficiency in the description of the 
detailed mechanisms, than a defect in the parameter adjustment. With lesser-detailed models, 
parameter adjustment simply appears as a normal approach. This probably explains why discussion 
concerning CFD code verification is often oriented towards the different sets of closure equations 
rather than the parameters themselves. A similar trend is also observed with advanced two-phase 
thermalhydraulic models when compared to more classical ones. 
 
Model derivation of CFD codes uses a mechanical approach before using a physical one. The set of 
closure equations, for instance, is very often based on mechanical transport equations. Depending on 
the mechanical quantity that is transported, different models are obtained that correspond to the 
description of different physical mechanisms. The correspondence between a mechanical 
representation and physics may also explain the specific connections that exist between CFD codes 
and their assessment. 
 
Other CFD code specificities worth mentioning are: 
 

- CFD code assessment requires experiments using very fine instrumentation. This may 
limit the number of available experiments and introduce constraints in the assessment 
strategy. 

- Even if CFD models are the most advanced models in fluid mechanics, some models 
contain significant uncertainties and need to be used with precaution, for example models 
for wall effects, thermal related phenomena or unsteady flows. 

- The assessment of physical models is often combined with numerical testing, with it being 
sometimes difficult to differentiate one from the other. This point will be discussed in the 
next paragraph. 
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6.3. Numerics 
 
The role of numerics in CFD codes is very important, much more than in usual safety 
thermalhydraulics codes. Numerics play a key role in the global CFD code content. Numerics is so 
crucial that in certain presentations of CFD code development, physical aspects almost disappear in 
favour of numerical developments. 
 
Finding and applying a numerical method to obtain physical equation solutions is a real challenge: 
 

- Constraints on numerics are important. As numerical calculation volume is very large, it is 
difficult, even with the most powerful computers, to keep computing time at reasonable 
levels. Computing times exceeding some months does exist, when weeks or less would be 
more reasonable. Under these conditions, numerical methods should be efficient and 
robust, which is often in contradiction with requirements for accuracy expected for this 
type of detailed phenomena description. 

- Results are very sensitive to numerics. Space (meshing) and time convergence are often 
difficult to reach. Very small changes in key areas may have drastic effects on results. 
Diffusion of the numerical scheme should be completely controlled. Numerical viscosity 
must either be negligible so that only physical viscosity effects are calculated, or 
introduced in a controlled way in addition to physical viscosity. Feedback of numerical 
diffusion concerning method robustness is also a difficult compromise to achieve. 
Boundary conditions for 3D calculations have a very large impact on results. Wall 
descriptions encounter the same problematic with a similar impact on results. 

- Numerical effects are sometimes very difficult to distinguish from physical effects. 
Numerics may even be used to represent or compensate physical effects, as is the case for 
numerical viscosity. Another example is the use of meshing as a filtering technique 
between the different sizes in flow structures. 

- As a consequence, numerics assessment cannot be considered separately from physical 
model assessment in some assessment applications. Drawing conclusions is therefore not 
an easy task. 

- It is well known that a lot of user effects can be generated from numerics, for example, 
through meshing choices. 

- Meshing convergence issues include the usual convergence issues for example, the need 
for fine meshing in large gradient zones. However, scale dependence considerations may 
also need to be taken into account. Here, the question is: to calculate flows in different-
scaled apparatus, must mesh-size be maintained, thereby corresponding to certain 
calculated flow structure sizes, or can a mesh-size ratio be used, thereby rendering, on the 
largest scale, the number of meshes more reasonable for an acceptable computing time, 
even if this may be more difficult to justify physically? What effects will these two 
alternatives have on scaling and extrapolation capabilities? 

- Finally, in some cases, a discretized set of equations may not exhibit the same 
fundamental response as the physical analytical model. Strong links between physics and 
numerics in CFD codes probably makes this problem unlikely. However, numerics 
neutrality, which is sought after in usual thermalhydraulics codes, is far from being 
attained. Under such circumstances, it is essential that the contributions of both numerics 
and physics be controlled. 

 
 
7. CONSEQUENCES ON THE USE OF CFD CODES IN NRS 
 
Taking into account both requirements for safety assessments developed in chapter 4 and the above 
CFD code characteristics (chapter 6), it is possible to determine developments that should be carried 
out on CFD codes so that they can be used in NRS applications. Thus, the three requirements 
formulated for safety assessments and the different calculation strategies identified to obtain results 
applicable in NRS applications will now be discussed in the particular case of CFD codes. 
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7.1. To be acceptable, results must be reproducible 
 
The reproducibility of results mainly requires that the code be frozen and user effects be minimized. 
 

7.1.1. Freezing codes 
 
Formalizing an RC version is the first necessary step in freezing codes. All commercial CFD codes 
obviously satisfy this requirement. This is also the case for several proprietary codes that sometimes 
have flexibility as far as formalisation is concerned. Frozen CFD codes therefore formally exist. 
 
However, experience in using these codes with, for example, the participation to benchmarks or ISPs, 
has shown that code developers or external users in connection with code developers, obtain better 
results in these comparative exercises than with other participants. This observation certainly has to be 
related to the fact that results depend strongly on "the tuning or choices" that only “code developers” 
master (e.g.: meshing or options) by knowing which ones are the “good” ones. 
 
This means that these CFD codes, due to the significant number of available options and degrees of 
freedom - even if they are RC frozen versions - behave more like codes situated between LC and RC. 
This is not necessarily a hindrance as it is a well-known symptom in the early stage of code maturity. 
Similar observations were made in the 70s and early 80s with thermalhydraulic codes. However, it is 
also well known that code developers, at that stage, can obtain results they believe to be correct, 
whatever reality may be. This is, of course, unacceptable in safety assessments. The situation clearly 
has to be improved. However the fact remains that these LC-like codes can provide very valuable 
qualitative information that no other code can provide, yet, precaution must be taken when referring to 
quantitative results or discussing safety-related decisions based on this information. 
 

7.1.2. Minimizing user effects 
 
As previously explained, the impact of user effects in CFD applications is greatly due to "options" and 
the numerous available numeric choices (meshing, convergence, definition of the right boundary 
conditions). The problematic of user effect minimization is therefore very similar to that of obtaining 
an "effectively frozen code". Firstly, options should be reduced and guides should be edited to limit 
user "choices". 
Released CFD codes (RC) should turn towards RC (red opt + guide) or even RC (no opt + guide) 
codes. 
 

7.1.3. Consequences on CFD Codes 
 
Turning towards strictly frozen versions and minimizing user effect requires a general overall effort in 
order to gain good control over physics and numerics. Controlling physics can be obtained by 
improving certain physical models but mainly by improving assessment methods (see next paragraph). 
Properly controlling numerics means solving all open questions listed in § 6.3. To satisfy convergence, 
for instance, methods should be defined and applied so that numerical meshing effects are shown to be 
negligible. 
 
7.2. To be acceptable, results must be assessed 
 
As shown in paragraph 6.2. the present state of what can be considered as CFD code assessment is far 
from the standards applied to safety codes in NRS applications. What needs to be done in each of the 
different steps of an assessment process in order to improve the situation will now be reviewed. In 
order to be considered complete, code assessment must cover all processes that contribute to the 
results. Consequently assessment should include: 

- theoretical justification of the models, 
- assessment of physical laws using comparisons with experiments, 
- assessment of numerics used for solving physical analytical models. 
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It is important to highlight here that in our general assessment definition, code assessment is not only 
restricted to comparisons with experiments, as is often the case. Same observation is made in the 
uncertainty evaluation, for the contributors to the uncertainties. 
 

7.2.1. Justification of models 
 
Model justification consists of the model derivation description (general set of equations, closure laws) 
including basic assumptions that must be made at every different modelling step. These assumptions 
should be discussed and resulting limitations on the code applicability domain should be clearly 
expressed. 
In the case of usual thermalhydraulic codes, this justification is not always available. In particular, 
limitations inherent to basic model assumptions concerning code applicability are rarely expressed. 
When domains concerned by these basic limitations are not taken into account because they have not 
been determined, several predictions in such domains and corresponding assessment difficulties that 
are encountered remain unexplained. The large observed uncertainties in those domains result at least 
from an “artificial tuning” of mathematical models that do not really represent physics. In such cases it 
is clear that code results should be dealt with precaution in the NRS applications. Determination of 
such limitations is then highly required. 
For CFD codes, justification of models does partly exist but there is still room for improvement by 
rendering such justification more explicit. Differences in capabilities of the main model types such as 
"k - ε" models, "k - ω" models, Reynolds stress models RSM or LES, should be formulated in a more 
operational and practical way. Thus, the use of unadapted models in certain NRS applications could be 
avoided or moderated when they are even though applied. 
 

7.2.2. Assessment of physical laws 
 
Assessment of physical laws should be conducted on two levels: qualification on separate effects 
(basic or analytical) tests and verification on global tests. Such assessment methodology is derived 
from the very nature of the physical phenomena, as these phenomena result from the coupling of 
several different basic phenomena. Qualification covers the basic phenomena on an individual basis, 
whereas verification deals with their interaction and coupling. This methodology also refers to the 
scaling question as experiments are most often performed on a smaller scale than reactor-scale and 
consequently, reactor results are obtained by extrapolation. 
 
Qualification performed on separate effect (basic) tests should provide a qualification domain for 
physical laws. Verification on global tests, completed by scaling studies, should provide a code 
applicability domain.  
 
There is no objective reason why CFD codes should not follow this standard physical assessment 
process. Determining qualification and code applicability domains will be new to CFD code treatment. 
However, it is essential for NRS to determine the level of confidence to be attributed to results. CFD 
code specificities should be taken into account, particularly the physical laws representing detailed 
fluid physics. General physical parameters resulting from this detailed physical description should 
show up in assessment results. However, these parameters may also exhibit well-defined limitations 
when the basic assumptions of the models are no longer satisfied (see §7.2.1). For instance, an 
isotropic-based model should show well-defined limitations, especially when compared to a gradient 
dependent one. The same should be observed in a stationary model when compared to a non-stationary 
one. Such effects should clearly appear in the determination of code applicability domain. As a 
consequence, it is probable that during the assessment process, the relative weight of model 
assumptions, qualification and verification will vary slightly for CFD codes, when compared to, for 
example, usual safety thermalhydraulic codes. This should not modify in any way the principle of the 
assessment process itself. 
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7.2.3 Assessment of numerical effects 

 
Assessment of numerical effects should be part of every assessment even if it is often neglected for 
codes pertaining to several safety domains. In the case of CFD codes, the predominant effect of 
numerics on results makes it indispensable. Assessment of numerical effects should follow the 
following steps: 
 

- Theoretical basic assumptions of numerical schemes should be expressed. 
- Consistency between discretized and analytical models should be checked. 
- Convergence, diffusion and accuracy should be well identified, evaluated and controlled. 

 
Further investigation is certainly needed to define how assessment of numerical effects can be 
achieved (e.g.: definition of benchmarks, separation of numerical effects from physical effects). The 
several numerics features listed in § 6.3. provide certainly the most important directions to investigate. 
 

7.2.4. Consequences on CFD codes 
 
When considering the present state of CFD code assessment, it is clear that an important programme is 
needed to reach assessment levels that are required for NRS applications. Model justification, 
assessment of physical laws and numerical effects must be included in this programme. In this 
process, some actions, which represent significant milestones, seem particularly important: 

- Before proceeding to detailed actions, an adapted assessment strategic plan should be well 
defined, especially taking into account CFD specificities, but also feedback from 
thermalhydraulics. 

- It also seems important that "consistent relationships" between the assessment of different 
models should be respected i.e. a less general model should appear as "included" in the 
more general one. Obtaining such relationships will mean that a high level of quality will 
be reached in the assessment process. 

- Applicability domains should be imperatively determined. 
 
Guidelines should be defined once the assessment process is completed and should rely heavily on 
assessment findings. Certain guidelines already exist for CFD codes but need to be extended. In 
particular, minimizing user effects is an important issue that will have to be addressed in guidelines in 
view of obtaining acceptable results for NRS applications. 
 
7.3. To be acceptable, results must be traceable 
 
Traceability should cover all elements that interact with results. An adequate documentation should 
therefore include: 

- Code description 
- Assessment results 
- Guidelines 

CFD code documentation has no specific features compared to other code documentation, once the 
content of these documents has been established. The commercial character of some CFD codes may 
induce some proprietary constraints, which will have to be solved to obtain the required acceptability 
features for NRS applications. 
 
 
7.4. Choosing a CFD code calculation strategy acceptable for NRS  
 
It has been illustrated that different strategies have been elaborated and applied in NRS applications to 
draw safety conclusions from calculation results. Although these strategies are general and based on 
the same principles in various physical domains, they may be derived in different ways depending on 
technical specificities in the domain. In the next paragraph, applying strategies to CFD code 
calculations will be analysed.  
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7.4.1. Single Direct calculation (SD) 

 
Most CFD code applications for NRS analysis are currently performed using SD calculations. This 
very frequent practice is greatly due to the very large computing time that CFD codes require. Under 
these conditions, calculation repetitions may have an unacceptable cost or even worse, be quasi-
unpractical, as total study time can reach unrealistic values, such as several years. 
All limitations discussed for SD-type calculations (see § 5.1.) also apply to CFD codes. It is clear that 
using SD calculation results for quantitative safety conclusions is certainly questionable. However, 
due to computing time constraints in some application cases, SD CFD calculations may remain, for a 
long time, the only way to apply such codes. If quantitative conclusions must be drawn, then specific 
compromises, if possible, will have to be found case by case in order to "bypass" SD approach 
limitations. Yet, it must be remembered that these compromises violate in some way both the rules of 
rigour applicable to methods and quality standards. 
The main interest that such calculations have in providing qualitative trends is, of course, maintained. 
This also stands for the understanding of what may occur, which cannot often be obtained in a 
different way. From these qualitative results, it may happen that, in some NRS applications, interesting 
safety conclusions may be drawn. 
 

7.4.2. Conservative approach (Co) 
 
The concept of conservatisms applied to Co(M) models is difficult to imagine for CD codes, as it is 
difficult to predict in what direction fundamental physical mechanisms should be oriented in order to 
obtain conservative results. This is contrary to what can be done in global laws, for example, when it 
comes to minimizing heat transfer correlations to maximize temperatures. 
The concept of conservatisms on boundary conditions (Co(BC)) may be envisaged in some restricted 
cases, but it should be very carefully analyzed due to general high sensitivity of results to boundary 
conditions and due to possible non-linear effects. 
 

7.4.3. Best Estimate approach (BE) 
 
This approach is the only approach consistent with CFD code objectives. 
 
For the different variants, which can be practiced with the Best Estimate approach, the Single Direct 
(BE SD) has been already discussed. Sensitivity Studies BE (SS) are a minimum requirement that 
should be applied to draw quantitative conclusions. The applicability of results will rely essentially on 
the quality demonstrated by assessment results. However, in cases where high accuracy of quantitative 
results is needed, the BE (SS) approach still remains questionable. 
 
Finally, the Best Estimate approach using an uncertainty evaluation BE (UE) is certainly the 
appropriate approach for obtaining real benefits from CFD codes.  
 
Uncertainty evaluations in the domain of CFDs do however, represent a new open problem. The 
principles developed for thermalhydraulic codes may apply to CFD codes, as the problems incurred 
are very similar. Open problems in thermalhydraulic codes are also open for CFD codes. However, 
some questions that do not differ in principle from those related to thermalhydraulics, may become 
more acute in relation to CFD code specificities. 
An in-depth discussion of uncertainty evaluation clearly exceeds the objective of this paper. Much 
work has to be done to investigate uncertainty evaluations for CFD codes. In this paper, certain 
questions concerning CFD code specificities will be highlighted, such as: 
 
- Determining elementary model uncertainties. As the elementary models concerned here are very 

basic ones, questions such as: "which uncertainties should be considered?" or "how can 
uncertainties be quantified?" become very fundamental questions that are much more complex 
than those raised in thermalhydraulics. 
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- Uncertainties related to mathematical models. This question, not really considered in 
thermalhydraulics, becomes unavoidable here. As basic assumptions used for establishing closure 
laws produce completely different mathematical sets of equations, research has to be conducted to 
understand the effect of these mathematical model differences on uncertainties. Very often, 
different sets of equations coexist in the same code. Therefore, research should investigate in 
particular, the question of consistency of the different uncertainty evaluations performed within 
the context of each mathematical model and resulting from both the determination of elementary 
physical uncertainties and the propagation of these uncertainties using different specific sets of 
equations. It can be expected, for example, that a more detailed model, which could be considered 
as a particular case of a less-detailed one, should provide smaller, or at least consistent, 
uncertainties than those of the less-detailed one. Such a statement would have to be verified in 
principle and also in application in real cases. 

-  Uncertainties on boundary conditions. This question poses no problems in thermalhydraulics. 
The difficulty, however, in quantifying CFD code boundary conditions and the potential effects on 
results makes this question much less trivial. 

- Contribution of numerics. The extreme sensitivity of results to the numerical method is well 
known. Contribution of numerics to uncertainties cannot be considered as negligible, as is often 
the case in thermalhydraulics. Adequate methods for quantifying this contribution should be 
further developed. 

- Contribution of user effects. Similar comments to those made concerning numerics contribution 
can also be made here. This implies, for example, an extreme sensitivity to user effects, the 
absolute necessity to take the user effect contribution into account and the need to further develop 
adequate methods for its evaluation. User effect evaluation and minimisation are indeed a real 
challenge for CFD codes. 

- Analysis of scaling. Scaling analysis should always be included in uncertainty analysis. How 
uncertainties behave in the scaling process also raises the question of model scaling capabilities. 
As CFD code models are very fundamental, it can be expected that their scaling dependence be 
quite low, or in any case, smaller when compared to what is encountered in usual 
thermalhydraulics. However, other important open problems such as the question of mesh-size 
scaling still remain unsolved. 

- Propagation of uncertainties. In methods based on uncertainty propagation, uncertainties of 
calculation results are obtained by propagating elementary model uncertainties by using the code 
itself. Choosing parameters representative of results may raise specific problems for CFD codes, 
especially as results of interest generally have multidimensional transient aspects. Parameters to 
follow are therefore numerous. This certainly appears much more complex than the usual single 
maximum peak clad temperature in thermalhydraulics. 

- Limitations related to computing capacities. Uncertainty evaluations generally imply numerous 
calculations, particularly when evaluating elementary model uncertainties and propagating these 
uncertainties to the global results. Significant computing time often needed for CFD code 
calculations may represent a very important limitation that should be taken into account in the 
general strategy of development and use of CFD codes for NRS applications. 

 
An uncertainty evaluation is certainly the best means of entirely benefiting from CFD code 
potentialities. However, it appears that many developments are required before uncertainty evaluations 
can be applied in CFD codes. Many of the questions raised are quite fundamental. Finding answers to 
these questions will clearly have a beneficial impact on fundamental understanding of general physical 
modelling techniques and uncertainty evaluations related to these techniques. Thermalhydraulics, 
where uncertainty evaluation tentatives are currently the most advanced, could certainly benefit from 
such clarifications. 
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8. CONCLUSIONS AND PROSPECTIVES FOR CFD CODE USE IN NRS. 
 
8.1. Single-phase CFD codes 
 
Having reviewed single-phase CFD codes (or single-phase-like codes, i.e. where an additional phase is 
transported by the main flow) and their application in NRS the following conclusions can be drawn: 
 

- For well-identified safety questions (PTS, Dilution…), CFD codes are certainly the most 
adequate tools for providing answers. It is clear that, in these domains, CFD codes represent 
the tools for the future. One of their most important structural limitations is the excessive 
computing time they sometimes require, but this limitation will be progressively removed in 
years to come thanks to the foreseen progress of computers. 
- CFD codes have already produced very interesting results when applied in design studies in 
nuclear and non-nuclear fields. They have particularly provided very valuable input for the 
qualitative understanding of what may occur. Quantitative information has also been obtained 
in some cases and has been able to orient designs. However, the use of quantitative results has 
been possible in these cases because ultimate verification is the design itself. The situation for 
nuclear accident analysis is fundamentally different, as an accident is potential and 
consequently, only indirect verification can be conducted. 
- NRS applications must fulfil specific requirements listed and analyzed in this paper. It has 
been shown that CFD codes do not currently fully satisfy these requirements and that further 
developments are needed. 
 
From this analysis, it appears that the most important working directions for improving the 
situation in view of NRS application are: 
- Code modelling improvements such as modelling of walls and heat effects,…  
- Controlling numerics, which is absolutely necessary to improve efficiency, accuracy and 
convergence,…. 
- Better understanding of CFD physical model. Critical physical analysis including 
comparisons of different models is necessary and must be developed to gain confidence in 
results. A good control of physics is just as important as a good control of numerics. 
- Specifically for the NRS applications, the most urgent needs are certainly: 

 control and minimization of user effects, 
 assessments that provide code applicability domains, 
 evaluation of uncertainties in order to allow for complete use of CFD codes. 

 
8.2. Two-phase "CFD" codes 
 
Only single-phase CFD codes have been covered in the present paper. As far as two-phase flows are 
concerned, turning towards CFD code types is certainly an important and urgent improvement needed 
for NRS applications. Current usual thermalhydraulic safety codes based on averaged models - two 
fluid models for example - have been extensively developed, assessed and applied. They have 
consequently acquired a substantial level of physical capabilities but significant progress does not 
seem possible. Improving these codes can only really be obtained by removing structural limitations of 
the models, i.e. by introducing local small-scale 3D capacities in two-phase flow models. Such 
orientation means following a CFD-like direction [4]. This orientation certainly seems to be the way 
for the future. 
 
Yet, many difficulties remain unsolved. Releases (RCA) of two-phase flow CFD codes are not for the 
near future. 
Among these difficulties, significant problems in numerics are foreseen. Extrapolation of some single-
phase flow numerical methods can be used, as has been done in the past for current thermalhydraulic 
codes. However, extrapolation has always raised numerous problems. For CFD-like two-phase codes, 
this entails the accumulation of existing single-phase difficulties with expected two-phase ones. 
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Robustness, accuracy and efficiency will certainly be crucial aspects of two-phase CFD numerics, just 
as they are for single-phase CFDs. 
In-depth fundamental physical research must be conducted to obtain models describing detailed fine 
behaviour of two-phase flows. Many problems remain more or less open before obtaining closure 
terms (phase interactions, specific turbulence effects, filtering scale). A key point: closure terms will 
have to cover all flow patterns. For developing two-phase flow models, very detailed and well-
instrumented experiments need to be conducted. Some of these experiments are, or have been 
developed, but much remains to be done. 
 
Several years will certainly be needed before obtaining CFD two-phase codes that will be valid for 
quantitative NRS applications. Improvements in two-phase CFD codes, which certainly seem 
promising for the future, will have significant consequences on NRS applications.  
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Abstract  

The International Standard Problem 43, ISP 43, was defined by the OECD/NEA and the US 
NRC for the purpose of validating three-dimensional Computational Fluid Dynamics (CFD) 
software. The underlying experiment was performed in the 2�4 Loop Facility of the Univer-
sity of Maryland, College Park, U.S.A. (UMCP). The test facility is a scaled-down model of 
the Three Mile Island TMI-2 reactor with detailed reconstruction of the reactor pressure vessel 
(RPV). The ISP 43 experiments focussed on rapid boron dilution transients in the RPV cold 
leg and downcomer. The CFD simulations of the ISP 43 were performed with the CFX-
TASCflow software. Numerical errors were monitored by comparing results obtained with 
different discretisation schemes. Uncertainties related to physical modelling, like buoyancy 
effects and reactor core models, were also investigated. The simulations show good agreement 
with data and prove that CFD methods can be usefully applied to this class of nuclear reactor 
problems. 

1. INTRODUCTION 

Boric acid is used as a soluble neutron absorber in the primary system of pressurized 
water reactors. Under normal operating conditions, the concentration of boric acid in the core 
is controlled by the chemical and volume control system. However, during small break loss of 
coolant accidents boiling and condensation can occur and de-borated water can collect in the 
steam generator tubes and the pump suction lines, see the encircled area in Fig. 1. If the de-
borated water is transported into the reactor core, a heterogeneous distribution of boric acid 
may cause an excursion of reactivity and damage the reactor core. Therefore, it is important to 
know to which extent fluid-mixing processes can mitigate or even prevent inhomogeneous 
boron mixing incidents.  

CFD methods are an effective tool to calculate three-dimensional mixing phenomena. 
Because of the rapid development of computer hardware and software, it has now become 
feasible to simulate transient, three-dimensional flows and the transport of de-borated water in 
pressurized water reactors. However, the applied numerical methods and turbulence models 
require experimental validation based on detailed flow and temperature fields. The ISP 43 was 
specifically designed and performed to provide such data for validating and assessing CFD 
software.  

 
2. ISP 43 EXPERIMENTS  

The UMCP 2�4 Loop Facility is a scaled model of the Babcock&Wilcox TMI-2 reactor 
with a detailed reconstruction of the RPV. The test facility shown in Fig. 1 consists of two 
reactor cooling systems with two hot legs (HL), four cold legs (CL) with the main coolant 
pumps (RCP), and two steam generators (SG). Figure 2 shows the RPV and the location of  



 

 

Figure 1: UMCP 2x4 Loop Facility 

thermocouples in the downcomer (DC). The instrumentation is concentrated in the DC area to 
allow a detailed comparison with CFD results. Gavrilas et al. [1] provide a detailed 
description of the test facility. 

 2

 
Figure 2: Thermocouple Position 



 

ISP 43 consists of Test Cases A and B, see Gavrilas and Kiger [2]. In both experiments 
density differences between de-borated pure water and borated water are emulated by tem-
perature differences. The reactor system is initially filled with stagnant hot water. Then cold 
water is injected into cold leg A1 by actuating the RCP. Three-dimensional mixing effects in 
the cold leg and the downcomer lead to temporal and spatial variations of the cold water (or 
boron) concentration at the reactor core entrance.  

In Test Case A, a continuous flow of cold water is injected into cold leg A1 from an 
external tank. This effectively simulates a ‘water front’ rather than a slug passing through the 
system. In Test Case B, a finite amount of cold water is injected into the bottom of the steam 
generator A and the cold water slug is then set into motion by pump A. 

 
3. CFD METHOD 

The calculations of the ISP 43 test cases are performed with the CFX-TASCflow 
software of AEA Technology. A transient, turbulent flow of an incompressible fluid is 
assumed. The mathematical model consists of the three-dimensional, ensemble-averaged con-
servation equations for mass, momentum and energy. The turbulent transport terms in the 
conservation equations of the momentum and energy equations are calculated using an eddy 
diffusivity approach in combination with the k-� two-equation turbulence model, see Launder 
and Spalding [3]. 

The numerical solution method of CFX-TASCflow is based on a conservative, control 
volume-based finite-element method with co-located variable storage. The numerical grid 
consists of non-orthogonal, hexahedral elements. 

In the present calculations, temporally and spatially second-order accurate discretisation 
methods are used. The temporal discretisation method is an implicit backward Euler method 
using quadratic interpolation functions. The spatial discretisation schemes for the convective 
terms in the model differential equations are based on Raithby’s [4] Linear Pofile Skew Up-
wind methods combined with the Physical Advection Correction (PAC) method. Tri- and bi-
linear form functions are used to approximate the diffusive flux terms and source or sink 
terms with second order truncation error. 

The coupled non-linear algebraic equation system arising from discretisation is 
linearized with a substitution (or Picard) scheme. CFX-TASCflow uses a pressure-based 
solution method. The equations for the pressure and velocity fields are solved in a coupled 
manner. The resulting coefficient matrix is solved with an iterative algebraic multi-grid 
method. This solution technique provides robust and rapid convergence and has a linear 
operation count, see Raw [5].  

 
4. COMPUTATIONS 

The computational geometry is based on a three-dimensional CAD surface model in 
IGES format. The model is imported into the CFX-Hexa grid generation software, with which 
a block-structured grid consisting of 470.000 hexahedral flux elements is generated. Figure 3 
shows the surface grid of the reactor system including the cold legs, the lower plenum and the 
inner downcomer wall. The outlet is placed at hot leg A. 

The calculations were performed on a Compaq/DEC Alpha Server 8200 with 1 GB 
RAM. Each test case requires approximately 150 h calculation time. 
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4.1. Test Case A 

In Test Case A, the RPV is initially filled with warm (i.e. borated) water at a tem-
perature of T = 72 oC. Within 5 s the temperature of the injected water front decreases from 72 
oC to 12 oC. The mass flow rate reaches its maximum value of 7.2 kg/s after 27 s. Values for 
the velocity and length scale of the turbulence at the inlet cross section are derived from 
existing data. At the outlet, the average static pressure is prescribed. The core is simulated as a 
porous media with a prescribed pressure loss of 1500 Pa for steady-state conditions. The no-
slip boundary condition in combination with logarithmic wall functions are applied on all 
inner walls of the reactor systems. The outer walls are assumed adiabatic. 

As a first step in the calulation of the ‘blind’ Test Case A, the robustness and potential 
of CFX-TASCflow to predict transient, three-dimensional, turbulent flows in the ISP 43 
reactor geometry are tested using robust numerical discretisation schemes with first order ac-
curacy. In addition, variable density and buoyancy effects are neglected. In the second step, 
solution errors are reduced by applying second-order accurate temporal and spatial 
discretisation methods. The final calculations are run with variable density and buoyancy 
models. 

The accuracy of the CFD results is assessed based on the transient, circumferentially 
averaged temperature distribution on Level 4 of the DC, see Fig. 2. Level 4 is the lowest DC 
level, at which temperature measurements were made. The temperature distribution at this 
location is an important indicator for the mixing of the de-borated cold water and the borated 
hot water in the RPV. 

 
Figure 3: Numerical Grid 

 4



 

 
Table 1: Comparison of Average Temperatures at Level 4 

Tavg, oC Time 24 s 28 s 32 s 36 s 

Experiment 56.98 41.04 25.19 21.96 

51.82 49.64 21.95 18.17 
1st Order 

9.0 % 20.9 % 12.9 % 17.3 % 

51.31 48.23 24.11 18.66 
2nd Order 

9.9 % 17.5 % 4.2 % 15.0 % 

52.63 35.75 26.92 22.32 
Buoyancy 

7.6 % 12.9 % 6.9 % 1.6 % 

 
The experimental circumferentially averaged temperatures, Tavg, are compared with the 

calculated results 24, 28, 32, and 36 s into the simulation. The third row shows the averaged 
temperatures calculated with first order accurate schemes. The maximum difference to the 
experiment is 20.9 %. The differences to the data are reduced to a maximum of 12.9 % by 
using second order accurate schemes and variable density and buoyancy models, as shown in 
rows four and five of Table 1. 

 
4.2. Test Case B 

In Test Case B, a cold-water slug is injected into the water-filled system. This 
experiment is closer to the reality of a de-boration incident than Test Case A. Initially the 
coolant in the primary system is at a temperature of 69 oC. The minimum temperature of the 
de-borated slug is 15 oC. The transient mass flow rate and temperature distribution at the inlet 
of cold leg A1 is shown in Fig. 4. The pressure drop across the reactor core is set to 2000 Pa. 

Calculations are performed with the optimised numerical and physical models of Test 
Case A. Figure 5 shows the temperature distribution in the DC, 20 s after start of the transient. 
It displays three-dimensional effects due to the non-symmetrical injection of the de-borated 
water plug. At the entrance of the DC, cold water flows both in the downward and in the 
circumferential direction. Increased temperatures appear where the DC width increases. These 
are caused by local recirculation due to the geometric discontinuity. After 20 s cold water has 
already reached the lower plenum where strong recirculation zones develop. The 
circumferential, local temperature distribution on Level 4 is shown in Fig. 6. In the ex-
periment and in the simulation the flow separates and cold water flows down on the left and 
right side of the inlet region. After 30 s, the injected water has almost recovered its initial 
temperature of 69 oC, see Fig. 7. On Level 4, the temperature is still lower than at the inlet. 
There is strong mixing in the lower part of the vessel. The corresponding circumferential tem-
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Figure 4: Inlet Temperature and Mass Flow Rate 

perature on Level 4 is shown in Fig. 8. The strong temperature gradients have disappeared and 
the fluid is well mixed. After 40 s, the DC has filled up with hot water see Fig. 9. Only in the 
core region, at the outlet, some colder water remains. The detailed comparison on Level 4 in 
Fig. 10 shows good agreement between predictions and data. 

 
5. CONCLUSIONS AND OUTLOOK 

The paper describes numerical simulations of boron mixing transients in a pressurised 
water reactor. The test cases are the ISP 43 experiments conducted at University of Maryland 
College Park. The simulations were performed with the CFX-TASCflow software, employing 
three-dimensional, ensemble averaged conservation equations for mass, momentum and 
energy in combination with a two-equation turbulence models. 

The transient calculations described in this paper are conducted with a grid consisting of 
470,000 hexahedral elements. The results show very satisfactory agreement with measured 
temperatures at different measurement locations. The essential three-dimensional flow 
structures are captured by CFX-TASCflow. The software appears well suited to studying 
boron injection scenarios or geometric variations of the reactor. 

Future work will be concerned with quality assurance of the results, i.e. further 
quantification of solution errors by space and time wise grid refinement, investigation of the 
influence of uncertainties arising from inlet and outlet boundary conditions, from the reactor 
core model, and from different turbulence and near-wall models. This work will necessitate 
the use of parallel computers to reduce calculation times.  
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Figure 9: Temperature Distribution, Time = 40 s 
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Figure 10: Local Temperature on Level 4, time = 40 s
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CFD SIMULATION OF STEADY-STATE CONDITIONS IN A 1/5TH-SCALE MODEL OF A 
TYPICAL 3-LOOP PWR IN THE CONTEXT OF BORON DILUTION EVENTS  
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Paul Scherrer Institut (PSI) 
5232 Villigen PSI, Switzerland 

Abstract 
As part of the STARS Project at PSI, the Computational Fluid Dynamics (CFD) code CFX-4.3 

was used to examine boron mixing within the pressure vessel of a 1/5-scale model of a typical 3-loop 
PWR. The object of the first phase of the study, reported here, was to examine steady-state conditions, 
with constant flows in all three cold legs. Boron concentration was simulated by temperature 
difference, with a 10 °C difference applied between one of the inlets and the other two. Particular care 
had to be exercised in implementing the additional resistance factors into the code for various zones 
simulated as porous regions, such as perforated tube plates and zones containing support columns. 
Results showed that circumferential swirling occurred from the level of the inlet as far as to the Core 
Inlet Plate. Swirl appears to slightly enhance the mixing of the hotter and colder fluid streams by the 
time the flows reach the core inlet. In general, there is a significant degree of separation between the 
individual flows from each cold leg, even at the inlet to the core, and even at the highest inlet flow 
simulated. Mixing of the cold and hot streams does not change significantly as overall flowrate 
increases. At the lowest flowrate, the flow area at the core inlet over which the temperature was still at 
the level of the hotter of the cold leg inlets is 2.4%, dropping to 1.0% at 8 times this flowrate. 

1. INTRODUCTION 
There exists a potential risk of a reactivity accident occurring in a Pressurised Water Reactor 

(PWR) if a slug of water with a low concentration of boron (as reactivity inhibitor) passes into the 
vessel and core under certain conditions of Reactor Cooling Pump start-up. This could happen if the 
reactor is at decay heat level and natural circulation has been stopped. Depending on the degree of 
dilution due to mixing during its passage, the slug could cause a local increase in core reactivity, 
leading to a power excursion and possible core melt-down.  

Borated water can be simulated by injecting water through one cold leg at a higher temperature 
than the water supplied through the other cold legs (as water containing boron has a lower density than 
water alone at the same temperature). This technique was used, for example, in the Bora-Bora facility, 
tested by Électricité de France in the early 1990s [1–2]. 

As a contribution to the STARS Project at PSI, the CFD code CFX-4.3 [3] has been used to 
examine a 1/5-scale model of the pressure vessel and internal components of a typical 3-loop PWR. 
The first phase of this PSI study was to simulate steady-state conditions, with constant flows in all 
cold legs, at three different levels of flow (to examine Reynolds Number effects), and examine the 
degree of mixing by the time the inlet fluid streams have reached the core inlet plane. 

2. CONDITIONS SIMULATED 

Three different cases were simulated, with water flowrates applied to the cold leg, giving average 
inlet pipe velocities of 1.63 m/s, 3.27 m/s or 13.07 m/s. System reference temperature and the 
temperatures at the inlets to Legs 1 and 3 were arbitrarily set to 20°C, and that at the inlet to Cold Leg 
2 set to 30°C.  

Constant material properties were used, with the Boussinesq approximation used to incorporate 
buoyancy.  
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3. MODEL 

3.1. Structure and Mesh 

Figure 1 is a horizontal cross-section through the vessel, showing the general vessel layout and the 
arbitrary rectangular CFD model block structure in the central region. Each inlet pipe was modelled to 
a distance of 100 hydraulic diameters upstream of the bend before the nozzle. The cold leg pipe walls 
and the outer vessel wall were not simulated.  

Hot-leg sleeve 

Hot-leg sleeve 

Hot-leg sleeve 

Cold leg 2 

Cold leg 1 

Cold leg 3 

Centring pin 

Core barrel 

Core barrier 

 
Fig. 1: Plan view of the vessel 

Figure 2 shows the circumferential positions of the thermal shields and exposure baskets in the 
downcomer and the final model mesh is shown in Fig.  3. From parameter -studies, the subdivision at 
the cold leg nozzle penetrations was optimised to be 6 cells wide by 4 cells high.  

o

o

 
Fig. 2: Sectional view of CFD model showing thermal shields and exposure baskets 

3.2. Porous Patches  
All regions containing attachment plates or rods were modelled as 3D Porous Patches. Because of 

restrictions in the CFX-4.3 model (see [4]), porosity was set to unity and an individual resistance 
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coefficient applied for each region, which was additionally fac tored to incorporate the resistance 
which would have been induced by the higher fluid velocity had the porosity been correctly applied. 
Empirical resistance coefficients were applied, estimated either from the data of Idel’chik [5] or 
Incropera and De Witt [6]. 

 

Core plate 

Core support plate 

Attachment plates 

Core barrel 
Core barrier 

Hot leg sleeve 

 

Fig. 3: Sectional view of the meshed CFX-4.3 model 

3.3. Physical models and numerics 
A Dirichlet boundary condition was applied at the inlet to each cold leg pipe, and a turbulence 

intensity and a dissipation length scale specified. A pressure boundary condition was defined at the 
outlet plane. The SIMPLEC velocity-pressure coupling algorithm was used for outer solver iterations, 
with the Algebraic Multi-Grid model used for inner iterations. Hybrid differencing was used to model 
the convective terms of all transport equations, and central differencing used for the pressure. The 
Rhie-Chow interpolation procedure prevented chequerboard oscillations of pressure. For each 
different flowrate examined, the mesh was adjusted so that the thickness of fluid cells adjacent walls 
satisfied the requirements of the wall function treatment used for the standard high Reynolds Number 
k–ε turbulence model ( 10030 << +y ), which was applied for all calculations. Solution convergence 
was assumed when the total mass residual dropped by a factor of 10 7 from its starting value. 

4. RESULTS 
4.1. Low Flowrate Case 

4.1.1. Velocities 
Local mean Reynolds Numbers in the vessel, based on the overall average component of 

velocity in the horizontal and vertical planes, are given in Table 2 (except that the Reynolds Number 
in each cold leg is calculated along the pipe axis, upstream of the bend): 
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Local Reynolds Numbers (1.6 m /s case) 

Region Transverse Vertical 

Inlet pipe 2.28 ×  105  

Downcomer (below thermal shields)  6.36 × 105 

Below lower attachment plate 1.03 ×  104 1.10 × 104 

Between attachment plates 4.48 ×  104 8.58 × 103 

Below  Core Support Plate 8.25 ×  103 1.42 × 105 

Within Core Support Plate  2.24 × 104 

Core Support Plate ?  Core Inlet Plate 102 1.65 × 104 

Within Core Inlet Plate  1.09 × 104 

Circumferential flow on a horizontal cross-section at the level of the centre of the cold legs can be 
seen in Fig. 4.  

 

L 1 

L 2 

Cold leg 2 

1.93 m/s 

Higher velocity here 

than here 

 

 

Fig. 4: Velocity vectors in the horizontal plane through the cold legs (low flowrate) 

The influence of each bend is clearly visible in the small asymmetry of the flow field as it enters 
the downcomer. This asymmetry results in a small anticlockwise component of velocity in this view 
from above the vessel. In this plane, the hot-leg sleeves inhibit this circulation, but it continues to be 
present lower down in the vessel. However, the two hot-leg sleeves adjacent to each cold leg inlet 
nozzle are positioned asymmetrically relative to the nozzle (e.g. L1>L2 for Cold Leg 2), which 
consequently encourages asymmetry in the circumferential flow field within the annulus. Azimuthal 
expansion is restricted by the solid hot leg sleeve blockages, which prevent flows from the different 
cold legs meeting.  
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Velocity vectors in the vertical plane through the centre of the inlet penetration of Cold Leg 2 and 
the centre of the reactor vessel are shown in Fig.  5. The incoming fluid expands as it enters the 
downcomer, with some slight penetration into the region above the inlet pipe.  

At the bottom of the downcomer, the downward momentum of the fluid is sufficiently high to 
limit expansion into the central region of the vessel above the upper attachment plate. However, the 
resistance of the lower plate is high enough to cause the fluid to expand into the centre of the vessel 
between the plates, with very little fluid penetrating down below the lower one.  

 

Bottom of 
downcomer 

Upper attachment plate 

Lower attachment plate 

~0.15 m/s 

~0.8 m/s 

 

1.93 m/s 

~0.45 m/s 

~0.4 m/s 

 
Fig. 5: Vectors of total velocity in the vertical plane through Cold Leg 2 (low flowrate) 

It should be noted that the locally higher velocities which ought to occur within zones where the 
porosity is less than unity are not present, because the porosity is always set to unity in the model and 
compensated for by increasing applied resistance coefficients (to avoid the code restriction mentioned 
in Sec. 3.2.). 

The vertical flow pattern can be seen more clearly from the shaded contour plots of the vertical 
velocity component of flow (Fig. 6, in which the positive direction of flow is upwards). The maximum 
velocity in the downcomer is about 1.0 m/s, away from the restriction caused by the thermal shields 
and exposure baskets.  

Flow leaving the downcomer turns around to pass up through the centre of the vessel, with a 
strongly non-uniform distribution present across the vessel as fluid enters the Core Support Plate. This 
non-uniformity disappears by the time the fluid reaches the Core Inlet Plate. Thus the effectiveness of 
the design would appear to have been confirmed, in that the velocity profile has become essentially 
flat by the time coolant has reached the entry to the core. However, although the flow distribution has 
been evened out, the same is not true of the temperature distribution. 
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-1.0 m/s 

+0.15 m/s 

-1.29 m/s 

-0.5 m/s 

 

+0.5 m/s 

+0.5 m/s 

 
Fig. 6: Vertical velocity component in the vertical plane through Cold Leg 2 (low flowrate)  

4.1.2. Temperatures 

Temperatures on a horizontal cross-section through the centre of the cold-leg pipes are shown in 
Fig. 7. The hot-leg sleeves prevent fluid from the different cold legs from interacting in this plane. A 
horizontal plot of temperature contours at the mid-point of the thermal shields (Fig. 8) shows that the 
hotter fluid is quite well confined within a 120° segment of the downcomer and has not yet mixed, in 
spite of the partial blockage of the annulus and disturbance to flow caused by the thermal shields. Each 
exposure basket, due to its large surface area relative to its volume, has a temperature close to that of 
the adjacent fluid, while the thermal shields have strong thermal gradients through their thickness. 

 

303ºC 

293ºC 

 

 

Fig. 7: Temperatures on a horizontal section through the inlet plane (low flowrate) 
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Fig. 8: Temperatures on a section through the centre of the thermal shields (low flowrate) 

Comparing temperatures at the level of the Core Inlet Plate (Fig. 9) with those in Fig. 8 shows that 
there is the small anticlockwise azimuthal swirl in the flow, when viewed from the top of the vessel. 
The peak of the hotter fluid has moved by 23° circumferentially by the time it has reached the Core 
Inlet Plate.  

 

 

 

Fig. 9: Temperatures through the Core Inlet Plate (low flowrate)  

There are three reasons why this should occur. The first is the bend in the cold legs, and the 
second the asymmetrical distance between the hot-leg sleeves and the stagnation points at the inlet 
nozzles. The third is the asymmetrical gaps between the thermal shields below the hotter inlet, relative 
to this inlet nozzle orifice, which would tend to deflect fluid in the same anticlockwise direction.  

Parameter studies with this model could identify the relative magnitudes of each of these causes, 
but this may not be warranted as the effect of swirl at this level on the mixing of the hot and cold fluid 
streams does not appear to be significant.  

In addition, in spite of the length of inlet ducting modelled at each cold leg, the assumption of a 
uniform flow field boundary condition at the duct inlets is unlikely to be strictly correct, and, in let 

293ºC 

303ºC 

303ºC  

293ºC  
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flow distribution non-uniformity could still have a small effect on the flow distribution at the entry to 
the downcomer.  

Between the attachment plates (Fig. 10), the effect of the swirl is apparent from the shape of the 
interface between the hotter and colder fluid zones. The anticlockwise movement has strongly 
distorted the interface, although it is still relatively smooth. This is possibly due to the influence of the 
higher velocity of the jet core at this level dominating the injection pattern. At the level midway 
between the upper attachment plate and the Core Support Plate (Fig. 11), the hotter stream of fluid has 
spread strongly towards the centre of the vessel, though the hot-cold interface is smoother than 
between the attachment plates, at a lower level. However, the azimuthal position of the hot region 
shows a clockwise rotation relative to that between the attachment plates, though its position has been 
corrected again by the time the fluid reaches the Core Inlet Plate level (Fig. 9). This shows that there 
are strong 3D effects in the fluid motion in the region between the downcomer and the Core Support 
Plate, though not strong enough to greatly influence mixing. 

 

 

Fig. 10: Temperatures midway between the attachment plates (low flowrate)  

 

 

 

Fig. 11: Temperatures midway between upper attachment and Core Support plates (low flowrate)  

303ºC 

293ºC 

303ºC 

293ºC  
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Ultimately, it is important to know how well the fluid from the hotter inlet leg (the ‘diluted’ leg) mixes 
with the colder fluid by the time it reaches the Core Inlet Plate. From Fig. 9, it can be seen that mixing 
has taken place so that fluid temperature is above that of the cold inlets over more than half of the 
Core Inlet Plate cross-section. The temperature is still at that of the hotter leg over 2.4% of the Core 
Inlet Plate area (i.e. it is unmixed at this level), while the 50% -mixed contour divides the area into 
approximately two-thirds (cooler) and one-third (hotter) sections. 

4.2. Intermediate Flowrate 
4.2.1. Velocities 

The velocity characteristics of this case show only minor deviations from a straightforward doubling 
of the velocities of the low flowrate case at any given point in the model, caused by small variations in 
the resistance factors imposed.  

4.2.2. Temperatures 

There is very close similarity in the temperature contours in the vertical-plane through the hotter 
inlet and the centre of the vessel with those of the low flowrate case, with only a slight increase in 
penetration of fluid from the downcomer into the bottom region of the vessel. This causes marginally 
better mixing of the hot and cold fluid below the Core Support Plate.  

At the level of the Core Inlet Plate (Fig. 12), swirl has moved the peak temperature azimuthally by 
slightly over 28° from the position of Cold Leg 2 — an increase of 5° over the low flowrate case. 
Otherwise, the thermal profiles are very similar in both cases, with no significant difference in the 
average mixing of the streams (cf. Fig. 9). Also, there is the same degree of mixing in the region above 
the Plate (cf. Figs. 8 and 13). However, there has been some improvement in mixing as the area of the 
Core Inlet Plate over which there is still unmixed hot fluid has dropped from 2.4% to 1.4% of the total. 

 

 

 
Fig. 12: Temperatures through the Core Inlet Plate (intermediate flowrate) 

4.3. Highest Flowrate Case 
4.3.1. Velocities 

A plot of the vertical component of velocity, in the vertical plane through the centres of Cold 
Leg 2 and the reactor vessel (Fig.  14), shows that there is now better mixing below the Core Support 
Plate, with a broader core of higher vertical velocity having been created by even stronger penetration 
from the downcomer into the lower region of the drum. All other aspects of the flow are similar to the 

303ºC 

293ºC 
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previous case, with the effect of circumferential swirl again stronger than with the lower inlet 
flowrates, but not proportional to the ratio of these flowrates. 

 

 

 
Fig. 13: Temperatures through the centre of the thermal shields (intermediate flowrate)  

 
+4.4 m/s 

-10.2 m/s 

-8 m/s 

+4.4 m/s +4.4 m/s 

+3 m/s  
-4 m/s 

 
Fig. 14: Vertical velocity component in a vertical plane through the hotter inlet (high flowrate) 

4.3.2. Temperatures 

The effect of swirl can be seen from the distribution of temperature over the plane of the Core 
Inlet Plate, shown in Fig.  15. The peak temperature at this plate has now moved by an angle of 30° 

303ºC 

293ºC  
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relative to the cold leg through which it entered the vessel — an increase of only 2° over the 
intermediate flowrate case. The general degree of mixing of the fluid remains similar to the two 
previous cases, and the only clear difference is that the relative area of the plate covered by unmixed 
hot fluid has again dropped, to 1.0% from 1.4% for the intermediate flow case. 

 

 

 
Figure 15: Temperatures through the Core Inlet Plate (high flowrate)  

5. CONCLUSIONS 
Steady-state calculations were performed with water entering each of the three cold legs to the 

reactor vessel at 1.63 m/s, 3.27 m/s or 13.07 l/s of. The temperature of incoming fluid to Cold Leg 2 
was set at 10 °C above that to the other two cold legs, to simulate the presence of de-borated water. 
Conclusions are as follows: 
1 Circumferential swirl exists in the downcomer and vessel, which increases with increasing 
flow, but not at a rate proportional to the increase. 

2 Swirl appears to have a small enhancement effect on the mixing of the hotter and colder fluid 
streams.  
3 At the lowest flowrate, the area of the Core Inlet Plate over which the temperature has not 
dropped from that at the hotter of the three cold leg inlets (i.e. is unmixed) is 2.4% of the total, 
dropping to 1.4% at twice the flowrate and 1.0% at 8 times the flowrate.  
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Abstract 
Solution of a number of the safety related issues of nuclear power reactors is impossible without 
accurate 3D thermohydraulic calculations. The most important of these issues are: boron dilution, 
PTS, cold water mixing at the core inlet resulting from leakages on the secondary side of steam 
generator. These calculations should be performed in parallel with computations dealing with the 
"whole unit" behaviour.  
A requisite condition of CFD codes application is their verification on experimental facilities. 
Paper describes the concrete approach used to analyse with FLUENT code the cold-water ingress 
into the VVER-1000 reactor pressure vessel resulting from a leak on the SG secondary side. 
Presented is also verification of FLUENT code within ISP-43 on the measurements performed at 
Maryland University and preparation of the FLUENT verification on the PANDA test facility. 
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1. INTRODUCTION 
 
The Czech Republic operates 4 VVER-440 units, one of two VVER-1000 units is in trail operation, 
the second one is being commissioned. Thermal-Hydraulics Department of the Nuclear Research 
Institute Rez performs accident analyses for these plants using a number of computer codes. To 
model the primary and secondary circuits behaviour the system codes ATHLET, CATHARE, 
RELAP, TRAC are applied. Containment and pressure-suppression system are modelled with 
RALOC and MELCOR codes, the reactor power calculations (point and space-neutron kinetics) are 
made with DYN3D, NESTLE. CDF codes (FLUENT, TRIO) are used for some specific 3D 
problems. 

Within the projects financed by the Czech Ministry of Industry and Trade, EU 5th 
Framework Projects and the PHARE Projects, the Department carries and has carried out the 
systematic validation of thermal-hydraulic and reactor physics computer codes applying data 
obtained on several experimental facilities as well as the real operational data, at present - mainly 
with CFD computer codes.  

The paper provides concise information on our activities related to utilisation of CFD 
computer codes. Ad example of the use of CFD code and the consequent utilisation of the results 
for a real NPP purposes is included. 

At the beginning, the fairly important part of our work consisted in learning how to use these 
codes and in modifying them for the hardware available at the NRI. The next stage consisted in the 
preparation of input data for the NPPs with VVER  reactors and QA of input data decks.  
 Since all computer codes have been developed and verified for western NPPs (mainly 
system codes), their verification on Czech NPPs was an important stage. This verification was 
performed mainly on experimental facilities with parameters similar to those of VVER reactors, and 
on measurements performed during start-up of the NPPs.  

 

2. BRIEF DESCRIPTION OF THE MAIN AREAS OF CFD COMPUTER CODES 
APPLICATION in NRI. 

 
In the Czech Republic for thermal-hydraulic safety analyses are used 1D system computer 

codes ATHLET, CATHARE, RELAP which enable to compute accurately flow rate and 
temperature distribution in components of a nuclear power plant, especially within reactor pressure 
vessel, main circulation pipelines and steam generator (in VVER – in its secondary side). 

We have also solve some space related problems for the containment of VVER-1000 and 
VVER-440, bubble condenser including. More accurate results provide computer codes with 3D 
reactor pressure vessel models, as for instance CATHARE ( 3D model of downcomer), TRAC and 
RELAP3D.   

Nevertheless, to cover such issues as PTS, boron dilution, MSLB the space modelling of 
coolant mixing in the main unit components is necessary. At present, the only possibility to do that 
is application of such CFD computer codes as FLUENT, TRIO, FLUTAN, etc. Disadvantage of 
these codes application is their demanding HW requirement especially as to the speed of 
computations and operation memory capacity. This makes it impossible to install these codes or 
models into the system codes.  
 
2.1 PTS computations 
 
PTS computations are performed for the following initiating events: 

• LB LOCA 
• SB LOCA 
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• MSLB 
 

For PTS computations the NRI uses the following procedure: 
Computation of the environment, i.e. of the behaviour of the whole nuclear unit, is performed with a 
system computer code (RELAP, ATHLET). Results of this computation provide the following 
values: pressure in the system, ECCS start-up, flow rate in the loops, temperatures in the circuits 
and the beginning of the flow stagnation in the system. Detailed computation of the temperatures in 
the reactor pressure vessel is then performed using 3D thermal-hydraulic model similar to the one in 
CATHARE code. If occurrence of cold plumes is feasible, REMIX calculation follows. After  
thermal-hydraulic analysis the strength computations are performed. As an alternative to 3D 
CATHARE and REMIX model, model CFD FLUENT is being prepared.  

Considering ECCS system transition to coolant recirculation from the containment (after the 
dedicated tanks are emptied) to compute the injected coolant temperature MELCOR code is used 
which models containment behaviour. 
  
2.2 MSLB computations 
 

Steam releases from the secondary circuit cause an intensive heat removal from the primary 
circuit through steam generators, which results in a significant decrease of the primary coolant 
temperature and pressure. Due to reactivity feedbacks, reduced temperature at the coolant inlet to 
the reactor causes positive reactivity insertion, which may lead to the reactor restart (after it was 
shutdown). Since practically in all cases the core cooling is asymmetrical, the distribution of the 
core power increase may become highly asymmetrical. 

Analyses of the influence of these transients (in which significant power space distribution 
changes may occur) TH computer codes with 3D neutron kinetics should be used. 

To determine the core inlet temperatures can be used either accurate 3D computation with 
CDF code or simplified assessment of the coolant mixing based on experimental data (or 
conservative condition of the coolant absolute non-mixing). This last assumption can be used only 
in the case if the number of loops (MCP) in operation remains during transient unchanged.  

To determine the unit behaviour the NRI Rez uses at present ATHLET/DYN3D or 
RELAP3D computer codes, which represent combination of a system thermal-hydraulic code with 
the 3D neutron kinetics programme and also CFD computer code FLUENT for accurate 3D 
calculation.  
 

 
3. Computation of velocity field at the core inlet for VVER-1000 [ 2 ]   

 
The first step in solving the coolant mixing task for VVER-1000 reactor downcomer (both for 

PTS and MSLB computations) was creation of the input model of the velocity field under various 
operational conditions of MCPs. Standard version of FLUENT 5.2 k-ε model [ 1 ] was used to 
calculate three-dimensional turbulent flow by the control volumes method. 

The following figure shows the longitudinal cross-section of the reactor downcomer in a 
simplified geometry. Fig. 1. shows the longitudinal and transverse cross-section of the inlet tract 
with the dimensional data necessary for generation of the control volumes network. Fig.2. present 
the transversal cross-section of the reactor with numbered circulations loops and fuel assemblies.  

Computations were performed for three basic operational states: 
Alternative 1: All four loops are in operation, nominal parameters of the coolant at reactor inlet are:  

t=288 oC,  
p=15.85 MPa .  
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Velocity in each loop is 4 478 kg/s.  
Alternative 2:Two adjacent loops in operation, nominal parameters of the coolant at reactor inlet 

are:  
 t=278 oC,  
 p=15.85 MPa.  
 Flow rates in loops in operation are 5 724 kg/s; flow rates in non-operational loops are 

1 590 kg/s .  
Alternative 3:Two opposite loops in operation, nominal parameters of the coolant at reactor inlet 

are:  
t=278.3 oC,  
p=15.842 MPa.  

 Flow rates in loops in operation are 5 724 kg/s; flow rates in non-operational loops are 
1 590 kg/s .  

 
Assumptions and simplifications used in the computation: 

- steady and isohermal flow , 
- coolant is non-compressible, 
- physical properties of the coolant were determined for the temperature 288.1 oC and 

pressure p=15.842 MPa ( ρ,µ) 
- velocities distribution at the outlet from the loops   is uniform. All walls of the inlet 

tract are adiabatic, 
- coolant velocity through the  core shielding  ( bypass) is zero, 
- static pressure distribution at the core inlet is uniform, 
- bottom perforated elliptic plate was substituted by a porous area permeable only in 

vertical direction, see Fig.3, 
- computation was performed by the standard k-ε model version using standard wall 

functions. 
Three-dimensional network of the control volumes was created by GAMBIT 1.2 code [ 5 ].  
 

 
3.1 Computation of velocity at fuel assembly inlet for the case when all loops operate in 
nominal regime 

 
Computation was performed in accordance with the recommended [ 1  ] procedures, i.e.:  
relaxation coefficients were varied so as to achieve the standard convergence criteria (relative 
residua in all equations smaller than 1.10-3 and 1.10-4). 

Similar computation with other models available in FLUENT 5.2 was used to decide on the 
suitability of the turbulent flow model k-ε. For all these models the results of computations behave 
analogously.  

Results of the computations are values of the coolant velocity through the individual fuel 
assemblies.  

The lowest velocities are at core “corners”, the highest – at the fuel assemblies immersed” 
into the fuel assemblies set. These results are shown in Fig.4. which presents velocity fields on 
several cross-sections of the reactor inlet tract as well as the velocities redistribution along the 
reactor downcomer.  
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3.2 Computation of velocity at fuel assembly inlet for the case when two adjacent and two 
opposite loops are in operation 

 
Graphic form of the results is in Fig.5. and Fig.6.  It is obvious that at the reverse flow in 

non-operating loops there is a pronounced secondary flow. It can be also seen that very 
inhomogeneous flow in the downcomer is transformed (by the bottom perforated elliptic plate) to 
practically uniform one at the core inlet. In non-operational loops there are whirlpools (Fig 5a, 
Fig.6a.). All velocity vectors in the perforated elliptic bottom plate have positive z-component, 
which means that there is no reverse flow. 
 

 
3.3 Conclusion 
 

Results of the FLUENT computations for three operation states allow making the following 
conclusions: 
 
- Coolant flow rates at the inlets of fuel assemblies positioned at the core periphery are in the 

range from 92.8% up to 102.4%. 
 
- Coolant flow rates at the inlets of fuel assemblies positioned at the core periphery in “second 

succession” are in the range from 98.0% to 102.5%. 
 
- Velocities through the supports in the central part of the core from 99.2% to 102.8%. 

 
- For alternatives 2and 3 when two adjacent or two opposite loops are in operation, the coolant 

flow is lowest at the core periphery, The lowest velocity is in assemblies positioned as nearest 
to the operating loops.  

 
The same nodalisation grid is at present tested for the temperature and velocities distributions 

during transient: sudden change of temperature at the outlet from cold loops (reactor inlet) and 
change of coolant flow rate in one loop. This process simulates impact of a sudden pressure drop at 
the secondary side of two steam generators and shutdown of one main circulation pump. We were 
looking for the influence of two failed loops configuration (opposite and adjacent loops) on the 
temperature at the core inlet. 
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4. Validation of FLUENT code 
 
4.1  PANDA, SETH.  
 

PANDA is a large scale facility, which has been constructed at the Paul Scherrer Institute, 
Switzerland, for the investigations of both overall dynamic response and the key phenomena of 
passive containment systems during long term heat removal phase for Advanced Light Water 
Reactors.  

Within OECD SETH project a number of PANDA experiments was planned to verify CFD 
codes. Since the NRI participates in SETH, we expected to use the results also for validation of 
FLUENT computer code. We have prepared the input data for Test No. 3 Table 1 (Test Matrix for 
High-Momentum Injection (Steam/Air)) which are presented in [ 3 ]. 

The tests were designed with the objective to make out the physical merits of the processes 
important for: 
 

• Containment response 
• Mixing and distribution phenomena in large volumes 
• Passive decay heat removal and containment cooling. 

 
The tests were included into SETH project for the following reasons (apparently they will be 

not performed): 
Better understanding of 3D effects and phenomena with significant impact on evaluation of 

safety margins for containment of current and future reactors 
 

• Prepare data base for code validation and development 
• Compare results between 1D and 3D computer codes 
• Validation of the present CFD codes 

 
Test No.3 was planed to study the influence of vent position during High-momentum 

injection of the steam into one out of two interconnected tanks filled with steam-air mixture. 
This first computation testing case was dedicated especially to the temperature distribution in 

both interconnected tanks (VR,VN). 
  

4.1.1 Grid proposed. 
 

Large tanks were divided into partial areas (by the appropriately selected planes) in which the 
space grids can be generated by „Cooper“ method. The whole grid contains 831 456 hexagonal 
elements with basic dimension of 0.05 m. Inlet and outlet cross-sections of 84 mm and 100 mm 
diameter are represented as hexagonal objects.  

 
4.1.2 Input data 
 

For the preliminary computations the thermo-physical properties were selected as follows:  
Air (380 K, 0.13 MPa): 
 
λ=0.0322W/m/K, ρ=1.400 kg/m3,  cp=1013 J/kg/K,  µ=2.24 x 10-5 kg/m/s 
 
Steam (0.13 MPa): 
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 380 K 410 K 

λ 
ρ 
cp 
µ 

0.0244 
0.741 
2067 

1.23x10-5 

0.0273 
0.682 
2004 

1.34x10-5 
 
Physical properties of steam- air mixture were:  
 λ = 0.0265  W/m/K 
 ρ = 0.930 kg/m3 
 cp = 1764 J/kg/K 
 µ = 1.463 x 10-5 kg/m/s 
 
 
 
4.1.3 Computations performed 
 

The first orientation computation was performed with a relatively large time-step: in the 
beginning 5 s, later on 10 s and by the end – 30 s. The obtained results show that the residua of the 
equations set solution are increasing, especially while the continuum equation  is  solved. 

 The second computation was performed with a smaller time-step was (5 a 10 s), and 60 up to 
100 iterations were needed at each time-step (for continuum equation ) to get the reasonably low 
residua. Time required to get PANDA facility operational for 3 600 s was indeed significant  
(several weeks of CPU time). The following figures ( Fig.7) present the temperature distribution in 
the vertical cross-sections through both tanks (including connecting pipeline) for the process period 
from 0 s to 3 600 s.  

 
 

4.2 ISP – 43 
 

In the period of 1998-99, two sets of experiments focused on problems of rapid decrease of 
concentration of boric acid in reactor coolant at nuclear reactor core inlet were performed at the 
University of Maryland, US, under the auspices of OECD. The situation, when there is an 
inadvertent supply of boron-deficient water into the reactor vessel, could lead to a rapid (very 
probably local) increase of reactor core power in reactor, operated at nominal power, or to a start of 
fission reaction in shutdown reactor (secondary criticality). In the above mentioned experiments the 
transport of boron-deficient coolant through reactor downcomer and lower plenum was simulated 
by flow of cold water into a model of reactor vessel. These experiments were selected as the 
International Standard Problem ISP-43 and organisations, involved in thermal – hydraulic 
calculations of nuclear reactors, were invited to participate in their computer simulation. Altogether 
10 groups took part in this problem with various CFD codes. The participants obtained only data on 
geometry of the experimental facility, and initial and boundary conditions. 

A scheme of the experimental facilities is in Figs.8. The University of Maryland (UM), 
College Park 2x4 Thermal-Hydraulic Loop and its plexiglass replica are scaled down models of the 
Three Mile Island Unit 2 Babcock&Wilcox pressurized water reactor. Cold water enters the vessel 
through the cold leg CL A1 and leaves it via hot leg HL A. Two situations have been tested: front 
mixing (infinite volume of cold water), test A, and more realistic slug mixing (finite volume of cold 
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water), test B. Average temperature at the downcomer outlet (24 thermocouples at the centre of the 
downcomer gap) was selected as the primary figure of merit for comparisons. 

The NRI group selected very simple input model since the ISP-43 represented our first 
larger application of the FLUENT 5 code and mainly of the GAMBIT pre-processor. After several 
attempts we decided not to model the flaps in the lower part of the downcomer, the perforated 
bottom of the core barrel, lower support plate, and the heater rods, and spent the capacity of the 
computer on the rest of the domain. Also the outlet plane was situated at the position of the support 
plate, quite near the downcomer outlet. Hexahedral control volumes were used throughout the 
domain with the exception of the region of cold leg nozzles, where unstructured tetrahedral mesh 
was generated. 

In Fig.9. main results of calculations of all participants of the ISP-43, together with the 
experimental data, are presented for the test A. Despite the very simplified input model, our results 
are well within the range of results of the other participants, and follow some significant features of 
the experiment. In the post-test phase, reasons of discrepancies should be identified and the 
corresponding lessons learned. 
 
 
 
 
5. Conclusions 
 

Results of numerous thermal-hydraulic analyses we have already performed for VVER-440 
and VVER-1000 reactors confirm that for the PTS, boron dilution and especially – for MSLB 
related issues the application of 3D CFD is requisite. 

Our analytical study of the velocity field at the core inlet under steady-state conditions and 
with varying configuration of the operating loops has shown that the lowest and highest values are 
at the core periphery and at the “corner” assemblies. 

 If reactor is operated with only two MCP working, the flow-rate through the core in the 
direction to the non-operational loops is not diminished; the flow-rate through the core remains 
practically homogeneous. 
 At present, the same input model is tested for computations of the temperatures and 
flow-rates distributions at the MSBL initiating events. 

Results of the testing cases treated within the FLUENT code validation allow us to state that 
the code can be used in the applications related to boron-dilution issues. 

Another finding acquired as a result of testing on PANDA facility speaks about high CPU 
requirement which practically excludes possibility of performing various sensitivity studies, etc. 
This finding has a practical impact also on the feasibility  of CFD codes utilisation for modelling of 
processes in NPP containment.  
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               Fig.1. Reactor pressure vessel             Fig. 2. Schema of Core inlet, cold loop, DC            Fig. 3. Perforated elliptic bottom plate. 
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Fig.4a. Cold loop and upper part of DC                  Fig.4b. Part of DC , z = 6.3 m                       Fig.4c. Part of DC, z = 2.4 m 
 
 

 
    Fig.4d. Part of DC, z = 1.2 m                        Fig.4e. Perforated elliptic bottom plate.            Fig.4f. Core input. 
 
Fig.4. Velocity in DC and at  fuel assembly inlet for the case when all loops operate in nominal regime 
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Fig.5a. Cold loop and upper part of DC                       Fig.5b. Part of DC , z = 6.3 m                                     Fig.5c. Part of DC, z = 2.4 m 
 
 

 
                Fig.5d. Part of DC, z = 1.2 m                   Fig.5e. Perforated elliptic bottom plate                             Fig.5f. Core input. 
 
 

Fig.5. Velocity at fuel assembly inlet for the case when two adjacent loops are in operation. 
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Fig.6a. Cold loop and upper part of DC                       Fig.6b. Part of DC , z = 6.3 m                                         Fig.6c. Part of DC, z = 2.4 m 
 
 

 
               Fig.6d. Part of DC, z = 1.2 m            Fig.6e. Perforated elliptic bottom plate                    Fig.6f. Core input. 
 

Fig.6. Velocity at fuel assembly inlet for the case when two opposite loops are in operation. 
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Fig.7. Temperature distribution in vessels VN and VR for different time. PANDA test facility. 
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Solution region and boundary conditions                                                   Cross-sectional view of the (a) visualization facility and (b)  

                                                                                                            UM 2x4 Loop Facility vessels 
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Fig.8.  ISP-43 Test facility. 
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Fig.9. ISP-43 Comparison of the results 
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ABSTRACT 

The coolant mixing is significant for safety assessment of boron dilution and cold water tran-
sients. For the investigation of the relevant mixing phenomena, the Rossendorf test facility 
ROCOM was constructed. ROCOM is a 1:5 scaled Plexiglas model of the German PWR 
Konvoi disposing of four loops with fully controllable coolant pumps. Mixing of both over-
cooled and deborated water is investigated by adding a tracer salt solution, performing con-
ductivity measurements by wire mesh sensors and velocity measurements by the LDA tech-
nique. The tracer concentration fields established by coolant mixing under transient flow con-
ditions were investigated. The experiments aimed at the validation of CFD codes. CFD calcu-
lations were carried out with the code CFX-4. During start-up of the first pump being relevant 
for boron dilution transients, the maximum of the tracer concentration appears at the core inlet 
at positions opposite of the loop with injection, while the maximum boron dilution strongly 
depends on slug size, slug initial position and mass flow ramp. A good agreement was 
achieved between measuring results and CFD calculations. A semi-analytical perturbation 
reconstruction model (SAPR) has been developed allowing the description of the coolant mix-
ing inside the reactor pressure vessel of PWRs by superposition of response functions on 
nearly Dirac-shaped perturbations, which can be determined experimentally or from CFD 
calculations. SAPR  provides realistic time-dependent boron concentration fields at the core 
inlet as boundary conditions for the best-estimate analysis of a hypothetical boron dilution 
event after start-up of the first main coolant pump in a generic four-loop PWR. Core calcula-
tions were performed with the 3D reactor dynamics code DYN3D. By varying the initial slug 
volume it was found, that for the given core loading pattern slugs of less than 20 m3 do not 
lead to re-criticality of the shut-off reactor. Calculations with the bounding slug volume of 36 
m3 show, that the corresponding reactivity insertion does not result in core damage. 
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1 INTRODUCTION 

During so called boron dilution or cold water transients at pressurized water reactors too 
weakly borated water or too cold water might enter the reactor core. This results in the inser-
tion of positive reactivity and possibly leads to a power excursion. If the source of deborated 
or subcooled water does not affect all loops to the same extent, the concentration resp. the 
temperature may differ between the loops. In this case the amount of reactivity insertion de-
pends on the coolant mixing in the downcomer and lower plenum of the reactor pressure ves-
sel (RPV). Such asymmetric disturbances of the coolant temperature or boron concentration 
might e.g. be the result of a failure of the chemical and volume control system (CVCS) or of a 
main steam line break (MSLB) that does only affect selected loops [Kl99]. For the analysis of 
boron dilution or MSLB accidents, coupled neutron kinetics (DYN3D) / thermo-hydraulic 
(ATHLET) system codes have been used [Kl97]. To take into account coolant mixing phe-
nomena in these codes in a realistic manner, analytical mixing models might be included. 
These models must be simple and fast running on the one hand, but must well describe the 
real mixing conditions on the other hand. One possibility is to use pre-determined mixing ma-
trices or time-dependent superposition of response functions mapping the contribution of each 
cold leg to each fuel assembly at the reactor core inlet. The coolant mixing in the downcomer 
and lower plenum depends significantly on the construction of the RPV and on the instanta-
neous flow conditions. The models and assumptions for coolant mixing description to be used 
in the coupled codes must be validated against experimental data and detailed computational 
fluid dynamics (CFD) calculations. Therefore the Institute of Safety Research of For-
schungszentrum Rossendorf has constructed a 1:5 mixing test facility ROCOM (Rossendorf 
Coolant Mixing Model) representing the geometry of the German Konvoi type pressurized 
water reactor.  
 
Existing facilities (BORA-BORA [Al92] , Vattenfall [Ala95] and Gidropress [Me01]) repre-
sent other reactor types with significant differences in the geometry. Furthermore, the RO-
COM  facility disposes of four complete loops each with controllable pumps. This allows to 
study a wider range of different mixing scenarios, as this can be done at the existing facilities, 
which are due to their construction aimed only at pump start-up tests. In comparison to the 
early air-operated models of the Konvoi type PWR [Ul83] and the Russian type WWER-440 
[Dr87] the influence of the compressibility of air is eliminated. The use of water makes it pos-
sible to study transient flow scenarios. 
 
Recent experiments at ROCOM, together with data on mixing obtained at the Vattenfall test 
facility, the Russian VVER-1000 mock-up and measurements at the VVER-440 NPP in Paks 
(Hungary) are integrated into the research project FLOMIX-R within the 5th Framework Pro-
gramme of EC. The objective of the project is to obtain complementary and confirmatory data 
on slug mixing using improved measurement techniques with enhanced resolution in space 
and time. The experimental data will be used to contribute to the validation of CFD codes for 
the analysis of turbulent mixing problems. A few benchmark problems based on selected ex-
periments will be used justify the application of various turbulence and turbulent mixing 
models for various flow conditions, to suppress numerical diffusion and to decrease grid, time 
step and user effects in the CFD analyses.  
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2 THE MIXING TEST FACILITY ROCOM 

 

 
Figures 1 and 2 show a view of the ROCOM facility. As mixing is less influenced by the ab-
solute temperatures and by the static pressure but by density differences and flow velocity the 
vessel of the 1:5 scaled test facility could be made of Plexiglas and is operated at ambient 
pressure with cold water (Fig. 1). This allows flow visualisation and LDA velocity measure-
ments. The test facility is operating with 4 separately controllable coolant pumps (Fig. 2) to be 
able to simulate different flow conditions from nominal coolant flow rate to natural convec-
tion and pump start-up. 
 
The scaling was designed to meet requirements of scale-up to the original reactor and low 
costs. A scaling of 1:5 was found to be some optimum with respect to this criteria. The scal-
ability was shown by the help of CFD calculations demonstrating that the flow fields and 
temperature resp. tracer concentration fields are analogous in the reactor and the mock-up. 
Table 1 compares the relevant parameters of the model with those of the Konvoi type reactor.  
 
Table 1 Comparison original PWR - ROCOM: coolant medium water, 20°C 

 
Dimension Unit Original Model 1:5 

diameter of the pressure vessel mm 5000 1000 

height of the pressure vessel mm ~12 000 ~2400 

inlet nozzle diameter mm 750 150 

downcomer gap mm 315 63 

general mass flow of the coolant m3/h 92 000 1400 

mass flow per loop m3/h 23 000 350 

velocity at inlet nozzle m/s 14.5 5.5 

velocity at the downcomer m/s 5.5 2.1 

Re inlet nozzle - 8.4⋅107 8.3⋅105 

Re downcomer - 2.7⋅107 2.5⋅105 

Re Original / Re Model - 1 ~100 

 

  Fig. 2 Test facility ROCOM 
 

Fig. 1 RPV Plexiglas Model 



 4

To study the mixing phenomena, plugs of salt water are injected into deionate in the RPV 
through one of the cold legs. The salt significantly changes the conductivity of the water what 
can be measured by conductance methods. In the facility, the so called wire mesh sensors are 
applied measuring the conductivity at each crossing point of two separated sets of parallel 
wires perpendicularly each to the other.  
 
The sensors are shown in detail in Figure 3. There is one sensor at the reactor inlet (Figure 
3a), two are in the downcomer (Figure 3b), and one at the core inlet plane (Figure 3c). The 
extensive instrumentation with these sensors permits a high resolution of the concentration 
field in the RPV in space and time. The downcomer sensors have 4x64 measurement points 
each, and that in the cold leg 16x16. The sensor at the core bottom yields 193 points at the 
same time. This means, there is one concentration measurement at the bottom of  each fuel 
element.  
 
All sensors provide 200 measurements per second and work in the conductivity range of 10-
50 µS/cm. In the experiments, a time resolution of 20 measurements per second is sufficient, 
i.e. 10 individual measurements are averaged.  
 

 

 
a) Inlet Nozzle Sensor 
 

b) Downcomer Sensor c) Core Inlet Sensor 

 
Fig. 3  Wire mesh sensors in the plexiglas model of ROCOM at different positions 
 
The mixing measurements in the reactor model are realised by the following steps: First the 
test facility is filled with low conductivity water (deionat). The wanted flow field is adjusted 
by controlling the main coolant pumps. After this, the injection pumps forward a plug of 
salted water continuously or discontinuously to the mixer in one of the cold legs. The concen-
tration profile at the inlet of the RPV mock-up is measured by the wire mesh sensor in that 
cold leg.  
 
All processes, including the measurement of the mass flow, temperature, pressure, the tracer 
injection and the water cleaning with ion exchangers are computer controlled.  
 

3 COMPUTATIONAL MODELING 

The CFD-Code used for mixing studies at Forschungszentrum Rossendorf (FZR) is CFX-4 
[CFX99]. CFX-4 is a finite volume program that offers the following options, which can be 
used in the mixing studies: 
 
• Solution of the Navier-Stokes-Equations for steady and unsteady flows for compressible 

and  incompressible fluids 
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• Applicability for laminar and turbulent flows (different turbulence models)  
 
• Porous media model with implementation of body forces added to the momentum equa-

tion 
 
• User defined scalar equations 
 
An incompressible fluid was assumed for the coolant flow in the ROCOM test facility. The 
turbulence was modeled using the standard (k,ε ) approximation.  
 

The inlet boundary conditions (velocity, temperature, boron 
concentration etc.) were set at the inlet nozzles. The outlet 
boundary conditions were pressure controlled. Passive sca-
lar fields were used to describe the boron dilution proc-
esses.  
 
The generated grid contained ca. 450000 nodes. Steady 
state calculations with at least 1000 iterations last a few 
hours, transient calculations a few weeks on a SGI Origin 
200 workstation platform. 
 
The geometric details of the construction internals have a 
strong influence on the flow field and on the mixing. There-
fore, an exact representation of the inlet region (bend radii 
etc.), extension of the downcomer below the inlet region 
and obstruction of the flow by the outlet nozzles cut 
through the downcomer (Figure 4). The core support plate, 
the core and the perforated drum in the lower plenum are 
modeled as porous regions. The porosity value γ for perfo-
rated plates is determined by relating the area of orifices to 
the total area of the sieve. Body forces B are added to the 

momentum equation (1), to take into account distributed friction losses in the sieve plate. Us-
ing the Cartesian coordinate system, the momentum equation is written: 
 

  (j=1,2,3)  ρ
∂
∂

∂
∂

∂
∂

τ
U
t

U
U
x

B
x

j
i

j

i
j

i
ij+







 = −     (1) 

 
( )B B R R u uF C F= − +     (2) 

 
In the equation (1) U j  are the components of velocity and τ  is the shear stress, BF , RC  and 
RF  are the coefficients of the body force dependence on the velocity. In the model, only the 
second order contribution of the body forces according to relation (2) is used being typical for 
turbulent flow. The corresponding coefficient is obtained from calculated values for the flow 
resistance coefficient. 
 
 
 

 
Fig. 4  Computational grid 

 (RPV ROCOM) 
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4 MIXING DURING START-UP OF COOLANT CIRCULATION -   
RESULTS 

Model experiments for studying mixing of diluted slugs have been performed in Sweden 
[Ala95], France [Al92], USA [Ga01], Russia [Me01] etc. and at the Mixing Test Facility 
ROCOM at FZR Rossendorf/Germany. Many of the studies are concentrated on the scenario 
‘Start-up of the first pump’. In this scenario the diluted slug is transported from the loop to the 
core by rapidly accelerating flow due to starting a main circulation pump (MCP). Various 
pump start-up scenarios were investigated at ROCOM varying the slope and the height of the 
mass flow rate ramp, moment of tracer injection and the volume of the injected slug. Follow-
ing boundary conditions were taken from one of these transient experiments for the numerical 
simulation of a pump start-up case: 
 

• Initially all pumps are stopped, no natural circula-
tion occurs.  

• The tracer slug is modeled as a scalar impulse cor-
responding to the experiment (see Fig. 6a) intro-
duced 7 s after the beginning of the MCP start-up. 
The length of the slug was chosen to be able to 
visualize the flow pattern and the mixing condi-
tions in the downcomer and core inlet. 

• In one loop the MCP starts with linear increase of 
the flow rate  from 0 to 185 m³/h within 14 s kept 
constant  after 14 s (Fig. 6b). Reverse flow in the 
open idle loops is considered via mass flow bound-
ary conditions. 

 
The scalar representing the boron content of the slug is 
treated in normalized form by setting the original bo-
ron concentration deficit of the slug equal to unity.  
 
Figure 5 shows streamlines representing the velocity 
field in the downcomer and lower plenum (including 
the perforated drum and lower support plates) for the 
pump start-up scenario.  
 
Due to a strong flow impulse through the inlet nozzle 
induced by the pump start-up, there are dominating 

horizontal components of the flow in the upper part of the downcomer (Figures 5 and 7). The 
injected fluid is distributed into two main jets, the so called butterfly distribution. In addition 
several secondary flows are seen in various parts of the downcomer. Especially strong vor-
tices occur in the areas below the non operating loop nozzles and also below the injection 
loop. Here a strong re-circulation area occurs, which is controlling the size of other small 
swirls. The complex flow field promotes strong mixing of the slug in the downcomer.  
 
The experiment was repeated several times to average over macroscopic flow fluctuations. 
The results of the single realisations were used to carry out a statistical analysis of the ex-
perimental data.  
 

Fig. 5   Flow picture at 15 s 
 after the start-up 
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Fig. 6  Inlet boundary conditions from the transient pump start-up experiment  
 
The transient course of the maximum value is shown in Fig. 8a. That maximum value or the 
minimum boron concentration is an indicator for possible reactivity insertion during a tran-
sient. In the experiment as well as in the calculation, the maximum value is determined at 
each time step over all fuel element positions. Therefore the position can vary, which has also 
an influence on the width of the confidence-interval of the experimental data obtained from 
the statistical analysis of the repeated realisations of the experiment. In the calculation, the 
maximum concentration at the core inlet is very close to the experimental data. The absolute 
value of the calculation reaches 54%, of the measurements 56% of the loop value (100%).   
 

Time 
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8.0 

 

10.0 15.0 

 
 
Fig. 7  3D Mixing in the downcomer, CFX 
 
Local time depended mixing scalars at fuel element positions in the center and near the wall 
of the core inlet are shown in the Figures 8b and 8c. The turbulent fluctuations are significant 
only in the later phase of the transient, when the maximum of the deboration front already 
passed the corresponding fuel element position. As can be seen, the fluctuations are higher at 
the periphery of the core. In addition, the mixing scalars at azimuthal positions near the outer 
boundary of the core at the inlet are shown in Figure 8d in a later part of the transient flow 
field, when the slug is almost passed by. About 14 s after switching-on the MCP, the debora-
tion front reaches the core inlet at two positions in the periphery of the core about 120 ° 
shifted from the azimuthal position of the inlet nozzle of the loop with the starting pump (Fig-
ures 9 and 10). In the CFX-calculation the deboration front reaches the core at the same posi-
tions but with a small time delay of less than 0.5 s. The maximum of the deboration front 
moves over the centre of the core to the side of the injecting loop (see also Figure 8d). 
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Fig. 8  Comparison of the transient pump start-up experiment and the corresponding CFX 
 post test calculation 
 

 

Fig. 9  Experimental results at the core inlet 

 

 

Fig. 10  Calculation with CFX at the core inlet 
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5 BORON DILUTION ANALYSIS 

The 3D neutron kinetic core model DYN3D [Gr96] has been developed in the Institute of 
Safety Research of the Forschungszentrum Rossendorf. DYN3D has an extensive verification 
and validation [Gr97, Ky96] basis and is widely used for the analysis of reactivity initiated 
accidents in light water reactors with Cartesian and hexagonal fuel assembly cross section 
geometry [Iv99, Ti99]. 
 
The analysis presented here has been carried out for the begin of an equilibrium fuel cycle of 
a generic four-loop pressurized water reactor. The macroscopic cross section library needed 
for the core calculations has been generated by the 2D neutron transport code CASMO. The 
library contains cross section sets dependent on burn-up and the thermo-hydraulic feedback 
parameters in a range of variation being relevant for the transient under consideration [Mi02]. 
The reactor is assumed at hot zero power in a sub-critical state. The xenon- and samarium-
distributions correspond to the full power state. All control rods are inserted, except one, 
which sticks at fully withdrawn position. This control rod is located in the core region, where 
the minimum boron concentration during the analysis of the transient has been predicted. The 
coolant in the lower plenum has a temperature of 192 oC and a boron concentration of 
2200 ppm. The initial sub-criticality of this state is determined by a steady-state DYN3D cal-
culation with -7787 pcm.  
 
It is assumed, that a slug of unborated coolant, which has been created during a hypothetical 
boron dilution event, is located in the loop seal behind the MCP. The switching-on of the 
MCP in the loop with the slug drives the slug to the core inlet. On this way, the unborated 
coolant mixes with the highly borated coolant in the downcomer and lower plenum. 
 
Due to the long computation times the direct integration of CFD-modules for the modelling of 
the mixing processes into reactor safety analytical tools as DYN3D is not practical at present. 
For that reason, a fast running semi-analytical model for the description of the coolant mixing 
during stationary and transient processes inside the RPV has been developed (Semi-Analytical 
Perturbation Reconstruction model SAPR). This model is based on the technique of linear 
superposition of response functions on Dirac impulse shaped perturbation functions. In the 
model, the RPV is represented formally by a group of transfer systems (for each combination 
of inlet nozzle position and fuel element position one) with one input and one output each. 
Development and verification of the model are described in [He03]. 
 
The mixing of the coolant on the way from the cold leg to the core inlet is modelled using the 
SAPR-Model. This model is applied both to the mixing of boron as well as to the temperature 
mixing. SAPR provides time-dependent boron concentration and coolant temperature at the 
inlet into each fuel assembly. Because it is not obviously, which distribution gives the maxi-
mum reactivity effect, the distribution of the boron and temperature at the core inlet at two 
time points have been extracted from these calculations (one temperature and boron concen-
tration value for each fuel assembly position). The first distribution corresponds to the time 
point of the total minimum boron concentration reached during the analysis, the second one is 
time point of the minimum of the boron concentration averaged over the whole core entry 
cross section. The initial slug volume used as input to SAPR has been varied during the analy-
ses between 0 m3 and the bounding volume of 36 m3 [Re98] in steps of 4 m3 (see table 2). The 
slug contains no boron and has a temperature of 210oC in all cases. 
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Table 2  Results of stationary core calculations 
 

Time of total minimum Time of minimum of the average valueInitial 
Slug 
Volume 
[m3] 

Inserted 
Reactivity 
[pcm] 

Summary 
Reactivity 
[pcm] 

Min. Bo-
ron 
Concentra-
tion [ppm] 

Inserted 
Reactivity 
[pcm] 

Summary 
Reactivity 
[pcm] 

Min. Av. 
Boron 
Concentra-
tion [ppm] 

1 172 -7615 2064 168 -7619 2149 
4 1043 -6744 1619 1035 -6752 1953 
8 3756 -4031 1104 2554 -5233 1702 
12 6751 -1036 655 4750 -3037 1446 
16 8903 +1116 377 6424 -1363 1216 
20 9468 +1681 298 7777 -10 1041 
24 9925 +2138 178 9925 +2138 887 
28 10319 +2532 94 10319 +2532 754 
32 11197 +3410 0 11625 +3685 638 
36 12427 +4640 0 12328 +4595 547 

 
For each case of boron and temperature distribution, a stationary core calculation for the hot 
zero power state described above has been carried out by means of DYN3D. In these calcula-
tions, the inlet distribution is extended over the whole height of the core, that means, an uni-
form axial distribution is assumed. Table 2 summarises the results of these calculations. For 
each distribution, the reactivity inserted by boron dilution, the summary reactivity and the 
minimum boron concentration are shown. Although the summary boron content in the whole 
core is lower in the calculation with the second distribution (at time of minimum of the aver-
age value), in all cases except one the calculation with the total minimum in boron gives an 
higher reactivity insertion into the core. That means, that the local distribution has an higher 
influence on the reactivity than the summary boron content in the core. For two calculations, 
the time point of total minimum boron concentration at the core inlet coincides with the time 
point of the minimum of the boron concentration averaged over the whole core entry cross 
section. Therefore, the results are the same for these time points. 
 
From the stationary calculations follows, that an initial slug volume of less than 16 m3 does 
not lead to a re-criticality of the core. Therefore, only the cases with higher initial slug vol-
umes are of interest for a transient analysis. 
 
The first transient calculations have been carried out for the initial slug volumes of 16 and 
20 m3. The SAPR-Model provides the time-dependent boron concentration and coolant tem-
perature at the inlet into each fuel assembly. In the DYN3D-code, the fuel assemblies are 
modelled as isolated parallel thermohydraulic channels. 
 
The MCP reaches its full mass flow rate about 15 s after the switching-on. Due to the non-
working MCP’s, in each of the three other loops a reverse flow of about 10 % is established. 
The boron front reaches the core bottom about 12 s after switching-on the MCP. This time is 
the starting point for the transient core calculations. The average coolant velocity is 0.45 m/s 
at that time and enhances up to 0.65 m/s during the next seconds. 
 



 11

Earlier analyses of boron dilution events 
showed a significant influence of the de-
scription of the boron front on the behav-
iour of reactivity and nuclear power in 
transients with low fluid velocity [Ti99, 
Ro97]. In connection with these analyses, 
a special model, based on a particle-in-cell 
(PIC) method for the description of the 
boron transport through the reactor core 
has been developed. Using the PIC-
method for the boron transport in the core 
allows to select a time step width, which 
satisfies the requirements of the interac-
tion between neutron kinetics and thermo-
hydraulics. Numerical diffusion is fully 
suppressed.  
 
Fig. 11 shows the dynamic reactivity dur-
ing the transient for the 16 m3 and the 20 
m3 cases. As can be seen, the dynamic 
reactivity in the 16 m3 -case remains al-
ways below the zero-line. This is con-
nected with the fact, that the slug has a 
finite length, what was not taken into ac-
count in the stationary calculations ex-
tending the minimum inlet distribution of 
the boron concentration in axial direction. 
The slug of 20 m3 leads to a significant 
reactivity insertion into the core, a value 
of nearly 2 $ is reached. That results in a 
power peak of more than 6500 MW 
(Fig. 12). Then the power excursion is 
stopped by the Doppler feedback. The 
limited integral energy release due to the 
small half width of the power peak did not 
lead to a significant enhancement of the 
coolant temperature, boiling did not occur.  
 
With more than 8500 MW, the magnitude 
of the power peak is higher in the calcula-

tion with the bounding slug volume of 36 m3 (see Fig. 12) than in the previous calculation. 
The Doppler feedback stops the further power increase, too. Contrary to the 20 m3 case, the 
power peak occurs even before the boron concentration has reached its minimum. Because the 
positive reactivity insertion is continued after the power peak, typical secondary power peaks 
are observed. As can be seen from Fig. 13, the radial power distribution over the reactor core 
is very heterogeneous. At the location of the power maximum, coolant boiling with a maxi-
mum void fraction of up to 70 % occurs for a short time. However, no heat transfer crisis was 
obtained, so that the cladding temperatures keep below 260 °C and no safety relevant limita-
tions are violated.   
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6 CONCLUSIONS 

The temperature and boron concentration fields established by the coolant mixing under tran-
sient flow conditions in the pressure vessel of the PWR Konvoi were investigated. At the 
start-up case of one pump the maximum of the tracer concentration at the core inlet appears at 
the opposite part of the loop where the tracer was injected. The maximum value of deboration 
depends on pump start-up conditions and slug length, but is sufficiently below the deboration 
in the cold leg where the slug comes from. The maximum value of deboration calculated by 
CFX-4 agrees with the measurement within the statistical uncertainties of the experiment. The 
time-dependent boron concentration field at the core inlet obtained from these investigations 
can be used as boundary condition for boron dilution transient analysis. For that purpose, a 
fast running semi-analytical model for the description of the coolant mixing in the downcomer 
and the lower plenum of PWRs based on response functions to Dirac shaped impulses has 
been applied in combination with the 3D neutron kinetic core model DYN3D for the analysis 
of a hypothetical boron dilution event. By varying the initial slug volume it was found, that 
for the given core configuration slugs of less than 16 m3 did not lead to super-criticality in 
static calculations. Transient calculations with higher slug volumes revealed a further conser-
vatism of the static analysis. Only an initial slug volume of 20 m3 leads to a power increase of 
the shut-off reactor in the calculation. According to these calculations, even a reactivity inser-
tion up to 2 $ connected with the 36 m3 slug did not lead to safety relevant consequences. The 
power excursion is controlled by the Doppler feedback. 
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Abstract 

In the nuclear CFD applications the validation of used methods and models is especially im-
portant for safety reasons. There is an ongoing project at Fortum Nuclear Services Ltd for 
validation the commercial CFD code Fluent for pressure vessel mixing analysis. Results from 
different available mixing experiments have been used in the validation. The requirements for 
industrial applications have been kept in mind so that the same models and similar grid den-
sity used in the CFD calculation of experiments could be used also in industrial applications. 
This requirement sets some limitations for models used: the Reynolds averaged Navier-Stokes 
equations with Boussinesq eddy-viscosity assumption are solved, and the eddy viscosity 
needed is computed using k-ε two-equation turbulence models combined with logarithmic 
wall functions. Also the totally grid- and time-step-size independent results are not looked for 
but the error has attempted to be kept at a tolerable level. 

The experiments simulated for validation are a thermal mixing experiment of Fortum Nuclear 
Services Ltd, a boron diluted slug mixing experiment of Vattenfall Utveckling AB, and a 
rapid-boron dilution transient experiment of University of Maryland. In all modelled experi-
ments the boundary conditions were time-dependent and the primary flow was turbulent for 
most of the time. In Fortum experiment there is a large density difference between injection 
and ambient flow that creates strong buoyancy effects. 

 

1. INTRODUCTION 

The need for more accurate numerical methods to study flow and mixing phenomena in the 
primary circuit of a PWR has become more urgent especially due to safety studies related to 
phenomena such as inhomogenous boron dilution. The estimation of the effect of local boron 
dilution requires a modelling of flow field and mixing process in the primary circuit and pres-
sure vessel so that a realistic estimation for the shape of the diluted slug entering the core can 
be obtained. That sets some major requirements for the used numerical method: the time-
dependent flow and mixing process should be modelled in a three dimensional complex ge-
ometry, sometimes with extra effects for example by buoyancy forces. At present the most 
used and best numerical tool for simulations like this is computational fluid dynamics (CFD). 

There is an ongoing project for validation of CFD methods for primary circuit flow phenom-
ena in Fortum Nuclear Services Ltd. The objective is to find an optimal way to use the CFD 
code for real industrial applications with computation resources available, and then further 
evaluate the usefulness of numerical results. The main focus in the study is in the modelling 
of geometry, computational mesh and physical models. For the numerical schemes like dis-
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cretization methods, numerical solver or pressure correction algorithm the schemes recom-
mended by CFD code supplier are used.  

During the validation project the commercial general purpose CFD code FLUENT [1] has 
been used to simulate three different experiments of mixing in the pressure vessel down-
comer. Two of the experiments are first-pump-start -like transients where the mixing of the 
boron diluted slug in the downcomer is studied when a starting Reactor Coolant Pump (RCP) 
injects unborated water into the downcomer. The third case is an experiment of thermal mix-
ing of the cold high-pressure safety injection (HPI) water in the cold leg and in the down-
comer of the pressure vessel. The first two cases are forced flow cases whereas in the third 
case the buoyancy forces are important. The simulated results of three cases are then com-
pared to the experimental data. 

2. SIMULATED EXPERIMENTS 

The three different test facilities and the simulated experiments are presented in the following 
chapters. 

2.1 Vattenfall mixing test facility and the High Reynolds Number case 

The Vattenfall mixing test facility is a 1:5 scale model of a Westinghouse three-loop PWR. 
The main components of the test facility are reactor pressure vessel model, a cold leg with 
RCP for inflow, a hot leg for outflow and two closed loops with valves that simulate the two 
loops with idle RCPs. The boron diluted coolant is modelled by a volume of salt water that 
can be injected to the cold leg. The RCP drives the slug from the cold leg to the downcomer 
and then further to the lower plenum, core and through the hot leg out from the system. The 
salt concentration of water is measured in the cold leg, in the idle loops and at the core inlet 
plane using 67 conductivity probes. The density difference produced by salt is removed by 
adding ethanol to water. The schematic of the Vattenfall test facility and the vertical cross 
section of reactor vessel are presented in figure 1. [2] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic sketch of the facility and a section of reactor vessel model [2]. 
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The simulation of experiment named High Reynolds Number case (HRC) is presented here. 
In the initial state, the flow is at rest in the reactor vessel. Then the RCP accelerates the flow 
and drives the salt water slug into the reactor vessel model. A small part of the flow goes 
through the idle loops while the major part goes through the core. The flow and the dimen-
sionless salt concentration boundary conditions in inlet are presented in figure 2. 
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Figure 2. Inlet boundary conditions: flow rate and dimensionless concentration 

The Reynolds number 

 
µ
ρuL

=Re          (1) 

in the downcomer is about 15000 at the moment the front of the salt water slug reaches the 
downcomer, 50000 at the moment the slug reaches the measurement plane below the core and 
about 115000 in the end of the transient. [2] 

2.2 UM 2x4 thermalhydraulic loop facility and ISP-43 test case B 

The University of Maryland 2x4 Thermalhydraulic Loop (UM 2x4 Loop) test facility is a 
scaled down model of a Babcock & Wilcox (B&W) PWR with height ratio of 1:4. The main 
components of the test facility are the reactor pressure vessel model, two hot legs, four cold 
legs, four RCPs, two steam generators and a pressurizer. The boron diluted slug is modelled 
using cold water, and the variation of the temperature of fluid is measured using 286 thermo-
couples mounted in the downcomer and the lower plenum of the reactor vessel. A general 
view of the facility and the vertical cross section of reactor vessel model are presented in fig-
ure 3. [3]  

The simulated experiment presented here is a so-called case B. The experiment and the simu-
lation was made in connection of the International Standard Problem (ISP) No. 43 [3]. In the 
test B a single cold leg and a single hot leg are open. In the initial state flow is at rest in the 
reactor vessel. A cold water slug is injected to the cold leg and after that the RCP is started. 
The flow and the dimensionless temperature boundary conditions for inlet are presented in 
figure 4. 
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Figure 3. General view of the facility and a section of reactor vessel model [3]. 
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Figure 4. Inlet boundary conditions: flow rate and dimensionless temperature. 

The Reynolds number in the downcomer is about 8000 at the moment the front of the cold 
water reaches the downcomer, 20000 at the moment the slug reaches the core and 24000 in 
the end of the transient. 

2.3 Fortum thermal mixing test facility 

The Fortum thermal mixing test facility is a 2:5 -scale model of Loviisa VVER-440 PWR in-
cluding three cold legs (out of the six in the real plant), the downcomer and the lower plenum. 
In the tests, the mixing and stratification of cold HPI water injected from a nozzle in the bot-
tom of the middle one of the three cold legs was determined. Salt (CaCl2) was added to the 
cold injection water to increase the density difference and buoyancy effects. During the test 
the temperature has been measured using 62 thermocouples mounted to the downcomer and 
the injection cold leg. The schematic of the Fortum mixing test facility is presented in figure 
5. [4] 
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Figure 5. Schematic sketch of the Fortum thermal mixing test facility. 

The experiment simulated and presented here is the experiment number 20 from total of 52 
mixing experiments available. In the initial state there is an inflow of warm water from both 
two sideloops (1.87 l/s per loop).  The injection of cold water (2.31 l/s) is started from the bot-
tom of the middle cold leg. 

The Reynolds number in the downcomer is about 4500. 

3. CFD MODELS 

The commercial general purpose CFD code FLUENT was used for simulation. The number of 
computation cells and the complexity of the physical models were kept to level low enough to 
limit the computation time of each transient case to about 10 to 20 CPU days with a modern 
one processor work station. That would make it possible to use about the same kind of accu-
racy with real applications. The geometry modelling, computation meshes, physical models 
and boundary conditions are presented in following chapters. 

3.1 Geometry modelling 

The aim of the geometry modelling is to model all details that possibly have relevant effect to 
the flow field. That included the detailed modelling of the perforated plates in the lower plena 
of the Vattenfall and UM 2x4 Loop test facilities. Also the support structures and the neutron 
shields in the downcomers were modelled. The perforated plate in the bottom of the Fortum 
test facility was not modelled due to the large number of small holes that would have needed 
too much computation cells. The porous structure approach was used there instead, and the 
plate was modelled using homogenous material with pressure loss coefficient. 

To simplify the setting of the boundary conditions the cores and the parts of the hot legs were 
included in the models of the Vattenfall and UM 2x4 Loop test facilities. That moved the out-
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flow boundary farther from the area of interest. The short idle loops of Vattenfall test facility 
were also included to the geometry. The right volumes of different flow channels are useful if 
the inertia effects of accelerating flow are important.  

3.2 Computational meshes 

Most of the cells in computational meshes were put to downcomer and to the surrounding of 
the cold leg nozzles. The core area not anymore so relevant for measured mixing was mod-
elled with coarser mesh. The number of cells used in each model was the practical maximum 
in sense of computation time. The grid sensitivity studies made with steady state simulations 
and local grid adaption indicated that grid independence was not totally attained. If that have 
relevant effect to results must be estimated by comparison of experimental and simulated re-
sults. 

Computational meshes were made using hexahedral cells except in the surroundings of the 
perforated plates in the lower plenums of Vattenfall and UM 2x4 Loop test facilities where 
the tetrahedral cells were used. That gave a more free cell distribution around the models. The 
computation grid for Vattenfall simulations is presented in figure 6, for UM 2x4 Loop simula-
tion in figure 7 and for Fortum mixing test facility simulations in figure 8. The total number 
of cells is 153000 in Vattenfall model, 175000 in UM 2x4 Loop model and 283000 in Fortum 
mixing test model. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Computational mesh, Vattefall simulation 
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Figure 7. Computational mesh, UM 2x4 Loop test facility 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Computational mesh, Fortum mixing test facility 

3.3 The equations 

The Reynolds averaged Navier-Stokes equations with heat transfer or species transport equa-
tion were solved combined with standard logarithmic wall functions. Turbulence was mod-
elled using high Reynolds number two-equation models. The Vattenfall experiment was 
computed with Standard and RNG k-ε turbulence models, the Maryland UM 2x4 Loop ex-
periment with Standard k-ε turbulence model. The Fortum experiment was calculated using 
Realizable k-ε turbulence model which was recommended over Standard version in FLUENT 
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manual [1]. 

The buoyancy effects were modelled using temperature (UM 2x4 Loop simulation) or species 
mass fraction (Fortum simulation) dependent density with gravitational acceleration. Heat 
transfer between fluid and solid was not modelled because the UM 2x4 Loop test facility was 
already insulated to minimize heat transfer. 

Second order spatial- and time discretization were used for equations. The time step size was 
about 0.1 s in all simulations. 

3.4 Boundary conditions 

The time-dependent mass flow and fluid temperature or species mass fraction was given at the 
inlet cold leg. At the outlet the reference pressure P = 0 was set. The logarithmic wall func-
tions were used at the walls. 

4. COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS 

The accuracy of comparison of results of experiments and CFD simulations is limited by the 
data available from the experiments. The lack of detailed velocity and turbulence data makes 
it sometimes difficult to find exact reason for differences in results. In cases computed here, 
accuracy of the CFD method is estimated based on the concentration fields at different meas-
urement levels.  

4.1 Simulation of Vattenfall HRC case 

The concentration field was measured at the core inlet plane. Concentration fields presented 
in figure 9 show how the diluted slug entering the core have two maxima symmetrically lo-
cated with respect to the inflow cold leg both in the experiment and the simulation. 

Figure 9. Concentration fields at the measurement plane beneath the core, experiment and 
CFD simulation (time shift taken into account, inflow cold leg in one o'clock direction) 

8 



The ensemble averaged spatial average and local maximum of diluted slug at the measure-
ment plane are presented in figure 10. 

 

 

 

 

 

 

 

 

Figure 10. Spatial average and local maximum of dimensionless concentration at the meas-
uremt plane (ensemble averages) 
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The spatial averages are in reasonable agreement with the measured ones. The maximum val-
ues of both are about 0.25. There is, however, a difference in local maxima. The experimental 
ensemble averaged local maximum is about 0.55 and the individual local maximum of one 
experiment is about 0.72, while the simulated maximum is about 0.45. Reason for this differ-
ence is probably a numerical error that could be reduced by increasing the number of compu-
tational cells. 

Turbulence model variation with Standard and RNG k-ε turbulence models did not affect to 
the results. However minor differences are easily smoothed out by possible numerical errors 
so too deep going conclusions about independence on turbulence models should not be made. 

4.2 Simulation of Maryland UM 2x4 Loop case ISP 43 B 

Temperatures were measured at 11 horizontal planes in downcomer and lower plenum. The 
downcomer outlet plane where the flow enters the lower plenum was chosen for comparison 
plane.  The experimental ensemble averages of spatial average, maximum and minimum tem-
peratures are presented in figure 11 together with simulated values. 
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Figure 11. Experimental and computed spatial average, maximum and minimum 
temperatures at the downcomer outlet plane 
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These calculated and measured parameters are reasonably similar. There are some differences 
in the flow pattern in the downcomer. In the experiments the cold water slug entering the 
downcomer flows down and simultaneously circulates two sides to the other side of the 
downcomer, leaving clear stagnant flow region beneath the inflow cold leg. In the CFD simu-
lation flow goes more directly downwards beneath the cold leg and there is only slight stagna-
tion region. However this kind of flow circulation and stagnant region was clearly seen in the 
CFD simulation of the Vattenfall experiment. The geometries and meshes are very similar in 
the Vattenfall and Maryland cases. It seems likely that the differences in the simulated flow 
fields can be generated by the smaller flow velocity and density differences of the Maryland 
experiment. The lower flow velocity and density differences can make the turbulence model-
ling too difficult for the Standard k-ε model especially in the beginning of the transient. 

4.3 Simulation of Fortum mixing test number 20 

The main interests in the comparison are how the CFD simulation describes the stratification 
in the injection cold leg and how well the mixing in the downcomer is modelled. The stratifi-
cation in the cold leg is studied using five vertically mounted thermocouples. These thermo-
couples show that in the experiment there is a clear stratification in the cold leg and the 
interface of cold and hot water is located vertically about 3/5 pipe diameters above the bottom 
of the pipe. In the CFD simulation there is also stratification in the cold leg and about at the 
same level. The behaviour of the cold water slug presented in figure 12 seems reasonable. In 
the end of the CFD simulation quite stabile flow field has been achieved with asymmetrical 
stratification beneath the cold leg. The same effect can be seen in the photo taken in the end of 
the experiment. 

 

Figure 12. Computed dimensionless cold water concentration in the downcomer 

Maximum dimensionless cold water concentration at three different vertical levels is studied 
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using thermocouples mounted on the pressure vessel wall. The concentration is reasonably 
similar in the lower part of the downcomer, 812 mm and 1460 mm beneath the cold leg, but 
there is some differences 495 mm beneath the cold leg (figure 13).  

 

 

 

 

 

z = -495

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 50 100 150time (s)

di
m

en
si

on
le

ss
 c

on
ce

nt
ra

tio
n

Experiment

CFD

z = -812

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 50 100 150
time (s)

di
m

en
si

on
le

ss
 c

on
ce

nt
ra

tio
n

Experiment

CFD

z = -1460

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 50 100 150time (s)

di
m

en
si

on
le

ss
 c

on
ce

nt
ra

tio
n

Experiment

CFD

Figure 13. Maximum dimensionless concentration at three vertical levels (z = 0 mm injection 
cold leg level) 

The reason is that in the CFD simulation the cold water slug tends to go down more along the 
core barrel wall, while in experiment it tends to go more along the pressure vessel wall. 
Thermocouples mounted to the pressure vessel wall do not see the slug as effectively in the 
CFD simulation. That difference comes probably partly from the small difference in the cold 
leg stratification and partly from the turbulence modelling. This CFD simulation must be con-
sidered as preliminary, and in the future turbulence model variations and adjustment of turbu-
lence model parameters will be done for diminishing differences.  

5. CONCLUSIONS 

Based on the simulations presented in this paper most of the basic features of the mixing cases 
studied can be modelled well with careful use of a modern commercial CFD code and a work-
station. However some of the details of the flow field are still flattened out by numerical error 
with practical mesh sizes, so the limits of numerical accuracy must be checked separately for 
each application. With turbulence modelling in case of typical forced convection case, the 
simulated result are good, while with mixed and natural convection cases the limitations of 
the turbulence models used here may become visible. 
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Appendix A. Nomenclature 

L charasteristic lenght (m) 

u velocity (m s-1) 

Greek letters 

ρ density (kg m-3) 

µ viscosity (kg s-1 m-1) 
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Abstract 
 

   A quantitative evaluation on thermal striping, in which temperature fluctuation due to convective 
mixing imposes thermal fatigue on structural components, is of importance for reactor safety.  As for 
convective mixing in fluid, a water experiment was performed on vertical, parallel triple-jet: a cold jet 
at the center and hot jets in both sides.  Mixing behavior between the triple jets and frequency 
characteristics of temperature fluctuation were obtained by temperature measurement.  Three kinds 
of numerical analyses based on the finite difference method for the experiment were carried out.  
Two types of turbulence models were used in the calculations, namely k-ε two-equation turbulence 
model (k-ε Model) and low Reynolds number turbulence stress and heat flux equation model 
(LRSFM).  Furthermore, a direct numerical simulation (DNS) was performed. 
   The DNS could simulate the time-averaged temperature field in the experiment.  The results 
obtained from the k-ε Model and the LRSFM reached uniform temperature more downstream than in 
the experiment and overestimated the temperature fluctuation intensities in the mixing region. 
   As for the prominent frequency in temperature fluctuation due to oscillation of the jets, the 
frequency obtained by the LRSFM was in good agreement with that in the experiment.  The profile 
of power spectrum density of temperature fluctuations calculated by the DNS was close to the 
experimental results.  The DNS is applicable to the convective mixing of multiple jets. 
 
1. INTRODUCTION 
 
   In reactors, fluid which flows out of each subassembly (e.g. fuel subassemblies, control rod 
channels, blanket subassemblies) has so different temperature that mixing of fluid results in 
temperature fluctuation.  Sodium used as coolant in fast reactors has high thermal conductivity.  
Therefore, temperature fluctuation in fluid arrives easily at structural surfaces.  Temperature 
fluctuation transferred to the structure causes thermal fatigue in structural materials.  These 
phenomena are called thermal striping[1]. 
   The processes of thermal striping are categorized as follows: 
  1) Occurrence of temperature fluctuation in fluid, 
  2) Attenuation of temperature fluctuation near structural surface, 
  3) Transfer of temperature fluctuation from fluid to structural surface,  
  4) Transfer of temperature fluctuation from structural surface to inside of structure, 
  5) Occurrence of thermal stress and crack in structure. 
   As for thermal hydraulic behavior for thermal striping, co-axial jets of sodium were investigated 
by Tenchine and Nam[2] while Tenchine and Moro[3] compared the results of sodium with air jets 
experiments.  And Muramatsu[4] has developed numerical methods to evaluate thermal hydraulics 
and heat transfer from fluid to structure. 
   In this study, we performed three kinds of numerical analyses based on the finite difference 
method for a water experiment[5] with the triple-jet configuration.  First two methods used the 
turbulence models; k-ε two-equation turbulence model and the low Reynolds number turbulence 
stress and heat flux equation model[6].  Another computation is a quasi-direct numerical simulation[7].  
The experimental result was compared with these analyses using three different numerical methods.  
And the capability of these three methods for the convective mixing in the triple-jet was evaluated. 
 
 
 



2. EXPERIMENT 
 
   Figure 1 shows an experimental test section.  Discharged 
nozzles of the jets are immersed inside the test section.  As noted 
in the top view, two partition plates sandwich four rectangular 
blocks, thereby restricting the flow of the discharged jets in two- 
dimensional pattern.  The rectangular blocks and the partition 
plates defined three discharged nozzles.  The size of each nozzle 
is 20 x 169 mm.  The representative length (D) is 20mm of the 
nozzle width.  The center jet has lower temperature than the jets 
in both sides.  Local temperatures are measured by a movable 
thermocouples (T/C) tree that consists of 39 T/Cs facing vertically 
downward and horizontally spaced 5 mm apart over a 190 mm 
span.  The T/Cs are JIS K-type (0.3 mm in diameter) with 
measurement error of 0.1 OC.  The local temperatures in the test 
section were measured by moving the T/C tree in each 10 mm 
vertically.  The sampling interval at each measured point was 
0.02 s and the number of the data (N) was 1024 (total of 20.48s). 
   In the experiment, the discharged velocities in the triple jets 
were equally 0.5 m/s (Vexit).  The discharged temperatures of the 
hot jets in both sides were 31 OC (Th) and the one of the cold jet at 
the center was 26 OC (Tc).  The discharged temperature 
difference between the hot and the cold jets was 5 OC (∆∆∆∆T).  
 
3. CALCULATIONS 
 
   Numerical analyses based on the finite difference method were carried out using three kinds of 
mathematical models.  The first two are the unsteady Reynolds averaged Navier-Stokes (URANS) 
computations, i.e. k-ε two-equation turbulence model (k-ε Model) and low Reynolds number 
turbulence stress and heat flux equation model (LRSFM).  The third one is a quasi-direct numerical 
simulation (DNS), which does not use any turbulence model.  Two in-house codes were applied: 
CASCADE[6] for the URANS computations and DINUS-3[7] for the DNS.  Table 1 shows the 
numerical methods used in those codes. 
   Figure 2 shows the calculated domain and boundary condition in the test section.  The horizontal 
length contains four rectangular blocks and edge blocks with arc shape, the vertical length is 540 mm 
from the top of discharged nozzles.  Typical width of the mesh is 2 mm.  In the calculation using 
the LRSFM, the width of the nearest mesh from structural surface is 0.2 mm so as to keep 
non-dimensional distance from the surface (y+) less than five[6].  As for the depth direction, the 

Table 1   Numerical Methods used in the Codes. 
 

Numerical Codes CASCADE DINUS-3 

Turbulence model k-ε Model LRSFM None (DNS) 
Coordinate Cartesian Coordinate 

Descretization Finite Difference Method 
Time Integration Euler Euler 
Convective term Skew Upwind 3rd -order Upwind 
Diffusion term Central Central 

Solution algorithm SIMPLEST-ANL Leap-Frog 
Matrix solver MICCG ICCG 

Figure 1   Schematic of Test Section.
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numbers of meshes are one for the URANS computations (the 
k-ε Model and the LRSFM), and three in the DNS to avoid 
accumulation of turbulence energy in depth direction. 
   As for the boundary conditions, each jet has uniform 
temperature at the discharged nozzle.  Profiles of velocity 
and turbulence quantities at the inlet boundary are determined 
based on the preliminary analyses picking up a part of 
discharged nozzle.  The velocity at the outflow boundary is 
determined to satisfy the mass conservation law.  In these 
calculations, the upper and the side boundaries are set up as 
the outlet boundary.  Therefore, the numerical divergence 
easily breaks out.  To avoid diverging, the meshes facing the 
outflow boundary have solid faces perpendicular to the outlet 
surface like a straightener, which guides the flow to be normal 
to the boundary surface.  One mesh has only one face of 
outlet boundary in CASCADE and DINUS-3 codes.  Thus 
dummy meshes are set up at the edge of the topside in the 
calculated domain.  Temperatures at the boundaries are set at 
flow rate weighted averaged temperature between the hot and 
the cold jets.  The surface frictions are set as a non-slip 
condition at the top of four blocks and as a slip condition at 
the edge blocks and the dummy meshes at the edges. 
   Time step widths of all calculations were 0.001s.  The simulation time lengths were 3, 10, 20.48s 
for the calculations using the k-ε Model, LRSFM, and DNS, respectively.  In the DNS, the simulated 
time was the same as the experiment to well reproduce random fluctuations as seen in the experiment. 
 
4. RESULTS AND DISCUSSIONS 
 
4.1 Visualized Images 
 
   Figure 3 shows the visualized images in the 
experiment and the contours of instantaneous 
temperature profiles in the calculations.  
Temperature was normalized by the following 
equation; 

  
T
)TT(T c*

∆∆∆∆
−−−−====    (1), 

where T was a measured temperature and T* was a 
normalized temperature. 
   The visualized images in the experiment showed 
that the hot jets were rolled-up and alternately 
mixed with the cold jet via the oscillatory motion.  
In the calculated result using the k-ε Model, the 
mixing motion with fluid roll-up was not seen, 
though the jets slightly oscillated.  The calculation 
using the LRSFM and the DNS, on the other hand, 
reproduced the oscillation of the hot and the cold 
jets as seen in the experiment. 
 
4.2 Comparisons of Time-averaged Temperature 
Fields 
 
   Figure 4 shows the contours of the 
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time-averaged temperature and temperature fluctuation 
intensity.  The origin is in the centerline of the cold jet nozzle 
horizontally and at the top of discharged nozzle vertically.  
The horizontal (x) and vertical (z) positions are normalized by 
the representative length (D=20mm) of the discharged nozzle.  
In the experiment and the DNS, the temperature fluctuation 
intensity, TRMS, is defined as a root-mean-square of the 
instantaneous temperature as follows: 

  ∑∑∑∑
====

−−−−====
N

1i

2
avgiRMS )TT(

N
1T    (2). 

   In the URANS calculations, on the other hand, the total 
temperature fluctuation intensity is defined as a summation of 
temperature fluctuation intensities due to flow instability and 
turbulence.  The intensity due to flow instability was 
obtained from the temperature variation in the transient 
calculation, while the intensity due to turbulence was obtained 
from the turbulent quantity conservation equation for tt ′′′′′′′′ .  
Thereby the total temperature fluctuation intensity is acquired 
as follows. 
   It is assumed that an instantaneous temperature, T, is 
decomposed as follows: 
  ravg tt~TT ′′′′++++++++====     (3), 

   where, Tavg is the time-averaged temperature, t~  is a temperature fluctuating component with 
lower frequency due to flow instability and tr’ is a turbulence component with higher frequency. 
   Substitution of equation (3) into equation (2) brings: 

  ∑∑∑∑ ′′′′++++====
N

2
rRMS )tt~(

N
1T       (4). 

   Equation (4) is expanded as follows; 

        RMSrrRMSRMS ttttT 22 ~2~ ′+′+=      (5). 

   Here, rtt ′~  means the correlation between flow instability and turbulence in the temperature 
fluctuation.  The correlation though will be zero because characteristic time scales of two fluctuating 
components are quite different (Reynolds and Hussain[8]).  Then, equation (5) is approximated as 
follows: 

  RMS
2
r

2
RMSRMS tt~T ′′′′++++====       (6). 

   The time-averaged temperature fluctuation intensity could be obtained from the two fluctuating 
components.  RMSt~  was calculated by applying equation (2) to the temperature variation in the 
transient analysis.  And RMSrt′  was obtained as a statistical quantity of the turbulence model. 
 
   The temperature fluctuation intensity is normalized as follows; 

  
T

TT RMS*
RMS ∆∆∆∆

====        (7). 

   From the contours of the time-averaged temperature, the temperature profile became uniform at 
z/D≥10 in the experiment.  In the calculations using the k-ε Model and the LRSFM, however, hot 
fluid portion was retained downstream, and the temperature fields were different from the 
experimental result at z/D≥12.5.  In the DNS, temperature field was in good agreement with that in 
the experiment. 
   In the experiment, the temperature fluctuation intensity was large at z/D=3.5~7.5 vertically and in 
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the region between the hot and the cold jets horizontally.  
In the calculation using the k-ε Model, temperature 
fluctuation intensity was larger at the neighborhood of the 
discharged nozzle and high intensity region was kept further 
downstream than the experimental result.  In the 
calculation using the LRSFM, the temperature fluctuation 
intensity was evaluated well near the discharged nozzle and 
was more similar to the experimental one than in the k-ε 
Model.  And the potential cores of the hot jets, in which 
temperature was the same as the discharged temperature and 
temperature fluctuation intensity was nearly zero, obtained 
from the k-ε Model and the LRSFM were extended 
downstream in comparison with the experimental result.  In 
the calculation using the DNS, on the other hand, the 
temperature fluctuation intensity field was in good 
agreement with that in the experiment. 
   Figure 5 shows the comparisons of the time-averaged 
temperature distributions in horizontal direction between the 
experiment and the numerical results.  The vertical 
positions are z/D=5 and z/D=7.5 corresponding to the region 
with high temperature fluctuation intensity.  At z/D=5, in 
the calculations using the k-ε Model and the LRSFM, the 
horizontal positions of high temperature regions (around 
x/D=±1.8, corresponding to the hot jets) were slightly close 
to the cold jet in comparison to the experiment.  And the 
cold jet (around x/D=0.0 in these cases) maintained the 
discharged temperature.  Thus, the horizontal 
temperature gradients in the region between the hot and 
the cold jets calculated by the k-ε Model and the LRSFM 
were larger than the experimental result.  At z/D=7.5, the 
temperature around the center predicted with the LRSFM 
was in better agreement with the experimental result in 
comparison to the k-ε Model due to well simulation of 
mixing behavior with roll-up.  The calculated 
temperature at x/D=0.0 using the LRSFM was slightly 
higher than in the surrounding positions because the hot 
fluid branches stretching from the hot jets in both sides 
reached x/D=0.0 (the center in the cold jet) as shown in 
Fig. 3.  The DNS could simulate the experimental 
profiles of temperature well at both heights. 
   Figure 6 shows the comparisons of the temperature 
fluctuation intensity distributions in horizontal direction 
between the experimental and numerical results.  The 
vertical positions are z/D=5 and z/D=7.5.  The peak 
positions of the intensity obtained from the all these 
calculations were close to the experimental result.  In the 
URANS calculations, the maximum temperature 
fluctuation intensities were overestimated, and the 
temperature fluctuation intensities at x/D=0.0 were 
underestimated in comparison with the experiment at 
z/D=5.  And the calculated intensities in the k-ε Model 
and the LRSFM retained high value at z/D=7.5.  In the 
DNS, the calculated temperature fluctuation intensity was 
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in good agreement with the experimental result at each elevation.  
 
4.3 Comparisons of temperature fluctuation characteristics 
 
   Figure 7 shows the comparisons of the time 
trends of temperature between the experimental 
and the numerical results.  The measured 
position is z/D=5 vertically and x/D=0.0 (the 
center of cold jet), 0.75 (the position between 
hot and cold jets) and 2.3 (the inner edge of hot 
jet) horizontally.  In the experiment, 
temperatures fluctuated periodically at x/D=0.0 
and x/D=0.75.  At x/D=2.3, the time trends of 
temperature intermittently showed lower 
temperature.  In the calculation using the k-ε 
Model, the amplitudes of temperature 
fluctuations were smaller than the experimental 
results at every position.  It was shown in Fig. 
3 that the calculation using the k-ε Model could 
not reproduce the oscillation of the jets observed 
in the experiment.  It is believed that the large 
amplitude of temperature fluctuations is caused 
by the oscillation of the jets which promoted the mixing of the hot and the cold jets.  Thus, the 
numerical method using the k-ε Model could not reproduce the temperature fluctuation characteristics.  
In the calculation using the LRSFM, the period and the wave form of temperature fluctuation were 
similar to the experimental results at x/D=0.75 where the temperature fluctuation intensity was high.  
At x/D=0.0 and x/D=2.3, however, the numerical results obtained from the LRSFM kept a nearly 
constant temperature.  The numerical result obtained from the DNS, on the other hand, was similar 
to the experimental one though the calculated temperature had fluctuating components with high 
frequency in comparison with the experimental result.  In particular, the DNS could reproduce the 
intermittent fluctuation surprisingly well which was seen in the experiment at x/D=0.0 and x/D=2.3. 
 
   When we compare the power spectrum density of temperature fluctuation, a time constant of the 
thermocouple should be considered.  Artificial time delay was added to the calculated time trend of 
temperature to compare with the thermocouple data.  A first-order delay is assumed to simulate the 
time delay of thermocouple as follows: 
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where tn is a measured time, Tn a measured temperature obtained from the thermocouple, T’n a revised 
temperature taking account of the first-order delay in the thermocouple, and ττττ a time constant of the 
thermocouple. 
   The numerical results were converted by applying equation (8).  Here, it was assumed that the 
time constant (ττττ) of the thermocouple of 0.3mm in diameter used in the experiment was 0.02 s. 
   Figure 8 shows the comparisons of the power spectrum densities in temperature fluctuations 
between the experimental and the numerical results.  The measured positions are the same as the 
positions in Figure 7.   
   The prominent frequency was seen only at x/D=0.75 in the experiment where temperature 
fluctuation intensity was high due to the oscillation of the jets.  The power spectrum density 
obtained from the LRSFM could reproduce this prominent frequency ( f~2.3Hz ).  The prominent 
frequencies obtained from the k-ε Model and the DNS had lower power than in the experiment.  The 
prominent frequency shifted to the lower component in the k-ε Model and to the higher component in 
the DNS than in the experimental result.  The high frequency components (>3Hz) obtained from the 
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k-ε Model and the LRSFM had lower powers than the 
experiment.  Overall profile of the power spectrum 
density with the DNS was in good agreement with the 
experimental data. 
   As for the other position, x/D=0.0 and 2.3, it was 
shown that the power spectrum densities obtained from 
the DNS were in good agreements with the experimental 
results.  
 
5. CONCLUSIONS 
 
   The experimental and numerical investigations were 
performed to clarify mixing characteristics in thermal 
striping phenomena.  In the experiment with the 
quasi-planar vertical triple-jet configuration, 
spatial-temporal behavior of the triple-jet was grasped by 
traversing the thermocouples tree.  And the numerical 
simulations were carried out using thermal-hydraulic 
analysis codes based on the finite difference method.  
Two turbulence models were applied; the k-ε two-equation 
turbulence model (k-ε Model) and low Reynolds number 
turbulence stress and heat flux equation model (LRSFM).  
And the quasi-direct numerical simulation (DNS) was also 
performed.  The experimental and the numerical results 
were as follows:   
1)  The coherent oscillation of the jets was observed in 

the experiment.  The k-ε Model could not reproduce 
the oscillating motion of the jets with roll-up motion 
of the fluid.  Both the LRSFM and the DNS showed 
the oscillatory behavior of the jets was similar to the 
experiment. 

2)  The temperature fluctuation intensities obtained from 
the k-ε Model and the LRSFM were overestimated 
and the high intensities were retained downstream in 
comparison with the experimental result.  On the 
other hand, the intensity obtained from the DNS was 
in good agreement with the experimental result. 

3)  The time trends of temperature obtained from the LRSFM and the DNS could simulate the 
coherent fluctuation due to the jet oscillation observed in the experiment.  As for the 
intermittent temperature fluctuation observed at the center of the cold jet and at the inner edge of 
the hot jet, the result obtained from the DNS showed similar trend to the experiment. 

4)  The prominent frequency components due to the coherent oscillation of the jets could be 
reproduced by the calculation using the LRSFM.  The power spectrum density profiles of 
temperature fluctuations in the DNS were in good agreements with the experimental results. 

 
   It was shown that the DNS could simulate overall mixing phenomena of the multiple-jet in general 
while the LRSFM was capable of predicting the coherent motion in convective mixing due to flow 
instability. 
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Abstract

In this paper the detailed CFD model of the pressure vessel of a VVER-440 type
reactor and calculations performed with this RPV model are presented. The model of the RPV
has been made with the code CFX-5.5.1. This model contains all the important structural
elements of the RPV, e.g. the exact model of the downcomer and the lower plenum. The
elliptical perforated plate and the core have been modeled with body forces. The brake tubes
in the lower control rod chamber are also modeled. The upper plenum is not modeled yet.
Sensitivity study of the effect of these elements was also carried out. Both steady-state and
transient calculation were performed.

The results of the steady-state calculations give the mixing factors, i.e. the effect of
each single primary loop at the core inlet. In order to validate the model the calculated mixing
factors are compared with the measured ones.

Transient calculations were also performed with the detailed downcomer model. The
examined transient was the mixing of cold coolant in the downcomer fed by the emergency
core cooling system (safety injection system) in incidental condition. The results of the
calculation give the temperature field in the downcomer, which can be used as input data for
analysis of thermal stress phenomena (e.g. PTS).

1. INTRODUCTION

Our task was to build a CFD-model – as detailed as possible, but still reasonable – of the
reactor pressure vessel (RPV) of a VVER-440 type reactor with the code CFX-5.5.1. The aim
is to build such models that are able to properly simulate the coolant mixing in the RPV
during normal operation as well as accidental conditions.

The task includes the parameter study of the most important structural components and
the validation of the model with steady-state and transient calculations.

In this article the actual state of this work is presented. The detailed model of the
downcomer is in fact ready, now the test calculations are running and  the complete RPV-
model is  under development.

The development of the model and the performed calculations were made by the code
CFX-5.5.1. The following specialties of the code has been used:
- unstructured volume meshing,
- „inflated layers” at the fluid walls for more exact modeling of the boundary layers,
- „CFX expression editor” to the calculation of the body forces with functions, and to describe
the time-dependence of the boundary conditions of the transient calculations,
- „additional variable”: non-reacting, scalar components that are transported through the flow.



2. THE GEOMETRY OF THE RPV OF THE VVER-440

There are six primary loops in the RPV
of the VVER-440 type reactors. The main
dimensions of the RPV:
- height: 13.78 m
- outer diameter: 3.84 m
- inner diameter: 3.542 m.

The six inlet nozzles are co-planar. The
outlet nozzles are in an other plane, 1.4 m
above them. The arrangement of the nozzles
can be seen in Fig. 1. Three of the nozzles are
enclosing an angle of 45 degrees, then after
90 degrees there are three other nozzles.

A special feature of the RPV is the so
called control rod chamber. In this region,
under the core there are 37 brake tubes, in
which the fuel assemblies coupled underneath
the control rods can slide in, when the control
rods enter into the core. There are planar
perforated plates under and above the control
rod chamber.

The active length of the core is 2.42 m,
the whole length of the core is 2.9 m, with a
diameter of 3.01 m. It contains 349 fuel
assemblies with hexagonal geometry. The
wall of the assemblies is closed, so inside the
core there is no cross-flow. (Because of this
the core can be modeled with body forces,
which allow velocity only in the vertical
direction.)

The main thermal hydraulical parameters
during normal operation are the followings
[3]:
- pressure: 123 bar,
- mass flow rate in one loop: 1460 kg/s,
- inlet temperature of the coolant: 266.6 oC,
outlet temperature: 297.3 oC,
- pressure drop through the RPV: 2.8 bar (1.9
bar on the core).

Fig. 1.: The RPV of the VVER-440

3. CONSTRUCTION OF THE CFX-MODEL OF THE RPV

The geometrical data necessary for the modeling of the RPV were not always available in
adequate details. The data used in our work were received from the Maintenance Training
Centre of the  Paks NPP [5]. (The main components of a VVER-440 unit can be found here
under inactive circumstances for training purposes.) The photos appearing in the article were
taken there.



The calculations were running on a Pentium-IV PC (with 1800 MHz CPU, 2 GB RAM),
under Windows NT.

The models (depending on the modeled details) were containing 500 000 – 2 700 000
volume-elements. The duration of the steady-state calculations was about few hours or few
days, and few days for the transient calculations.

The main parameters of the calculations:
-  Standard k-epsilon turbulence model was applied.
- The coolant mixing was represented by changing the concentration of scalar components

entering through the inlet nozzles, or with temperature changes.
-  Boundary conditions:

- inlet: mass flow rate, temperature or concentration of scalar components,
- outlet: pressure.

-  For calculations performed for normal operation, the nominal values from the Paks NPP
were used (see above).

3.1. Simplified model of the RPV

During the development of the RPV-model foremost a simplified model has been built. It
contains the entire RPV, but only with coarse approximations and simplifications. The model
includes the inlet and outlet nozzles, the downcomer, the lower plenum, the reactor pit, and
the core (approached with body forces), but the structural components in the downcomer, the
perforated plates and the control rod chamber were left out of consideration.

Steady-state and transient calculations were performed with this model. The examined
transient was the entering of coolant with lower temperature (i.e. 166 oC instead of the
nominal 266 oC) into the RPV. It has been found, that the results given by the model are in
quite good accordance with the values can be found in [1].

According to the performed calculations the coolant flows into the downcomer in jets and
it reaches the lower plenum - and even the core - in one block (see Fig. 2. and 3.).

Fig. 2.: Coolant temperature in the
downcomer at z=7 m

Fig. 3.: Coolant temperature in the
downcomer at z=2 m

3.2. Detailed model of the RPV

The above described simplified RPV-model is well applicable for the qualitative
description of the coolant mixing during normal operation, but it is not exact enough to define

C
oo

la
n

t
te

m
pe

ra
tu

re
(K

),
z=

7.
5

m

C
oo

la
n

t
te

m
pe

ra
tu

re
(K

),
z=

2
m

0o 180o   360o

Azimuthal position
0o 180o   360o

Azimuthal position



special mixing processes during transients. To examine these processes we need a detailed
model of the RPV.

The construction of such a model is in fact an optimization problem: it is necessary to be
investigated, which structural elements have to be modeled inevitably, or what approximation
can be done instead of the exact modeling. The limits of the computational capacity have to
be taken into account, but the simplifications cannot cause major change of the flow.

Depending on the problem to be examined, different models with different detailed parts
may be necessary. For example, to investigate the occurrence of a PTS, the model has to
contain only the downcomer and the lower plenum, but this domain has to be modeled with
elaboration. For the analysis of e.g. boron dilution transients or other RIA initiators there is no
need for the detailed model of the downcomer, but in this case the perforated plates and the
control rod chamber are also to be modeled.

The effects of the main structural elements upon the coolant mixing have been examined
separately. A parameter study (with test calculations) was carried out to find the necessary
elaboration of the modeling of the structural elements.

3.2.1.  Modeling of the alignment drifts

The reactor pit - which is seated on the RPV at the cleavage plane - is fixed coaxial to
the RPV by eight alignment drifts. The drifts are co-planar, enclosing an angle of 45 degrees
with each other. There are alignment drifts under all inlet nozzles and two additional
azimuthal one between the outermost nozzles. The drifts close a noticeable part of the flow
region (entirely an angle of almost 60 degrees), so they are worth to be modeled. On the drifts
there are vertical holes (see Fig. 4.).

Fig. 4.: The photo and the CFX-model of the alignment drifts

In order  to carry out the parameter study of the alignment drifts the model of a 60-
degrees segment of the downcomer has been developed with and without alignment drifts,
and with simplified alignment drifts (i.e. without vertical holes). Steady-state calculations
with the model were performed. The results can be seen in the Fig. 5.



Fig. 5.: Velocity field under the alignment drifts (a, drift without hole; b, drift with hole)

It can be seen that under the drifts there is a region with stagnating coolant (with
velocity near to zero). This phenomenon cannot be experienced at the bottom of the
downcomer, but these stagnating regions can play an important role during transient
processes, at which the coolant mixing in the downcomer is very important (e.g. PTS). It also
can be seen that the vertical hole on the alignment drift has also a great importance, because
without this the stagnating region would have a larger size.

3.2.2.  Modeling of the baffles of the coolant of the hydro-accumulators

These baffles can be found in
the upper part of the
downcomer, welded to the
vessel. There are three
semicircular baffles, each
1.9 m long (see Fig. 6.). The
task of  the baffles is to guide
the water of the hydro-
accumulators downwards to
avoid the back-flow into the
broken leg in case of a LOCA
accident.

Fig. 6.: The baffles of the coolant of the hydro-accumulators

However, the baffles affect not only the mixing of the coolant of the hydro-
accumulators, but the mixing of the primary coolant as well, because the baffles guide the
medium also downwards. This phenomenon can have an important influence on nuclear
safety. (E.g. when  lower temperature coolant enters the vessel from one of the neighboring
nozzles.) Because of this it is essential to investigate the CFX-models of the baffles.



In fact the baffles does not touch the wall of the reactor pit, there is a gap of few
hundred microns. So small gaps cannot be modeled in case of such sizes as an RPV. So the
question of the modeling is to let the cross-flow of the coolant between the baffles and the
wall, or not.

To fulfill the parameter study of the baffles, three different model of the downcomer
has been built (see Fig 7.):

- without baffles (1),
- with baffles, but with a gap of 2 cm between the baffles and the reactor pit (2),
- with baffles, without any cross-flow (3).

Fig. 7.: CFX model of the downcomer
(1) without baffles; (2) with baffles with cross-flow; (3) with baffles without cross-flow

Steady-state test calculations were performed with these models under nominal
conditions. In the third case there was no steady-state solution of the problem, therefore a
transient calculation was performed to get a convergent solution. The results of these
calculations are shown in the Fig. 8-10. (“Velocity w” is the vertical component of the
velocity.)

Fig. 8.: Velocity w in the downcomer without
baffles

Fig. 9.: Velocity w in the downcomer with
“open” baffles



Fig. 10.: Velocity w in the downcomer (r=1.7 m, z=3.5 m) at the 0 s, 0.8 s, 1.6 s of the
transient without cross-flow

It can be seen, that the baffles considerably influence the coolant flow in the
downcomer. Under the baffles – in case of each model – there is a relatively large stagnating
region, where some eddies can be observed.

The sectors of the coolant introduced above have also changed: their azimuthal torsion
can be seen in Fig. 10. This result is in accordance with the experimental values: this torsion
can be observed on the mixing factors measured in Paks NPP [2]. These processes can play an
important role during accidental condition, therefore the omission of the baffles is not
admissible.

To determine the accuracy of the introduced models we should obtain experimental
data on the coolant flow in the downcomer. The convergence of the model (2) is by all means
better, than the convergence of model (3), so in the followings we used always the model (2).
However, the model (3) may give a more exact description of the real coolant flow, but in this
case transient calculation is necessary.

3.2.3.  Modeling of the elliptical perforated plate

The elliptical perforated plate, situated in the lower plenum has a strong effect on the
coolant flow as well: it flattens the differences in the velocity of the coolant. The elliptical
plate of a VVER-440 type reactor contains 1344 holes with a diameter of 4 cm. Of course this
plate cannot be modeled directly. In order to find the suitable body forces to describe the
effect of the plate on the coolant flow, a simplified model of the elliptical plate has been built.
It contains a 60-degrees segment of the downcomer, with 250 holes with a diameter of 8 cm.



Fig. 11.: The photo and the CFX-model of the elliptical perforated plate

With the help of the performed steady-state calculations, the velocity profile after the
plate and the pressure drop on the plate has been determined. The small jets after the
perforated plate are insignificant in a distance of 10 cm after the plate. The calculated values
have been used to specify the parameters of the body forces, which describe the elliptical
plate with cosine-functions, and which is used in the followings.

Fig. 12.: Velocity field at the elliptical perforated plate

3.2.4.  Modeling of the control rod chamber

The modeling of the control rod chamber
seems to be essential, because it has a great
influence on the coolant mixing in the RPV. It
should be decided, whether the direct modeling
with the brake tubes, or the use of a porous
region with body forces is more suitable.

It is interesting that the coolant flows into
the brake tubes not through the bottom of the
tubes, but through small holes situated on the
lower part of the tube wall (see Fig. 13.). The
experimental data does not give any information
about the mixing factors of the brake tubes,
because there are no thermocouples above these
assemblies.

An advantage of the direct modeling of the
control rod chamber would be that immediate
information about the effect of these tubes could
be given. Fig. 13.: The control rod chamber



At the moment the investigation of this question, the building of the direct model of the
control rod chamber and running of test calculations are in progress.

4. RESULTS

4.1. Coolant mixing in the downcomer and in the control rod chamber

With the introduced RPV-model, steady-state calculations were performed to examine the
coolant mixing in the RPV with the help of scalar additional variables. The mixing factors
have been calculated as well. The nominal mass flow rate of the primary loops was given as
inlet boundary condition, and the pressure above the core as outlet boundary condition.

Six different scalar components were defined. The concentration of a scalar component in
one loop was 1 (kg/m3), in the other loops 0. So the concentration of the scalar components at
the core inlet gave immediately the mixing factors.

The model of the pressure vessel (see Fig. 14.) contained 2 700 000 volume elements. The
brake tubes were closed out from the flow domain. The results can be observed in Fig 15-16.

Fig. 14.: The CFX-model of the RPV Fig. 15.: Concentration of a scalar component



Fig. 16.: Mixing factors for the loops 4 and 5: a) measured; b) calculated

The results show qualitatively good accordance with the measured data, however
numerical difference can be observed. (See Fig. 16.: the maximal measured mixing factors [2]
for loop 4 and 5 are approximately 0,75, but the calculated values are about just 0,5-0,6.) The
reason of this – with high probability – is the lack of the lower perforated plate of the brake
chamber. Namely the lower perforated plate makes the flow smoother, and avoids the back-
flow appearing along the lower part of the wall of the cavity. In this consideration the
modification of the model is planned.

4.2. Transient calculations: middle-break LOCA

Applying the above described RPV-model the qualitative examination of a middle-break
LOCA was carried out. For the determination of the boundary conditions of the transient case
a LOCA simulation was calculated by the APROS thermal-hydraulical system code [4]. This
simulation has served the boundary conditions for the flow rates and the temperatures at the
inlet nozzles (see Fig. 17).

The examined period of the enacted transient was the following: a 111 mm break occurs at
the primary loop between the main gate valve and the RPV. After 4 seconds the overpressure
of the hermetic compartments causes ÜV-103 (SCRAM) and ECCS14 signals. The main
circulating pumps stop, the pressure in the primary circuit is rapidly decreasing.
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Fig. 17.: Results of the APROS simulation of a middle-break LOCA: a) mass flow rate of the
inlet nozzles; b) coolant temperature at the inlets

The first 8 seconds of the transient was investigated by CFX. The timestep was chosen to
0.03 second, taken into account the fast processes in the downcomer.

The results show (see Fig. 18.) that the stagnating region (with low velocities) under the
baffles remain during the entire transient. (The azimuthal position of the inlet nozzle
belonging to the broken leg is 45o, the middle baffle 90o.) It can be seen, that there is a back-
flow at the inlet nozzle belonging to the broken leg.

It means also that in spite of fact the temperature of the whole downcomer increases
slowly (because the mass flow of the injection system is low), there is a relatively colder
region under the baffles.

This calculation was performed only with the aim to demonstrate the possibility of the
external coupling of the APROS and the CFX codes and to show qualitatively the effect of the
baffles on the coolant mixing in the downcomer. We would like to investigate further
transients in order to analyze this effect, and to investigate the thermal shock phenomena.



Fig. 18.: Velocity w in the downcomer under the baffles (at z = 7 m, r = 1.7 m)
at the 0 s, 1.8 s, 3.5 s of the transient



5. SUMMARY

In the article the present state of the model development of the RPV of a VVER-440 type
reactor was presented. To fulfill the parameter study of the main structural components
detailed models were developed, which can give the effect of this elements on the coolant
flow. Compared to the available experimental data the calculations give a qualitative good
result.

With increasing the available computational capacity we would like to extend the model
up to the outlet nozzles. With the help of the model we intend to perform calculations on PTS
and boron dilution transients. The other aim is to determine the more exact value of the
mixing factors, because it can play an important role in the safety analyses of VVER reactors
in case of power upgrading.
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Abstract - A three-dimensional CFD analysis has been performed on the flow 
characteristics in the reactor vessel downcomer during the late reflood phase of a postulated 
large-break loss-of-coolant accident, in order to validate the modified linear scaling 
methodology that was applied in the MIDAS test facility of Korea Atomic Energy Research 
Institute.  The vertical and circumferential velocity similarities are numerically tested for 
the 1/1 and 1/5 linear scale models for the APR1400 reactor vessel downcomer.  The effects 
of scale on flow patterns, pressure and velocity distributions, and the impinging jet behavior 
are analyzed with the FLUENT code.  In addition, a simplified half cylinder model with a 
single emergency core cooling (ECC) nozzle is numerically tested to investigate the scale 
effect on the spreading width and break-up of ECC water film.  The qualitative and 
quantitative results indicate that the 1/5 modified linear scale model of the reactor vessel 
downcomer would reasonably preserve the hydrodynamic similarity with APR1400. 

 Keyword : CFD, ECC Bypass, FLUENT, Modified Linear Scaling Method, ECC Film Width, VOF 

1. INTRODUCTION 
In recent works, multi-dimensional CFD codes have been widely used to investigate the flow field 

in complex geometry. An attempt was made in recent multi-dimensional analysis to simulate the local 
velocity profile by the fine flow channel model of the reactor vessel downcomer (Kim, 1999). The 
flow field in the reactor vessel downcomer shows multi-dimensional flow behavior during the late 
reflood phase of a postulated large-break loss-of-coolant accident(LBLOCA) in APR1400 due to the 
interaction between the emergency core cooling(ECC) water injected into the reactor vessel 
downcomer and the steam discharged from cold legs (Kwon et al.; 2002, Yun et al., 2000; Kwon et al., 
2000).  

The data from a scaled test facility should not be extrapolated before confirming the scalability, 
especially when the flow field has multi-scale and multi-dimensional flow characteristics. In system 
analysis codes such as RELAP5, TRAC, or MARS, thermal-hydraulic behaviors in the reactor vessel 
downcomer are analyzed using simplified reactor vessel downcomer models with one or two flow 
channels. The hydraulic and heat transfer models in these simplified downcomer models are based on 
the averaged channel velocity. The small-sized multiple flow channel models of the reactor vessel 
downcomer are more appropriate for simulation of the ECC bypass or entrainment in the multi-
dimensional flow field around a cold leg region than those of a simplified model with a large control 
volume(Bae et al., 2002). The ECC bypass or entrainment depends on the non-uniformity of velocities 
in the multi-dimensional flow field. From these reasons, the CFD calculation could be a useful tool to 
investigate the scaling effects on the multi-dimensional flow behaviors under various geometric and 
flow conditions. 

For the ECC bypass phenomenon during a postulated LBLOCA, the system response in early 
phases including the refill phase is not a regulatory concern in APR1400(Kim et al., 2002). Therefore, 
the experiments and code simulations have been focused mostly on the reflood(Song et al. 2002). 

The objectives of the present study are (1) to understand the multi-dimensional flow 
characteristics inside the reactor vessel downcomer, and (2) to verify the similarity of the velocity 
profile in the reactor vessel downcomer that is scaled down based on the modified linear scaling 
method(Yoon et al., 2001). Comparisons have been made for the flow characteristics of the non-
dimensionalized flow field. The effects of the injection velocity are also studied for the 1/5 linear scale 
model to confirm the velocity field deformation induced by a distorted velocity. Besides, local flow 
patterns and multi-dimensional flow characteristics in the reactor vessel downcomer annulus are 
investigated in detail. 
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2. FLOW CHARACTERISTICS AND SIMILARITIES 

2.1 Scaling and Models 
The analytically scaled models are: (1) the full-scale reactor vessel downcomer for the APR1400, 

and (2) the 1/5 modified linear scale downcomer for the MIDAS test facility (Kwon et al., 2002). The 
full-scale reactor vessel downcomer model is used for estimating the reference response of the velocity 
field in both the vertical and the circumferential directions. The flow condition of the 1/5 linear scale 
downcomer model is determined based on the modified linear scaling method. The major scaling 
factors are summarized in Table 1.  

Table 1. Major scaling factors 
Parameter Scale Ratio 
Length L 1/4.93 
Area L2 1/24.3 

Velocity L1/2 1/2.2 
Flow rate L5/2 1/54 
Pressure 1 1 

Temperature 1 1 
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Fig. 1 Numerical model for the downcomer; ( ) represents for the scaled model 
 

The reactor vessel downcomer is modeled as a simplified cylinder annulus including 4 cold leg 
nozzles and 2 hot leg blunt bodies inside the downcomer annulus. The diameter and height of the 1/1 
full-scale reactor vessel downcomer model are equal to those of APR1400. As a result, if the Reynolds 
number is conserved, the flow field has the identical flow distribution where wall friction and kinetic 
energy are preserved. 
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In the case of 1/5 scale reactor vessel downcomer model, the geometry is reduced to 1/4.93 and 
the injection velocity is reduced to 93.4/1  according to the modified linear scaling method. The gap, 
diameter, and height of the downcomer have the ratio of 1/4.93. Thus, the aspect ratio, diameter/length, 
is also conserved. The geometrical shape and the dimension of models are presented in Fig. 1. 

2.2 Numerical Method 

In the present study, a commercial CFD code, FLUENT Version 5.5, is applied to analyze the flow 
characteristics in the reactor vessel downcomer. The phase change or the energy transfer is not 
considered. The flow field is assumed to be turbulent. The governing equations are for the continuity, 
momentum, turbulent kinetic energy, and turbulent kinetic energy dissipation. The governing equation 
is described as follows: 
 0)( =•∇ Vρ          (1) 

 FgpVV ++•∇+−∇=•∇ ρτρ )(      (2) 
where τ denotes the shear tensor. 
  In case of the Newtonian fluid, the stress tensor can be described in terms of velocity and pressure: 

 DIVDiv  µp µτ ++−= )
3
2(       (3) 

where D  I,  ,µ  denote the viscosity, unit tensor, and strain rate tensor, respectively. 
The turbulent kinetic energy equation is: 
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The turbulent kinetic energy dissipation rate is: 
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In equations (4) and (5), the terms kG and bG  represent the generation of the turbulent kinetic 
energy by the mean velocity gradient, and by buoyancy, respectively. The terms ε1C , ε2C , and ε3C  
are empirical constants. The constants in these models have the following recommended values: 

   .,  σ.,  σ.,  C.C  ,.C εkµεε 3101090921441 21 =====     (6) 

2.3 Initial and Boundary Conditions 

The reference steam injection velocity is determined based on the calculation results using the 
TRAC code for the APR1400 during the late reflood phase of LBLOCA. The reference reactor vessel 
downcomer pressure of APR1400 is 180 kPa, the steam velocity of the cold leg is 39.80m/s, and the 
superheated steam temperature is 197oC. In the FLUENT calculation, the superheated steam flow field 
is simulated as an equivalent airflow by the Reynolds number analogy. Also, no ECC water injection is 
assumed. Therefore, the interaction between the steam and the ECC water injected does not occurred 
in this simulation. 

The test cases are summarized in Table 2. The injection velocity ratio of the scaled model is 1/1, 
1/2.2, 1/2.918, and 1/4.378.  

Table 2.  Injection velocity ratio 
Case Inflow velocity Scale ratio 

Full-scale model 39.80m/s 1/1 
ML_Model_3980 39.80m/s 1/1 
ML_Model_1809 18.09m/s 1/2.2 
ML_Model_1364 13.64m/s 1/2.918 
ML_Model_0909 9.09m/s 1/4.378 

ML: the “Modified Linear”. 
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The velocity distribution at the inlet is assumed uniform over the cross section. The pressure at the 
exit is set at the absolute pressure of D/C which is 180 kPa. The no-slip condition is applied to the 
solid wall boundary, and the heat transfer from the wall to fluid is not considered. The grid is 
hexahedron. The downcomer is divided into 15 cells in the radial direction. 

2.4 Results 

Pressure Distribution 
The pressure differences between the exit nozzle and the inlet nozzles are summarized in Table 3. 

Because the velocity at each cross section is determined by the pressure difference, the pressure 
difference between the exit and inlet nozzles is equal to the dynamic pressure that is expressed by the 
velocity square. If the velocity is scaled by the ratio of l1/2, the curvature effect resulting from the 
geometrical reduction is preserved in the modified linear scale model. Therefore, the centrifugal 
acceleration is preserved between the full-scale and the 1/5 linear scale models. 

Streak Line Distribution 
Fig. 2 shows the streak line of the jet injected into the downcomer from each nozzle for the 

reference flow pattern of the full-scale model. The jet is injecting at 39.8m/sec with a uniform 
distribution. Fig. 2 (a) shows all the streak lines of jets injected from three inlet nozzles. Fig. 2 (b) 
shows the streak line of the jet through inlet-1 only. The inlet-1 nozzle is located near the broken cold 
leg. Because the inlet-1 jet is bounded by the rear wake of inlet-2 jet, inlet-1 jet does not spread out 
widely. As a result, the effective area of inlet-1 jet has the smallest size among the three jets in the 
reactor vessel downcomer region. Fig. 2 (c) shows the streak lines of the jet through inlet-2. As shown 
in the figure, inlet-2 jet has a tendency to spread out mainly along the vertical direction due to the 
interruption of the traversing flow component by inlet-1 and inlet-3 jets. The flow in the upper region 
of the reactor vessel downcomer, as shown in Fig. 2 (c), is induced by inlet-2 jet, but neither by inlet-1 
jet nor inlet-3 jet. Therefore, the vertical flow component of the inlet-2 jet is more dominant than the 
transverse flow component along the circumferential direction. Due to these flow characteristics, the 
DVI nozzle located above inlet-2 is exposed to a strong vertical flow component while DVI nozzles 
above inlet-1 and inlet-3 are exposed to a strong transverse flow. 

Recirculation Zone 
Fig. 3 shows the circumferential recirculation vortex flow patterns induced by the jets injected 

through three cold legs. The vortex flow is formed as a rugby ball shape at the left and right sides of 
the injection nozzle. The size(or diameter) of the vortex structure along the circumferential direction is 
almost similar to the nozzle diameter. The maximum size of the vortex structure in the radial direction 
is about 3/4 times that of the reactor vessel downcomer gap, and the height is approximately two times 
that of the nozzle diameter. 

Velocity Distribution and Similarity 

Fig. 4 shows the velocity profile along the y-axis at each position. The transverse velocity is 
projected from the outside to the centerline of the cylinder. Each coordinate is non-dimensionalized as 
follows: 

 
InletColdlegInletColdleg V

u
d

yy
,

*

,

*   Uand , ==       (7) 

Fig. 4 (a) shows the non-dimensional transverse velocity, U*, at face-1 between the broken cold 
leg and the inlet-1 nozzle. The velocity profiles coincide well with each other. The peak velocities 
agree well with each other. Fig. 4 (b) shows the velocity profile at face-2 between inlet-1 and the hot 
leg. The (-) sign of velocity at the central region of y* < |1.0| represents the impinging jet propagation 
of the inlet-1 jet.  Figs. 4 (c) and (d) show the velocity profile formed by the inlet-2 jet. As explained 
in Figs. 2 and 3, inlet-2 jet spreads dominantly along the vertical direction rather than in the transverse 
direction due to the interruption of the inlet-2 and inlet-3 jets. As a result, the inlet-2 jet develops less 
than the other regions as shown in Figs. 4(c) and (d).  Figs. 4(a) through (f) show the overall velocity 
profile of the 1/5 modified linear scale model. The profiles agree well with each other.  The similarity 
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Table 3.  Pressure difference vs. (velocity)2 

Case Inlet 1 Inlet 2 Inlet 3 (Velocity)2 to 
APR1400 

Pressure to 
APR1400 

APR1400_3908, (Pa) 13153 13386 13257 1/1 ~ 1/1 
ML_Model_3980, (Pa) 13286 13420 13420 1/1 ~ 1/1 
ML_Model_1809, (Pa) 2754 2783 2783 1/4.666 ~1/4.809 
ML_Model_1364, (Pa) 1568 1585 1585 1/8.509 ~1/8.445 
ML_Model_0909, (Pa) 698 706 706 1/18.481 ~/18.960 

 
(a) All            (b) Inlet-1              (c) Inlet-2            (d) Inlet-3 

Fig. 2 Streak lines of jets injected through each nozzle for the full-scale model 

 

   
                 (1) Outlet nozzle   (2) Inlet 1 

  
(3) Inlet 3    (4) Inlet 2 

Fig. 3 Recirculation vortex at the elevation of the cold leg center line for 1/5 
model(V=18.09 m/sec); (top view) 
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between the two velocity fields can be easily confirmed. 
Fig. 5 shows the non-dimensional vertical velocity profile. The velocity profiles of the 1/1 model 

and the 1/5 modified linear scale model agree well with each other. Due to the wake flow behind the 
hot leg blunt bodies, the deviation in local velocity increases in the region of + 120O away from the 
broken cold leg. 
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Fig. 4 Non-dimensional transverse velocity with injection velocity variation 
 

In Fig. 5, the non-dimensional vertical velocity, V*, being about 0.5 at y* (y/dCold leg, inlet)= (+)2 
means the maximum vertical jet velocity is approximately 50% that of the inlet velocity. The vertical 
velocities at the other injection nozzles, except inlet-2, are not so fast, and the downward velocity(U*) 
near the broken cold leg is about 0.6. The falling film of DVI-4 is encountered with a co-current 
downward steam flow field, while the falling film of DVI-2 is encountered with a counter-current 
upward steam flow field. 
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Fig. 5 Non-dimensional axial velocity,V* 

 

3. LIQUID FILM SPREADING WIDTH OF ECC WATER JET 

3.1 Numerical Methodology 
The ECC flow and geometrical conditions are determined from the design data of APR1400. The 

DVI injection velocity is about 1.6 m/sec when the minimum injection condition of the HPSI pump is 
considered during the reflood phase of LBLOCA. To consider the curvature effect of the reactor vessel 
downcomer on the film spreading width, three reactor vessel downcomer models are established in 
terms of the different diameters and gaps of the reactor vessel downcomer. The three models are: (1) 
the full-scale 1/1 model; (2) 1/5 modified linear scale model; and (3) 1/7 modified linear scale model 
of APR1400. The reactor vessel downcomer is modeled by the half cylinder annulus as shown in Fig. 
6. The ECC film spreading width is analyzed under a stagnant gas flow condition. The cross gas flow, 
steam condensation, wall heat transfer, and vaporization of the ECC water are not considered. The 
single ECC film induced by the single DVI injection nozzle is assumed. Therefore, the interaction or 
overlapping between the two adjacent ECC films is not considered. 

3.2 Scaling 
The full-scale 1/1 model has the same DVI nozzle diameter, injection velocity, downcomer 

diameter and gap as the APR1400. For the 1/5(or 1/7) modified liner scale model, the dimension of the 
geometry such as the nozzle diameter, reactor vessel downcomer gap, and radius of cylinder is reduced 
to 1/4.93(or 1/7). The DVI injection velocity is also reduced by the scaling factor of 

)7/(93.4/1 1 or  according to the modified linear scaling method. In addition, the effect of 
injection velocity to the film spreading width has been tested with the velocity ratio of 1/1, 
1/2.2(modified linear scale ratio= 93.4/1 ), 1/2.918, and 1/4.299. The coordinate system is shown in 
Fig. 6, and the geometry data are briefly summarized in Table 4. 

3.3 Volume-of-Fraction(VOF) Method 
The spreading phenomenon of ECC film on the inner downcomer wall in the DVI injection mode 

of the ECC system is simulated using the VOF model that is applicable to the condition where the gas-
liquid interface is clearly distinguished. The VOF model distinguishes each phase incorporating the 
concept of the volume fraction, and calculates the flow fields assuming that each phase can pass 
through the interface as a continuum. The volume fraction means the fraction of each phase occupied 
within the control volume, and it is expressed follows: 

 
t

q
q V

V
=α         (8) 

where αq, Vt, Vq denote the volume fraction of the qth phase, the entire volume of the control volume, 
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and the volume of qth phase occupied, respectively. 
The sum of the volume fraction of each phase is equal to 1 in a given control volume. Physical 

properties and parameters in each cell are determined based on αq. The volume fraction equation of qth 
phase is as follows: 
 

Table 4. Dimension of test models 

 Symbol 1/1 model 
(full-scale) 1/5 model 1/7 model 

I.  Geometry Shape 
    D/C Outer Dia., (m) Do 4.63  0.9391  0.661   

D/C Inner Dia., (m) Di 4.116   0.8349   0.588   
DVI Nozzle Dia., (m) d 0.2159  0.0438  0.0308  
D/C Gap, (m) - 0.254  0.0515  0.0363  
Scale Ratio - 1/1 1/4.93 1/7 

II.  Injection Condition of ECC 
 Injection Velocity, m/sec V 1.6  0.72 0.604 

Scale Ratio - 1/1 (1/4.93)0.5 (1/7)0.5 

y

w

x
Do

Di

d

w

 

Fig. 6 Coordinate system 

Volume fraction equation;  

 
∂
∂

+ ∇ =
α

α
ρ

αq
q

qt
v

S
q.        (9) 

 The RHS of Eq.(9) means a source term. The volume fraction of the first phase is obtained as 
follows: 

  α q
q

n

=

=
1

1        (10) 

  Continuity equation;  

  
∂
∂

+ ∇ =ρ ρ
t

v Sm.( )        (11) 
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  Momentum equation;  

The single momentum equation is applied to an interesting region, but the volume fraction of each 
phase is considered through the physical properties of � and � 

 Fgvvpvvv
t

T
�

������ ++∇+∇•∇+−∇=•∇+
∂
∂ ρµρρ )]([)()(   (12) 

  State property; 

Properties in each transport equation are calculated based on the volume fraction. For example, 
the density of two-phase flow in each cell is expressed as follows: 

 ρ α ρ α ρ= + −2 2 2 11( )        (13) 

Generally, the density of q-phase flow is calculated as follows: 

   ρ α ρ= q q        (14) 

The viscosity is also calculated from the same method above described. 

3.4 Initial and Boundary Conditions 
The numerical solution is obtained from the unsteady flow process. The ECC water is being 

injected to the wall and the water film is being formed there after. The calculation region assumed to 
be filled with air as in the initial condition. Then, the ECC water is injected into the wall, and flows 
downward. The calculation continues until the film shape reaches and satisfies the fully developed 
condition. 

The first-order upwind scheme giving a stable convergence is used even though the accuracy of 
the solution is slightly poor. The PISO(Pressure-Implicit with Splitting of Operators) method is used to 
obtain the pressure field. The body-fitted coordinate system is used as a coordinate system. The 
velocity of ECC water is assumed to be uniform. No-slip condition is applied to the wall boundary. 

3.5 Results and Discussions 
For 1/1 full-scale model, it takes about 2.4 seconds until the film shape becomes stable after the 

ECC water is initiated. For the 1/5-model and 1/7-model, it can be obtained after 0.6 second and 0.5 
second, respectively. Fig. 7 shows the film shape of each case. The boundary of the water film is 
defined as the region where the volume fraction of the cell is less than 0.5. The thickness of the cell in 
the radial direction is summarized in Table 5. 

Film Shape 
The dimensionless film width is defined in terms of the DVI nozzle inner diameter and the 

downcomer inner diameter. The dimensionless coordinate system is defined as follows: 

 
D
yy =* , and 

D
xx =*               (15) 

where D is the diameter of the reactor vessel downcomer. The dimensionless film width, w*, is defined 
as follows: 

   
D

ywW )(* =               (16) 

Fig. 8 shows the calculated film shape in case of applying the criterion of 0.5 at each cell. The 
minimum thickness of the water film for 1/7 model is about 1.21mm. The non-dimensional width is 
represented in Fig. 8. The injection velocities of the ECC water are 1.6 m/sec, 0.72 m/sec, and 0.604 
m/sec, respectively. The central dry-like region represents the void fraction which is higher than 0.5 at 
that region. That is, it represents the film thickness in this region which is relatively thinner than in the 
surrounding regions. According to the experimental observation, the water film thickness at the 
boundary is thick enough so that the boundary is easily distinguished when no-cross flow is induced. 
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Therefore, the film boundary is not extended far beyond the region indicated in the figure. 
The separation of the water film is shown in Fig. 7. The non-dimensional film width is shown in 

Fig. 8 for each scale ratio. The non-dimensional film width of the scaled models agrees well with the 
1/1 model when the injection velocity is scaled according to the modified linear scaling method. When 
the injection velocity has the 1/1 ratio, the film spreading widths increase significantly, and then 
separated from the wall as shown in Figs. 7(d) and (e). The central thin region of the water film also 
extends. Figs. 8 (d) and (e) show the separation of the water film from the wall at the edge of the film 
boundary for the injection velocity of 1/1 scale.  

Fig. 9 shows the film width for the scale of 1/1, 1/5, and 1/7. The injection velocities of scaled 
models have two different values; one is the value obtained from the modified linear scale ratio 
(VInjection = l )and the other is 1/1 scale of 1.6m/sec. A meaningful result is obtained even though the 
calculated film width is slightly wider than those of the experimental results when the injection 
velocity is scaled according to the modified linear scale. However, the film spreading width is much 
extended, and the similarity of the film width is also broken when the injection velocity has the ratio 
of 1/1. 

 

 
(a) 1/1 model with VR =1/1   (b) 1/4.93 model with VR =1/1   (c) 1/7 model with VR =1/2.82 

 

 
(d) 1/4.93 model with VR =1/1   (e) 1/7 model with VR =1/1 

 
Fig. 7 Film shape with the velocity ratio (Front View) 
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(a) 1/1 model    (b) 1/4.93 model 

 
(c) 1/7 model    (d) 1/4.93 model with VR =1/1 

 
(e) 1/7 model with VR =1/1 

Fig. 8 Film shape with the velocity ratio (Top View) 
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Fig. 9 Non-dimensionalized ECC film width 

 
 

Table 5. Computational cell thickness and minimum film thickness 

Scale Ratio 1/1 1/4.93 1/7 
D/C Gap, (m) 0.254 0.0515 0.0363 
Cell Thickness, (cm) 1.69 0.34 0.242 
Minimum Film thickness, (cm) 0.845 0.17 0.121 
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4. CONCLUSION 
Three-dimensional numerical simulation has been performed for the full-scale model and the 

modified linear scale model to investigate the scale effect on the velocity distribution and film shape. 
The following conclusions can be made from the analysis: (1) The pressure difference between the 
injection nozzle and the exit nozzle in the modified linear scale model agrees well with that of the full-
scale model, (2) The spreading jet width of the 1/5 modified linear scale model agrees well with that of 
the full-scale model, (3) The maximum non-dimensional transverse velocity of the 1/5 modified linear 
scale model is slightly lower than that of the full-scale model, and (4) The non-dimensional velocity 
profile and the jet width are independent of the jet injection velocity if the geometry is scaled by the 
linear scaling ratio.  

The result of the present calculation can be used to verify the multi-dimensional behaviors in the 
reactor vessel downcomer in detail.The current CFD code is not yet ready for the film spreading width 
calculation of ECC water with DVI injection using the VOF method. Nevertheless, fairly meaningful 
results are obtained compared with the experimental results. The following conclusions can be made 
from the results: (1) The non-dimensional film widths of the 1/5 and 1/7 models agree well with 1/1 
model when the injection velocity is scaled by the modified linear scaling method, (2) The film width 
is slightly over-predicted than the experimental results, but the differences are within the error bound, 
and (3) The VOF method can be applied to the simulation of the water film 
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Results of demonstrational calculations of one-phase flow and heat transfer in 3-D domains, 

modelling lower and upper plenums (together with parts of circulation pipelines) of WWER, using STAR-
CD code, are presented. The nominal steady-state conditions for the lower plenum and unsteady cooling 
for lower and upper plenums during cold water supply into nozzles are considered. A conjugate heat 
transfer problem is also considered for the upper plenum with determination of coolant parameters 
together with calculation of temperatures of pipeline and reactor vessel walls. The number of calculation 
nodes was about 300 thousand. A standard k-ε -model of turbulence with algebraic “law of the wall” for 
near wall regions is used. The spatial distributions for all thermophysical and hydrodynamic variables 
(velocities, temperatures, heat fluxes, heat transfer coefficients, etc.) are obtained. It is shown that the flow 
in the vicinity of inlet and, especially, outlet nozzles has a complicated 3-D character, and in case of cold 
water supply, it is obviously unsteady. 

1. INTRODUCTION 
One of the basic present-day problems in the development NPPs with WWER-reactor is 

the improvement of their operational performance. Alongside with the experimental 
substantiation it requires an increasing of the reliability and accuracy of calculational analysis, 
removing of excessive conservatism of numerical estimates. The solution of this problem is 
possible with using the modern software. 

The computer codes used for the substantiation of nuclear power plants with WWER 
reactors can be divided into two classes: specialized codes and general purpose codes. The 
former were developed for the calculation of particular units and are associated with their 
geometry and appropriate range of parameters. The advantage of such codes is clarity of their 
assumptions, support by experiments. 

The general-purpose codes are capable to simulate the process (or processes) in arbitrary 
areas, to take into consideration the interrelation of various processes. Principal advantage of the 
codes is multi-purpose application, that predetermines their wide application. In certain areas 
such codes have actually displaced specialized codes. For example, calculations of temperature 
fields and temperature stresses in structures are performed nowadays with using the 
contemporary “heavy” codes, such as ANSYS, COSMOS etc. Their combination with CAD-
packages (ACAD, CATIA) permits to elaborate structures and perform their computational 
justification quickly and with a high accuracy. 

Another situation exists today in the area of thermal-hydraulic calculations for reactor 
plants equipped with WWER reactors. Here, on the contrary, specialized codes have been applied 
so far. Such situation is formed historically and its existence is justified by two reasons: relatively 
simple characteristics of the flows and reliable experimental support. Really, in many cases 
coolant flow can be considered as one-dimensional and quasi-stationary so that the usage of 
hydraulic approximation turns out to be sufficient. In complicated hydrodynamic problems (flow 
in the channels between fuel rods, flow with coolant boiling, transients) the applied calculational 
methods are widely experimentally supported. Thus, the existing specialized thermal-hydraulic 
programs permit to perform the calculations of reliable core cooling under normal operating 
conditions and to model various situations of emergency. 
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In specialized computer codes for thermal-hydraulic calculations  the coolant flow is 
usually considered with rather large assumptions (hydraulic approximation etc.). However, there 
are problems where such approach is insufficient. Examples of such problems are: a calculation 
of local characteristics of flow and heat exchange at flow around the structural elements of 
complicated geometry, calculation of the flowrate distribution in the core subchannels, 
calculation of flow characteristics in the regions of reactor upper and lower plenums, calculation 
of collectors, calculation of inter-loop mixing. In all these cases, generally speaking, thermal and 
hydrodynamic calculation needs to be done on the basis of complete system of hydrodynamic 
equations in 3-D formulation. 

It should be noted that multi-purpose hydrodynamic codes are started to apply to the 
problems of modeling flow and heat exchange at violation of normal operating conditions and in 
case of accident situations. For example, the application of STAR-CD code is considered in [1] 
for simulation the thermal shock at cold pipeline break. 

Though hydrodynamic blocks are available in a number of “solid” packages (ANSYS, 
COSMOS), multi-purpose hydrodynamic codes possess more capabilities. Now there is a number 
of codes for calculation of flow in 3-D geometry: FLUENT, CFX, STAR-CD etc. In the present 
paper STAR-CD code (Version V3.100B) was used to model 3-D flows The purpose of the 
calculations was to estimate the applicability of STAR-CD code for the analysis of complicated 
flow and heat exchange in WWER reactor. As an example the calculation of reactor pressure 
chamber (RPC) and collection chamber (RCC) in the area of their lower and upper nozzles is 
considered. Steady-state condition of normal operation was calculated as well as unsteady 
conditions of cold water supply into nozzles. Both purely hydrodynamic and conjugate problems 
were considered. In the second problem the temperature fields in the solid structural components 
were determined from the equation of heat conductivity with the conditions of adjunction on the 
coolant boundary. As a result of the solution the fields of all thermal-physical and hydrodynamic 
variables (temperatures, heat flux velocities, heat transfer coefficients etc.) were obtained.  
 
2. STATEMENT OF PROBLEMS 

2.1 Geometry of calculated areas 
As it is mentioned above, the present paper covers the modeling of the hydrodynamics and 

heat exchange in reactor pressure chamber and collection chamber in the areas of reactor lower 
and upper nozzles.  

For the reactor pressure chamber only the area of coolant flow is considered without 
including the vessel and core barrel walls. Thus, the area is limited by the surfaces of reactor 
vessel internal walls, core barrel flow separator and MCP inside surface. General view of the 
region is shown in Fig.1. For the calculation one fourth part was cut out of this region in the 
azimuthal direction along the boundaries of symmetry between the nozzles. In accordance with 
the position of RCP the inlet nozzle turns out to be located asymmetrically in the solution 
domain. The width of the gap between reactor vessel and core barrel in accordance with the 
geometry of the nozzle inlet varies in the upper part, and downwards the solution domain is 
formed with the gap of permanent width between the concentric cylinders. The spatial view of 
solution domain is given in Fig. 2.  

For the second example the area of reactor collection chamber was chosen in the vicinity 
of the outlet nozzles. It was also simplified in comparison with its real geometry. The basic 
simplification was that the core barrel was cut at the level of the lower row of orifices, the 
collection chamber height was limited, however, other dimensions, in particular, walls thickness, 
were maintained. For the calculations a sector with angle 90° was also cut out of this region in 
the azimuthal direction along the boundaries of symmetry. 
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Fig.2 Domain of reactor pressure chamber in 
vicinity to the inlet nozzle 

Fig.1 Model of the reactor pressure chamber 
with inlet nozzles 

The general view of the calculated area is 
shown in Fig.3. It should be emphasized that the 
solution domain in this case, like in example 1, is 
the area of coolant flow. The thickness of the 
vessel and core barrel walls was not taken into 
account so the rigid boundaries of the region are 
modeled with shells. The protrusion behind the 
vessel wall is the upper part of the core barrel. As 
stated above, to simplify the task the core barrel 
was cut at the level of the lower row of the 
orifices existing in real structure. 

The third area of solution was also 
generated for the vicinity of the upper nozzle with 
the reactor collection chamber. Its geometry is 
completely similar to area 2, however, it also 
includes the volumes that are occupied with the 
walls of MCP, reactor vessel, core barrel and flow 
separator. This region was used for solution of 
conjugate problem – joint determination of the 
characteristics of coolant and temperature fields in the enumerated  “solid” volumes.  

Fig.3 Model of RCC in the area of outlet  
nozzle 

2.2. Nodalization  
The calculation areas provided in the previous section are filled in the STAR-CD code 

with elementary volumes, the cells. The shape of the cells can be chosen automatically. A wide 
set of the cell types is used in the code (prisms, pyramids, polyhedra). A distinctive feature of 
STAR-CD is incorporation of cells with truncated vertices into the set. All this permits to model 
the boundaries of the region precisely as the surface of the cells located on the boundary follows 
the geometrical surface of the task with minimum distortion. Fig. 4 shows the fill-up with the 
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cells of reactor pressure chamber with inlet 
nozzle attached to it. 

The region that models the reactor 
pressure chamber in the vicinity of the outlet 
nozzle issimilarly broken down into the finite 
elements. The mesh, similar to the previous 
case, is refined in the area of nozzle inlet in 
order to increase the accuracy of the 
calculation.  

For the conjugate problem the finite 
wall thickness is taken into consideration. The 
area that is occupied with the solid structural 
elements (nozzle, reactor vessel and core 
barrel) and the way of meshing it is given in 
Fig.5, and Fig.6 shows the complete region 
for conjugate problem. 

        Fig.4 Nodalization for model of reactor  
                 pressure chamber   

 

Fig.5. Discretization of structural elements         Fig.6. Complete domain for conjugate problem 

The number of cells in the domain is determined by its dimensions, maximum and 
minimum size and shape of the cell. In the considered examples the number of the cells was 
about 200000 for hydrodynamic problems and about 300000 for conjugate problem. 

2.3. Initial and boundary conditions, coolant properties 
Like in hydrodynamics in general, in the STAR-CD code, determination of the initial and 

boundary conditions is one of the main tasks. Incorrect assigning of the boundary conditions 
could bring about incorrect solution or make the computation unsteady. For the system of Navier-
Stokes equations the boundary conditions on the domain boundaries, first of all, on the permeable 
boundaries shall meet certain requirements. Generally they can be defined the following way: at 
the domain inlet the conditions shall be capable of being implemented physically, the conditions 
at the outlet shall not impose extra limits on the flow parameters. For the examples considered 
here the boundary conditions are rather simple as the solution domains have one inlet and one 
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outlet. The profiles of velocity and temperature are assigned at the inlet, the conditions of 
adhesion for the velocity, temperature or the conditions of conjugate (equality of temperatures 
and heat fluxes) are set on solid surfaces. The pressure in the system is assigned at the outlet. 

As it was mentioned above, exact modeling of the all reactor parameters was not the 
purpose of the present calculations. Therefore, thermal-and-physical properties and coolant 
transfer coefficients were calculated by the simplified ratios. The dependence of density, thermal 
conductivity and heat capacity of water versus temperature was approximated by a square-law 
parabola and that of viscosity by a hyperbole. The comparison of the thermal-and-physical 
properties thus approximated with those, calculated (for the pressure of 16 MPa) by the 
polynomials of high order [2], recommended by the International Association on the properties of 
water and water steam for application in industry, which are an international standard, has shown 
a good agreement in the range of temperatures from 20 up to 330°С. 

 
3. CALCULATIONAL PROCEDURE 

3.1. Turbulence modeling 
In the STAR-CD code the flow parameters are calculated on the basis of the complete 

system of Navier-Stokes equations. For the calculation of flow turbulent characteristics and their 
influence on the heat-mass transfer some or other models of turbulence are used, both simple 
models, such as the mixing path model of Prandtl, and modern, more complicated models. In 
particular, it is possible to use one of the k-ε  models [2, 3], in which the turbulence is described 
in two parameters - average kinetic energy of turbulent pulsations (kinetic energy of turbulence) 
k and the velocity of its dissipation ε. In the present calculation the standard k-ε model was 
chosen for modeling turbulence. 

In the part of the area, adjoining the walls, the description of the flow is modified. Two 
approaches are possible here. In the first approach, for the wall area the turbulent models for low 
Reynolds number are used. In second the functions of “the law of the wall” are used, that is, the 
algebraic correlations based on the known distributions of velocity, temperature and parameters 
of turbulence in the boundary layer. These relations are applied to the external bound of the 
boundary layer for conjugation with the flow parameters in internal area. In the present 
calculations the second approach was applied. 

3.2. Method of solution 
Having determined the geometry of the domain and having set the initial and boundary 

conditions the STAR module, which is actually the solver, is started. The system of difference 
equations resulting from the finite differential approximation of the equations of hydrodynamics 
is solved by the code using various methods depending on the statement of the problem. For 
steady-state problems the methods SIMPLE or SIMPLPISO [4,5] is used based on the predictor-
corrector scheme. Here the iterative approach is applied, in which the derivatives in time are 
excluded out of the equations. The PISO method is applied to solve unsteady problems [4]. This 
method can be also used for the solution of steady-state problems. 

3.3. Processing of calculation results. 
The obtained fields of the variables of the problem are processed in postprocessor 

PROSTAR. The purpose of such processing is to obtain various secondary parameters that are of 
interest for practice and also present the results in the form convenient for further use. 

The calculations were made using the computer with the processor Pentium-4. The 
performance of the computer: processor frequency is 1600 MHz, RAM is 520 Mb. 
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4. CALCULATION RESULTS 

4.1. Steady-state condition in RPC 
The conditions similar to the normal operating conditions were considered in the given 

series. The main parameters were: coolant flowrate 21000m3/h, temperature at the inlet to the 
MCP section of 291°C, temperature of the vessel internal surface was 300°C, temperature of the 
core barrel surface is assumed to be linearly increasing as the height increases from 291°C up to 
330°C. The temperature at the inlet to the MCP was assumed constant across the MCP cross-
section and the velocity profile corresponded to the developed turbulent flow. 

The basic purpose of the calculations was to estimate the possibility to determine the 
hydrodynamic and heat transfer characteristics in geometrical domains typical for a WWER 
reactor. Some calculation results are provided in the figures below.  

Fig.7 provides pattern of the flow in the area of the inlet nozzle. The complicated structure 
of the flow with vortices in the upper part of the area can be seen. The picture of the flow is 
similar to a jet, flowing onto the plane perpendicular to its axis. However, the restriction of area 

from above by stream separator and displaced location of the MCP influences the distribution of 
velocities. The flow is asymmetrical with respect to the vertical plane, which goes through the 
MCP axis. In the inlet area the velocity exceeds the velocity in the nozzle; in upper part, near the 
stream separator the velocity of the flow is considerably lower. On the core barrel surface the 
flow is impeded. 

Fig.7.  Pattern of the flow in the area    Fig.8 Distribution of absolute value 
   of inlet nozzle       of velocity  

As the water moves downwards into RPC the velocity profile is set, typical of the flow in 
the annular gap. The velocity of coolant varies little at the outlet of the calculated area in the 
asimuthal direction. However, it is necessary to bear it in the mind, that in the present 
calculations the asimuthal swirl of the flow in the pipeline was not taken into account. 

Fig.8 shows the distribution of the absolute value of velocity in the RPC. The areas of 
impeding in the angles and opposite the nozzle inlet can be seen, and also the acceleration of the 
flow below the nozzle axis. In the lower part the velocity decreases with the displacement to the 
boundary more remote from the nozzle axis. 
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The distribution of heat transfer 
coefficient on the core barrel surface is 
given in Fig.9. As expected, the maximum 
values of heat transfer coefficient are 
observed on the surface of the  core barrel 
opposite the nozzle. On the internal 
surface of the vessel the values of the 
coefficient are considerably less.. 

I should be noted, however, that the 
concept of heat transfer coefficient for 3-D 
flows isn’t so correct as for flow in tubes 
and channels. Besides the high values of 
heat fluxes on the core barrel surface are 
the consequence of adopted boundary 
conditions (namely, it fixed temperature). 
In reality the core barrel outer surface will 
be close to the coolant temperature, and 
heat fluxes must be determined from 
conjugate calculation. 

4.2. Unsteady condition in RPC 

The second series of calculations 
was also carried out for the area in the 
RPC near the inlet nozzle. However, 
unsteady conditions with a supply of cold water at temperature about 20°C into the space heated 
up to the temperature of ∼300°C were considered at this time. The initial conditions are: the area 
is filled up with still water at temperature 
291°C. At the initial time moment at the 
nozzle inlet the water flowrate of 30 kg/s 
at temperature 20°C is assigned. The 
pressure is constant and is equal to 7.5 
MPa.  

            Fig. 9. Heat transfer coefficient on the 
                         core barrel surface 

Some results of calculations are 
given in Figs. 10, 11. Fig. 10 covers the 
distribution of water temperature in the 
nozzle and in the vicinity of its inlet to the 
RPC. It can be seen, that cold water, 
supplied into the MCP, gets by gravity 
into the lower part of the cross-section 
rather quickly, so stratification takes place 
in the MCP. In the upper part of the cross-
section a vortex maintaining higher water 
temperature is formed. At assigned values 
of the flowrate of the cold water, supplied 
into the MCP, natural convection produces 
considerable effect on the flow in the RPC. A system of vortices is formed in RPC, Fig.11, 12. 

       Fig. 10. Temperature of the core barrel surface 

The picture of flow for the time of 70 sec is shown here. The flow is, probably, unsteady. 
The distribution of velocities in the RPC volume changes for various time moments, remaining 
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Fig.11. Picture of the flow on the vessel side   Fig.12. Picture of the flow on core barrel side 

vortical. The unsteady character of the 
flow at cold water supply was also 
observed in experiments modeling 
thermal shock. 
Fig.13 shows the distribution of the 
absolute value of velocity in the 
vicinity of the inlet nozzle. A 
complicated picture of flow may be 
seen on this figure.  
 
4.3. Unsteady conditions in RCC 

A series of calculations for area in 
RCC near the upper nozzle was also 
carried out for unsteady conditions for 
the same parameters at the outlet 
nozzle, as in the previous case. The end 
of the pipeline, on which the inlet 
parameters were assigned, was brought 
closer to reactor inlet.  
The flow in the calculated area, as can 

be seen in Fig.14, is rather peculiar. 
The cold water supplied to the inlet of  

Fig.13 Distribution of absolute value of velocity  
at cold water supply 
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Fig.14 Flow in RCC in the vicinity of outlet  nozzle Fig.15 Trajectory of trial particles 
 
the pipeline section quickly gets into its lower part. Further on, the water flowing out of the 
nozzle gets over the upper edge of the wall of the core barrel and flows downwards in the shape  
 of a rather thin plume. Simultaneously water spreads on stream separator in the asimuthal 
direction, so in the vicinity of the pipeline inlet into the reactor a vortex of toroidal shape is 
formed.  

Such character of the flow is also seen on the tracks of the trial particles, which are 
conventionally introduced into the flow. Their paths are shown in Fig.15. A more detailed 
consideration shows that directly under the nozzle inlet another vortex is formed. Thus, the flow 
in this area turns out to be extremely complicated. 

4.4 Conjugate problem in RCC 
Conjugate problem, which simultaneously solves the thermal-hydraulic problem in the 

area of flow and determines the 3-D temperature fields in the walls, was the last in the list of 
problems considered in the given work. Similar to the previous case, the problem was solved in 
unsteady statement with the same initial and boundary conditions on external surfaces. The 
results given below correspond to the time moment about 30 sec after the beginning of the 
process of cold water supply to the inlet of the MCP section. So the picture of the flow turned out 
to be similar to the one mentioned above, as expected. 

The distribution of surface temperatures is given in Fig.16. It can be seen that the lower 
temperature of the vessel surface is observed at the bottom of nozzle. Due to of heat exchange 
with the pipeline wall water is warmed up to ≈100°С. Further water flows along the flow 
separator, heating it up. The complicated nature of the flow influences the distribution of 
temperature, Fig.16 and heat transfer coefficient, Fig.17, where the local maxima and minima are 
observed.  

It needs to underline once more, that the problems of flow calculation close to the upper 
and lower nozzles defined here are of methodical nature. For real modeling the entire scope of 
reactor could be included into the calculation with all the inlet and outlet pipelines. The core with 
fuel rods and guide channels could thus be represented as anisotropy porous medium with the 
distributed sources of heat and local hydrodynamic resistance. In this case the boundary 
conditions are formulated in a natural and simpler way - at the ends of input and output pipelines. 
All the other parameters will be determined in the course of solving the problem. 
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     Fig. 16. Temperature of surfaces           Fig.17. Distribution of heat transfer coefficient 
             near the nozzle inlet       

 

5. CONCLUSION 

The calculations carried out have shown the complicated three-dimensional nature of flow 
in the field of inlet and outlet nozzles of reactor and the possibility of application of the STAR-
CD code for determination of hydrodynamic and heat-exchange characteristics in the units of 
complicated geometry of WWER-1000 reactor. It is necessary to emphasize, that the information, 
obtained in the calculations, (distribution of velocities, temperatures, heat fluxes) can not be 
obtained in full scope by other methods, including, experimental. Besides it is hard to propose 
and substantiate for the considered problems a some approximated approaches.  

The activities in the field of testing and cross-verification of the codes are required for its 
posterior using in design thermal-hydraulic calculations. 
 The authors thank O.G.Buzykin (CAD-FEM) for his assistance in performing the 
calculations. 
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$Q�REYLRXV�GLIILFXOW\�UHJDUGLQJ�WKH�DGYDQFH�RI�WKH�VROXWLRQ�XVLQJ�ORFDO�WLPH�VWHSV�LV�WKHIDFW� WKDW� WKH� VROXWLRQ� DW� GLIIHUHQW� ORFDWLRQV� LV� QRW� V\QFKURQLVHG�� ,Q� WKLV� ZRUN� ZH� XVH� WKHDOJRULWKP�LQWURGXFHG�E\�'H�6DPSDLR�>�@��ZKHUH�WKH�VROXWLRQ�LV�DGYDQFHG�XVLQJ�WKH�ORFDO�WLPH�VWHSV�IRU�RSWLPDO�FKRLFH�RI�ZHLJKWLQJ�IXQFWLRQV��EXW�D�WLPH�LQWHUSRODWLRQ�SURFHGXUH�LV�XVHG�WRV\QFKURQLVH�WKH�FRPSXWDWLRQ�0XFK SURJUHVV�KDV�EHHQ�DFKLHYHG�LQ�WKH�ILHOG�RI�ILQLWH�HOHPHQW�PHVK�DGDSWLYLW\��,Q�WKLVZRUN� WKH� D SRVWHULRUL� HUURU� HVWLPDWRU� RI� =LHQNLHZLF]� DQG� =KX� >�@� � LV� XVHG� WR� HVWLPDWH� WKHYLVFRXV� VWUHVV� HUURU� DQG� WR� JXLGH� WKH� UHPHVKLQJ��:H� XVH� D� FRDUVH� EDFNJURXQG� JULG� WKDW� LVORFDOO\�UHILQHG�ZLWK�WKH�FUHDWLRQ�RI�QHZ�SRLQWV�DV�UHTXLUHG��7KH�QHZ�SRLQWV�DUH�FRQQHFWHG�WRWKH�QRGHV�RI�WKH�RULJLQDO�EDFNJURXQG�JULG�XVLQJ�%RZ\HU¶V�DOJRULWKP�>�@��7KH� ORFDO� WLPH�VWHSSLQJ�DOJRULWKP�LV�XVHG� LQ�FRQMXQFWLRQ�ZLWK� WKH� UHPHVKLQJ�VFKHPH�7KLV�SHUPLWV�OLQNLQJ�WKH�VSDWLDO�DQG�WLPH�VWHS�UHILQHPHQW�WKURXJK�WKH�HTXDWLRQ�WKDW�GHILQHV�WKH
ORFDO�WLPH�VWHS��L�H�� Q

HKW Xα=∆ � UHVXOWLQJ�LQ�D�WLPH�VSDFH�DGDSWLYH�SURFHGXUH�
��� /DUJH�HGG\�VLPXODWLRQ��/(6�

,Q�D�/DUJH�HGG\�VLPXODWLRQ�WKH�ODUJH�WXUEXOHQFH�VFDOHV�DUH�UHVROYHG�E\�WKH�GLVFUHWLVDWLRQZKLOH� WKH� VPDOO� VXE�JULG� VFDOHV� DUH� WDNHQ� LQWR� DFFRXQW� XVLQJ� WKH� VR�FDOOHG� VXE�JULG�PRGHOV>��@� 7KH� JRYHUQLQJ� HTXDWLRQV� DUH� REWDLQHG� E\� IRUPDOO\� DSSO\LQJ� D� ILOWHU� IXQFWLRQ� RQ� WKHRULJLQDO�1DYLHU�6WRNHV�V\VWHP��7KH�ILOWHULQJ�RSHUDWLRQ�LV�VKRZQ�LQ�(T������ZKHUH�ZH�DSSO\�WKH
ILOWHU�WR�WKH�YHORFLW\�ILHOG� ��� WXD [ � 7KH�UHVXOWLQJ�ILOWHUHG�YHORFLW\�ILHOG� ��� WXD [ LV JLYHQ�E\

=W���[DX ( )∫ ′− [[* ( )WXD �[′ [′G ���
7KH ILOWHU�IXQFWLRQ� ��U* LQWHJUDWHV�WR���DQG�GHFD\V�WR�]HUR�RXWVLGH�D�UDQJH� ��2 ∆<U �

7KH SDUDPHWHU�∆ LV�UHIHUUHG�WR�DV�WKH�ILOWHU�ZLGWK�>��@�$SSO\LQJ� WKH� ILOWHU� RSHUDWLRQ� WR� WKH�1DYLHU�6WRNHV� HTXDWLRQV��ZH� REWDLQ� WKH� IROORZLQJILOWHUHG�JRYHUQLQJ�HTXDWLRQV�H[SUHVVHG�LQ�WHUPV�RI�ILOWHUHG�YHORFLW\�DQG�SUHVVXUH�ILHOGV�
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1RWH WKDW� WKH� ILOWHUHG� PRPHQWXP� HTXDWLRQ�� (T������ FDQ� EH� UHFDVW� LQ� FRQYHFWLYH� IRUPXVLQJ�WKH�ILOWHUHG�PDVV�EDODQFH��(T�����
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&RPSDUHG� WR� WKH� RULJLQDO� �XQILOWHUHG�� PRPHQWXP� EDODQFH�� (T������ ZH� REVHUYH� WKDW

(T�����SUHVHQWV�DQ�H[WUD�VWUHVV�WHUP� )
DEτ JLYHQ�E\






 −=

BBBBBBBB

EDED
)
DE XXXXρτ ����

$W WKLV�SRLQW��WKH�VWDQGDUG�DSSURDFK�LQ�/(6�LV�WR�LQWURGXFH�VXE�JULG�PRGHOV� WR�H[SUHVV
)
DEτ LQ�WHUPV�RI�WKH�ILOWHUHG�IORZ�YDULDEOHV��$�QXPEHU�RI�VXE�JULG�FORVXUHV�KDYH�EHHQ�SURSRVHG

VXFK�DV� WKH�6PDJRULQVN\�PRGHO� >�����@�� IRU� LQVWDQFH��7KH� UHDGHU� LV� UHIHUUHG� WR� WKH�ZRUN�RI6DJDXW�>��@�IRU�D�FRPSUHKHQVLYH�DFFRXQW�RQ�VXE�JULG�VFDOH�PRGHOV�XVHG�LQ�/(6�5HFHQWO\�� WKRXJK�� VRPH� DWWHPSWV� KDYH� EHHQ� PDGH� WR� OHW� WKH� QXPHULFDO� PHWKRGVWKHPVHOYHV� �ZLWKRXW� UHVRUWLQJ� WR� H[SOLFLW� VXE�JULG� PRGHOV�� WR� H[SUHVV� WKH� HIIHFW� RI� WKH



XQUHVROYDEOH� VXE�JULG� VFDOHV� RQ� WKH� PHDQ� IORZ� >���������@�� 'H� 6DPSDLR� DQG� &RXWLQKR� >�@KDYH�FDOOHG� WKLV� LPSOLFLW�VXE�JULG�PRGHOOLQJ� 1RWH� WKDW� WKH�GHVLJQ�RI�D�/(6�ZLWK�DQ� LPSOLFLWVXE�JULG�PRGHO�EHFRPHV�WKH�GHVLJQ�RI�WKH�QXPHULFDO�PHWKRG�LWVHOI��7KLV�LQFOXGHV�QRW�RQO\�WKHIRUPXODWLRQ�XVHG�WR�REWDLQ�WKH�GLVFUHWLVHG�HTXDWLRQV��EXW�DOVR�WKH�DGDSWLYH�VFKHPHV�DQG�RWKHUDOJRULWKPV�WKDW�DIIHFW�WKH�ZD\�WKH�XQUHVROYDEOH�VFDOHV�DUH�WUHDWHG��LPSOLFLWO\�PRGHOOHG� E\�WKHFRPSXWDWLRQ�,Q�UHIHUHQFH�>�@�LW�LV�VKRZQ�WKDW�WKH�3HWURY�*DOHUNLQ�ZHLJKWHG�UHVLGXDO�DSSUR[LPDWLRQ�RIWKH� PRPHQWXP� HTXDWLRQ�� (T������ LV� HTXLYDOHQW� WR� DSSO\LQJ� WKH� *DOHUNLQ� PHWKRG� WRDSSUR[LPDWH�WKH�IROORZLQJ�WLPH�GLVFUHWLVHG�PRPHQWXP�HTXDWLRQ�
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(T������FDQ�EH�LQWHUSUHWHG�DV�D�SDUWLFXODU� WLPH�GLVFUHWLVDWLRQ�RI� WKH�ILOWHUHG�PRPHQWXP
HTXDWLRQ��(T������ZKHUH�WKH�PRGHO�FKRVHQ�IRU�WKH�H[WUD�WHQVRU� )

DEτ LV
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)
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−= �ρτ ����
7KHUHIRUH��WKH�VWDELOLVHG�ILQLWH�HOHPHQW�PHWKRG�SUHVHQWHG�LQ�VHFWLRQ���HPEHGV�WKH�PRGHO

IRU )
DEτ JLYHQ�E\�(T������

�� )/8,'�6758&785(�,17(5$&7,21��)6,�
:H� FRQVLGHU� KHUH� WKH� ULJLG� ERG\�PRWLRQ� RI� D� VWUXFWXUH� WKDW� LV� GULYHQ� E\� OLIW� IRUFHV� WRRVFLOODWH�LQ�WKH�GLUHFWLRQ�WUDQVYHUVH�WR�WKH�IORZ��7KLV�)6,�SUREOHP�LV�GHVFULEHG�XVLQJ�$UELWUDU\/DJUDQJLDQ�(XOHULDQ� FR�RUGLQDWHV� LQ� RUGHU� WR� IDFLOLWDWH� WKH� LPSOHPHQWDWLRQ� RI� G\QDPLF� DQGNLQHPDWLF�FRPSDWLELOLW\�FRQGLWLRQV�EHWZHHQ�IOXLG�DQG�VWUXFWXUH�>�@��7KH�PRPHQWXP�HTXDWLRQ�(T����� LV�JHQHUDOLVHG�WR�WKH�$/(�IUDPHZRUN�DV�IROORZV�
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ZKHUH ZH�KDYH� LQWURGXFHG� WKH� UHIHUHQFH� IUDPH�YHORFLW\�Z� ,Q�SDUWLFXODU�� QRWH� WKDW� WKH� WLPH�GHULYDWLYH� LQ� (T������ LV� WKH� WLPH�GHULYDWLYH� DV� YLHZHG� E\� DQ� REVHUYHU� PRYLQJ� ZLWK� WKH
UHIHUHQFH�IUDPH�YHORFLW\�Z � ,Q�SUDFWLFH��Z ZLOO�EH�GHILQHG�FRQYHQLHQWO\�LQ�RUGHU�WR�DGMXVW�WKH
SUREOHP� UHIHUHQFH� IUDPH�� IURP�(XOHULDQ� � �Z = � IDU� IURP� WKH�PRYLQJ� ERG\�� WR� /DJUDQJLDQ
� XZ = � RQ�WKH�IOXLG�VROLG�LQWHUIDFH��7KH�IOXLG�LV�FRQVLGHUHG�WR�EH�DWWDFKHG�WR�WKH�ERG\��QRQ�VOLS DQG�LPSHUPHDELOLW\�FRQGLWLRQV���WKXV�HQIRUFLQJ�NLQHPDWLF�FRPSDWLELOLW\�7KH�VWUXFWXUH�H[SRVHG�WR�WKH�FURVV�IORZ�LV�IUHH�WR�PRYH�LQ�WKH�YHUWLFDO�GLUHFWLRQ�\� EXW�LWVPRYHPHQW�LV�UHVWUDLQHG�LQ�WKH�[�GLUHFWLRQ��5RWDWLRQ�LV�DOVR�UHVWUDLQHG��7KXV��WKH�VWUXFWXUH�RQH�GHJUHH�RI�IUHHGRP�G\QDPLFV�LV�GHVFULEHG�E\�WKH�HTXDWLRQ�
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ZKHUH P� F DQG�N DUH�WKH�PDVV��GDPSLQJ�DQG�VWLIIQHVV�SDUDPHWHUV�E\�XQLW�OHQJWK��UHVSHFWLYHO\�7KH IRUFH�)/ LV�UHVSRQVLEOH�IRU�WKH�G\QDPLF�FRXSOLQJ�EHWZHHQ�WKH�IOXLG�DQG�WKH�VWUXFWXUH�ULJLGERG\�PRWLRQ��,W�LV�FRPSXWHG�IURP�WKH�IORZ�ILHOG�DV
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ZKHUH�Q LV WKH�XQLW�QRUPDO�YHFWRU�RQ�WKH�IOXLG�VROLG�LQWHUIDFH� FΓ �SRLQWLQJ�IURP�IOXLG� WR� WKH
VROLG�� 1RWH�WKDW�LQ�(T������ZH�XVHG� [[ =� � \[ =� � XX =� DQG� YX =� �

7KH PHWKRG� DSSOLHG� WR� WKH� LQFRPSUHVVLEOH� 1DYLHU�6WRNHV� HTXDWLRQV� LQ� D� (XOHULDQUHIHUHQFH�IUDPH�� LQ�VHFWLRQ���� LV�JHQHUDOLVHG�KHUH� WR� WKH�$/(�GHVFULSWLRQ�XVLQJ� WKH�DSSDUHQW
FRQYHFWLYH� YHORFLW\� ZXY −= WR� UHSODFH� XX ∇⋅ E\� XY ∇⋅ LQ� WKH� EDODQFH� RI� PRPHQWXP�7KXV� WKH�GLVFUHWLVHG�HTXDWLRQV��(T�����DQG�(T������EHFRPH
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ZKHUH D5Ö UHSUHVHQWV�WKH�PRPHQWXP�UHVLGXDOV�
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7KH WLPH�VSDFH� DGDSWLYH� WHFKQLTXHV� SUHVHQWHG� LQ� VHFWLRQ� �� IRU� DQ� (XOHULDQ� UHIHUHQFHIUDPH�DUH�JHQHUDOLVHG�IRU�WKH�$/(�FR�RUGLQDWHV��7KXV��WKH�ORFDO�WLPH�VWHS�IRUPXOD�SUHVHQWHG�LQ
VHFWLRQ� �� LV� UHGHILQHG� LQ� WHUPV� RI� WKH� DSSDUHQW� FRQYHFWLYH� YHORFLW\� ZXY −= � EHFRPLQJ

Q
HKW Yα=∆ � $JDLQ�� WKH�FRPELQDWLRQ�RI� UHPHVKLQJ�ZLWK� WKHVH� ORFDO� WLPH�VWHSV� OHDGV� WR� D

WLPH�VSDFH� DGDSWLYH�SURFHGXUH�ZKHUH� WKH� VSDWLDO� DQG� WLPH�GLVFUHWLVDWLRQV�DUH� VLPXOWDQHRXVO\DGMXVWHG�,Q�RUGHU�WR�DFFRPPRGDWH�WKH�PRYHPHQW�RI�WKH�VWUXFWXUH��PRUH�FRQYHQLHQWO\�GHVFULEHG�LQD /DJUDQJLDQ� UHIHUHQFH� IUDPH�� DQG� WKH� IOXLG� IORZ��GHVFULEHG� LQ�(XOHULDQ� FR�RUGLQDWHV� LQ� RXURULJLQDO�SURJUDP�>�@��ZH�UHVRUWHG� WR�DQ�$UELWUDU\�/DJUDQJLDQ�(XOHULDQ� �$/(��GHVFULSWLRQ�RIWKH� )OXLG�6WUXFWXUH� ,QWHUDFWLRQ� �)6,�� SUREOHP�� :H� IROORZHG� 1RPXUD� DQG� +XJKHV� >��@�GHILQLQJ� DQ�H[WHUQDO�(XOHULDQ� UHJLRQ� IRU� WKH� IOXLG� IDU� IURP� WKH� VWUXFWXUH�� D� WUDQVLWLRQ� UHJLRQ�ZKHUH� WKH� $/(� UHIHUHQFH� IUDPH� LV� XVHG�� DQG� D� /DJUDQJLDQ� GHVFULSWLRQ� DW� WKH� IOXLG�VROLGLQWHUIDFH��7KHVH�UHJLRQV�DUH�GHSLFWHG�LQ�)LJXUH���

� (XOHULDQ�IOXLG�UHJLRQ����������$/(�IOXLG�UHJLRQ�������������5LJLG�ERG\�UHJLRQ
)LJXUH����6SOLWWLQJ�RI�WKH�SUREOHP�GRPDLQ�LQWR�(XOHULDQ��$/(�DQG�5LJLG�ERG\�UHJLRQV�



1RWH�WKDW�PHVK�YHORFLW\�PXVW�YDU\�IURP�]HUR��LQ�WKH�(XOHULDQ�UHJLRQ��WR�WKH�YHORFLW\�RIWKH�VWUXFWXUH�DW�WKH�IOXLG�VROLG�LQWHUIDFH��:H�XVH�D�/DSODFH�HTXDWLRQ�WR�GHWHUPLQH�D�VPRRWK�DQGJUDGXDO�WUDQVLWLRQ�RI�PHVK�YHORFLW\� �DQG�SRVLWLRQ�� LQ�WKH�$/(�UHJLRQ��+HUH�� WKRXJK��EHFDXVHZH DUH�GHDOLQJ�ZLWK� D� UHPHVKLQJ� VWUDWHJ\�EDVHG�RQ� UHILQLQJ� D� FRDUVH� EDFNJURXQG�PHVK��ZHPXVW PRYH�QRW�RQO\�WKH�FXUUHQW�FRPSXWDWLRQDO�PHVK��EXW�DOVR�WKH�EDFNJURXQG�PHVK�WKDW�ZLOOEH�XVHG�IRU�UHPHVKLQJ��7KH�/DSODFH�HTXDWLRQ�DOJRULWKP�LV�XVHG�LQ�ERWK�FDVHV�7KH�WLPH�DGYDQFH�RI�WKH�IORZ�ILHOG�IROORZV�D�VHJUHJDWHG�VFKHPH��3UHVVXUH�LV�FRPSXWHGILUVW�� WKHQ� WKH�QHZ�YHORFLW\� FRPSRQHQWV� DUH�XSGDWHG��2QFH� WKH�QHZ� IORZ� ILHOG� LV� IRXQG�� WKHXSGDWH� RI� WKH� ULJLG� ERG\� SRVLWLRQ� LV� REWDLQHG� LQWHJUDWLQJ� (T������� ZLWK�)/� FRPSXWHG� IURP(T������ XVLQJ�D�5XQJH�.XWWD�PHWKRG�
�� 180(5,&$/�(;$03/(6

$OO DQDO\VHV�KDYH�EHHQ�QRQ�GLPHQVLRQDOLVHG�LQ�WHUPV�RI�UHIHUHQFH�VFDOHV��7KH�UHIHUHQFH
VFDOH IRU� OHQJWK� LV� GHQRWHG� WKH� E\�G� 7KH� IUHH� VWUHDP�YHORFLW\� �X LV� WKH� UHIHUHQFH� VFDOH� IRU
YHORFLW\��7KH�UHIHUHQFH�SUHVVXUH�VFDOH�LV� �

�Xρ DQG�WLPH�LV�QRQ�GLPHQVLRQDOLVHG�E\� ��XG � L�H�
GWXW �

 = � 7KH� VLPXODWLRQV� DUH� SDUDPHWHULVHG� E\� WKH� JOREDO� 5H\QROGV
QXPEHU µρ GXH5 �= �

1XPHULFDO� UHVXOWV�DUH�DVVHVVHG� LQ� WHUPV�RI�GUDJ�DQG� OLIW� IRUFHV�DQG�RI�YRUWH[�VKHGGLQJIUHTXHQF\�� 7KH� GUDJ� DQG� OLIW� FRHIILFLHQWV� DUH� UHVSHFWLYHO\� JLYHQ� E\
GX)& ''

�
�� ρ= DQG GX)& //

�
�� ρ= � ZKHUH� ') DQG� /) DUH� UHVSHFWLYHO\� WKH�GUDJ�DQG� OLIW

IRUFHV SHU�XQLW�VSDQ��7KH�YRUWH[�VKHGGLQJ�IUHTXHQF\�I LV JLYHQ�LQ�QRQ�GLPHQVLRQDO�IRUP�E\�WKH
6WURXKDO QXPEHU� �XGI6W = � 2WKHU� UHOHYDQW� QRQ�GLPHQVLRQDO� SDUDPHWHUV� DUH� WKH� UHGXFHG
PDVV� � GP0 ρ= � WKH� UHGXFHG� �RU� UHODWLYH�� GDPSLQJ� PNF �=ζ � DQG� WKH� UHGXFHG
YHORFLW\� PNGXGIX8 5 �� �� π== �

7KH ILUVW� H[DPSOH�� LOOXVWUDWHG� LQ� )LJ���� LV� WKH� VLPXODWLRQ� RI� WXUEXOHQW� YRUWH[� VKHGGLQJDURXQG� D� IL[HG� REVWDFOH�� 7KLV� DSSOLFDWLRQ� VKRZV� WKH� XVH� RI� RXU� /DUJH� (GG\� 6LPXODWLRQSURFHGXUH��ZLWK� ,PSOLFLW�0RGHOOLQJ�RI�VXE�JULG� VFDOHV�� LQ�D� WHVW� FDVH�ZKHUH�ZH�FDQ�FRPSDUHRXU UHVXOWV�ZLWK�H[SHULPHQWV�DQG�PRUH�UHILQHG��'�QXPHULFDO�VROXWLRQV�

)LJXUH����0HDQ�YHORFLW\�DQG�NLQHWLF�HQHUJ\�RI�IOXFWXDFWLRQV�DW�5H� �������IRU�D�IL[HG�REVWDFOH�VTXDUH�F\OLQGHU���FRPSDULVRQ�ZLWK�UHVXOWV�VKRZQ�LQ�>��@�
7KH VHFRQG� H[DPSOH� GHPRQVWUDWHV� WKH� XVH� RI� DGDSWLYH� UHPHVKLQJ� LQ� DQ� $/(FRPSXWDWLRQ�ZLWK�PRYLQJ�ERXQGDULHV��,W�LQYROYHV�D�ODPLQDU�IORZ��ZKHUH�D�ULJLG�ERG\�F\OLQGHURVFLOODWHV�GULYHQ�E\�WKH�SHULRGLF�IRUFHV�FDXVHG�E\�YRUWH[�VKHGGLQJ��)LJXUHV���DQG���LOOXVWUDWHWKLV�H[DPSOH�
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)LJXUH����7LPH�HYROXWLRQ�RI�F\OLQGHU�GLVSODFHPHQW��F\OLQGHU�YHORFLW\��DQG�GUDJ�FRHIILFLHQW�DQG
OLIW FRHIILFLHQW��IRU� ���5H = � �� =0 � ����=ζ DQG� ���=58 ��



)LJXUH����&URVV�IORZ�SDVW�D�FLUFXODU�F\OLQGHU�UHOHDVHG�WR�RVFLOODWH�DW�WLPH
��� =W � ���5H = � �� =0 � ����=ζ DQG� ���=58 ���$GDSWLYH�PHVKHV�DQG�GHWDLOV�RI�WKH

YHORFLW\�DQG�SUHVVXUH�ILHOGV�FORVH�WR�WKH�PRYLQJ�F\OLQGHU�
7KH )6,�SUREOHP�DVVRFLDWHG�WR�WKH� IORZ�DURXQG�D�GRPLQDQW�FHQWUDO�VSDQ�VHFWLRQ�RI� WKH5LR�1LWHUyL�%ULGJH�LV�WDNHQ�DV�RXU�ILQDO�H[DPSOH��:H�FRPSDUH�RXU�UHVXOWV�IRU�WKH�FHQWUDO�VSDQRVFLOODWLRQ�ZLWK� UHGXFHG� VFDOH� H[SHULPHQWV� SHUIRUPHG� LQ�ZLQG� WXQQHO� >��@�� 7KLV� H[DPSOH� LVLOOXVWUDWHG�LQ�)LJ���DQG�)LJ���
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Abstract 

 
CFD applications to nuclear engineering problems are on the rise. There are however, numerous 

practical problems in the field of nuclear engineering that are too large for current capabilities of CFD codes. 
Hence, there is a need to develop better numerical schemes that will allow large scale nuclear applications to 
be simulated using the computing computer available today or the power that will become available over the 
next few years. Coarse mesh nodal methods have been highly successful for neutronics calculations. Despite 
several excellent attempts, applications of nodal schemes to problems in fluid dynamics have been slow due 
to several limitations.  In this paper we will discuss some of these limitations, and our recent efforts toward 
addressing them. 

 
 

1. INTRODUCTION 
 
 CFD codes are being increasingly used to solve nuclear engineering problems [1-3]. Capabilities of 
CFD codes (numerical schemes, solvers, computing power) available today still restrict the applications to 
only a small set of problems of interest to nuclear engineers.  Nuclear scientists and engineers have 
contributed significantly to fundamental and applied numerical methods.  Excellent schemes have been 
developed to solve neutron diffusion and transport equations [4]. They have allowed very faithful 
simulations of neutron distributions in rather large size three-dimensional domains. However, these 
successes have not translated into similar achievements in simulations of thermal hydraulics in the reactor 
core and in the containment vessel. Of course, the fluid flow problem is relatively more complicated. Also, 
the computing resources for large-scale CFD simulations—those relevant to nuclear applications—have 
become available only recently.  However, an additional difference between neutronics and thermal 
hydraulics simulations is that schemes developed for core physics often rely on steps that cannot be 
straightforwardly extended to the Navier-Stokes equations. Importance of detailed geometry and the 
boundary conditions in fluid flow also put restrictions on applications of schemes developed for the core 
physics to the Navier-Stokes equations.  Some of these limitations can be relaxed. 
 

To address some of these limitations our recent efforts have focused on the development of: 1) a 
modified nodal method for the time-dependent Navier-Stokes (N-S) equations and its parallel 
implementation [5]; 2) hybrid methods for domains with curved boundaries [6, 7]; and 3) adaptive mesh 
refinement (AMR) capability for nodal schemes [8].   
 
1.1. Modified Nodal Method for the Time-Dependent Navier-Stokes Equations 
 

The modified nodal method [5] for the time-dependent, incompressible N-S equations incorporates 
two major modifications over nodal schemes developed earlier [9]. First, rather than using the conventional 
continuity equation or the vorticity-stream function formulation—which is difficult to extend to three 
                                                 
♥ Work performed in collaboration with D.T. Rock, A.J. Toreja, F. Wang and B.L. Wescott. 
♦ Also, Computational Science and Engineering Program. 
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dimensions—we replace the conventional continuity equation by a Poisson-type continuity equation written 
in terms of pressure, and retain the momentum equations in primitive variables. The second modification is 
introduced in the development of the numerical scheme. Here, rather than using only the diffusion term to 
obtain the homogeneous part of the solution of the momentum equations, a “linearized” convection term—
based on previous time step velocity—is also retained on the left hand side of the transverse-integrated 
equations [5, 10], leading to a local homogeneous solution for the transverse-integrated velocities in each 
spatial direction that is a combination of a constant, a linear and an exponential term. 

 
The modified nodal scheme described above has been developed and coded. Numerous problems, 

including the classical lid driven cavity problem, have been solved using this scheme. Results of a modified 
lid driven cavity (MLDC) problem, originally proposed by Shih et al [11], are presented here.  This problem 
has an exact analytical solution [11].  The modifications include a lid velocity that varies along the lid, i.e., 
ulid = u(x), and space-dependent body forces within the cavity.  The fact that the lid velocity is equal to zero 
at the two corners eliminates the singularity that exists at those two points in the classical lid driven cavity 
problem. This problem was solved by Shih et al to compare nine numerical schemes developed for the 
Navier-Stokes equations [11]. This steady-state problem is solved using the modified nodal scheme by 
starting from an arbitrary initial condition (zero uniform velocity, and zero uniform pressure) and marching 
in time till steady-state is reached.  The results for Reynolds number Re = 1 , 10 and 20 on 5 x 5, 10 x 10 and 
20 x 20 meshes, are reported in Ref. 12. The results show the near second order accuracy of the scheme, 
confirming the (at least) second order nature of the approximations introduced in the development.   The 
RMS errors for velocities are in the range of 0.22 x 10-2 to 0.95 x 10-4. As the Reynolds number is increased 
to 10 and then 20, RMS error in velocities either remain approximately constant or increase, while RMS 
errors in pressure decrease significantly. It should be noted that several schemes based on central finite 
difference approach, tested and reported in Ref. [11],  failed to converge to the correct solution for Re > 10, 
and those that did, converged to grossly inaccurate solutions. Moreover, comparison of RMS errors show 
that the RMS errors for the scheme developed here are lower than eight of the nine schemes tested in Ref. 
11. Only the results obtained using the 4/4 non-staggered (HO) scheme compared with those obtained using 
the nodal scheme developed here. 

 
1.2. Extension to Arbitrary Geometry 

 
Restriction on domain geometry has been removed by developing hybrid schemes in which nodal 

methods are restricted to the interior of the domains and along boundaries that are parallel to the coordinate 
axes, while a second scheme—such as finite element, more suitable for complex boundaries—is used along 
curved boundaries. Toreja and Rizwan-uddin [6,7] have recently proposed a hybrid nodal-integral/finite-
analytic method (NI-FAM), which was successfully applied to steady-state and time-dependent scalar 
convection-diffusion equations as well as to the Navier-Stokes equations in arbitrary geometries. In the 
hybrid NI-FAM [6,7], the computational domain is first divided into rectangular and triangular nodes. The 
triangular nodes are restricted to the domain boundaries that are not parallel to the x or y axes. The 
conventional NIM is then applied to the interfaces between rectangular nodes while the finite analytic 
approach [13] is applied to the triangular-rectangular node interfaces.  Since the discrete variables in the 
NIM are the transverse-integrated (or surface- averaged or edge-averaged) quantities along the edges of the 
rectangular nodes, the finite analytic approach must be developed in terms of transverse-integrated 
quantities, as well.  This allows for the imposition of continuity conditions on the interfaces between 
triangular and rectangular nodes. 

 
In the finite analytic approach, the partial differential equation(s) are reduced, by introducing certain 

approximations, into sub-problems (ordinary differential equations) that can be solved analytically.  This 
particular step of the finite analytic approach achieves the same objective as the transverse-integration 
procedure of the nodal integral approach, and is not limited to regular geometries.  The analytical solutions 
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of these sub-problems are then used to formulate the algebraic representations of the governing partial 
differential equation(s) [13]. 

 
The test problem solved using the hybrid NI-FAM for the 

Navier-Stokes equations is that of flow inside an enclosed five-sided 
cavity, shown in Fig. 1.  In this problem, the bottom of the cavity 
moves to the left with a constant velocity, while the remaining four 
sides are stationary.  This problem is similar to the classical problem 
of flow inside an enclosed square cavity in which the top plate 
moves with a constant velocity to the right. In Fig. 1, the line 
segments, OD and CD, have a length of L = 1, while the segments, 
OA and BC, have a length of L/2 = 0.5.  The segment AB forms a 45-
degree angle with the horizontal.  No slip boundary conditions are 
imposed on all five walls.  Hence, the velocity along segment OD is 
equal to the velocity of the bottom plate, U.  Furthermore, the 
pressure values on all five walls are treated as unknowns. 
  

        Fig. 1. Five sided cavity. 
 
 
Using a constant bottom plate velocity of U = 1, the flow field is simulated using the NI-FAM on 

several meshes of varying resolution.  Mesh A is the coarsest mesh with 85 parallelepiped nodes and 5 
wedge-shaped nodes,  

 
 
 Figs. 2 and 3. Flow field in the five sided cavity for Re = 400 and Re = 1000 (nodal results). 
 
  
while mesh C has the highest resolution with 1390 parallelepiped nodes and 20 wedge-shaped nodes.  The 
details of the specific meshes are given in Ref. 7.  Reynolds number for these simulations is defined as Re = 
UL/ν.  A steady-state flow distribution is calculated on these meshes by assuming quiescent initial 
conditions u = v = p = 0 and marching in time until a non-transitory solution is reached.  In this problem, 
the final time at which a non-transitory flow field develops is dependent on the node size of the mesh and 
the time step used.  
 
 

Mesh B, Re = 400.0
Constant Vector Length

(a)

Mesh B, Re = 1000.0
Constant Vector Length

(a)

The results of the flow simulations for Re = 400 and 1000 are shown in Figs. 2 and 3.  Results are 
reported for flow simulated on the intermediate mesh B.  In order to view the structure of the flow field 
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clearly, velocity vectors of constant length are used in these flow maps.  Numerical simulations clearly show 
the existence of a secondary vortex, that increases in size and strength as the Reynolds number is increased. 
 

To confirm the existence of the secondary vortex in the five-sided cavity and to independently 
verify the predictions of the NI-FAM, the flow in the enclosed cavity is simulated using the commercial 
computational fluid dynamics software package, CFX.  The results of the CFX calculations for Reynolds 
numbers, Re = 400 and Re = 1000 are presented in Figs. 4 and 5, respectively.  (The ``white strip'' that runs 
from the top of the cavity to the bottom left corner in Figs. 4 and 5 is an artifact of the block generation and 
subsequent mesh generation algorithm in CFX.)  The flow fields calculated by the NI-FAM and those 
predicted by CFX for these two Reynolds numbers agree quite well with each other.  However, it should be 
noted that a much finer grid size was needed in CFX than was used in the NIM-FAM calculations.  
 
 
 Due to vast differences in general capabilities and different levels of code optimization, it is not 
possible to compare the CPU times of the nodal approach with those for the CFD code, CFX. However, past 
experience suggests that nodal schemes compete very well and very often are superior to more conventional 
finite element or finite volume based schemes. 

   
 
Figs. 4 and 5.  Flow field in the five sided cavity for Re = 400 and Re = 1000 (CFX results). 
 
 

1.3. Adaptive Mesh Refinement (AMR) 
 

For problems that require fine mesh in some regions and coarse in other, AMR capability has been 
developed for nodal methods to retain the coarse mesh efficiency by allowing high degree of resolution in 
specific localized areas only where it is needed, and using a lower resolution everywhere else.  Exploiting 
certain features of the nodal method, such as using transverse-integrated variables for efficient error 
estimation and using node interior reconstruction to develop accurate interpolation operators, can enhance 
the adaptive mesh refinement process.  The main components of the NIM-AMR are: 1) the solver; 2) the 
level-grid hierarchy; 3) the selection algorithm; 4) the communication procedures; and 5) the governing 
algorithm.  These are discussed in detail in Ref. [8]. Scheme developed in Ref. [8] has been applied to 
advection of a Gaussian hump in a very high Peclet number flow. A concentration distribution, C(x,y), in the 
shape of a Gaussian hump with a standard deviation of σ = 0.15 is initially placed near the point (x = 2.86, y 
= 2.86).    The computational domain for this problem is the square region, ; .  
The rotating flow field is given by 

40 ≤≤ x 40 ≤≤ y
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The flow field is configured such that the hump will rotate counterclockwise through one half of a 
revolution about the point (x = 2.0, y = 2.0) in 0.5 time units. 
  
 For the NIM-AMR calculations, a uniform node size of ∆x = ∆y = 0.08 and a uniform time step of 
∆t = 0.01 is used on the root grid.  To simulate nearly pure advection, a diffusion coefficient of D = 10-10, 
which correspond to a maximum node Peclet number of Pe = Umax*∆x/D ≅ 8.0*0.08 /10-10= 6.4 * 109, is 
used.  Thus, minimal diffusion and minimal spreading of the hump is expected over the simulation period.  
In this problem, the grids are tested for refinement every eight time steps and the preset error tolerance is 
5.0(Oh)2.  Numerical results showed that for two-levels of refinement, and for a desired accuracy, the NIM-
AMR is approximately four times faster than the NIM. Figure 6 displays contour plots of the node-averaged 
concentration, xyC , at times, t = 0.0 and t = 0.25, which are calculated using the NIM-AMR with three 
levels of refinement.  In addition, the subgrid boundaries for the first level of refinement are outlined in the 
plot.  As Fig. 6 demonstrates, the NIM-AMR performs quite well, producing symmetric and concentric 
contours for t = 0.25. 
 

 

 

 

Fig. 6  NIM-AMR results for the node-averaged concentration, xyC
ent 

, at times, t = 0.0 and 

  

 
 

t = 0.25.  Subgrid boundaries for the first level of refinem are also shown. 
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Abstract

SIMMER-III is a general two-dimensional, three-velocity-field, multiphase, multicomponent,
Eulerian, fluid-dynamics code coupled with a space-time and energy-dependent neutron transport
kinetics model. The philosophy behind the SIMMER development was to generate a versatile and
flexible tool, applicable for the safety analysis of various reactor types with different neutron spectra
and coolants, up the new accelerator driven systems (ADS) for waste transmutation. Its flexibility also
allows the application to non-reactor safety problems as e.g. criticality accidents (JCO). Currently, a
three-dimensional version is also available, coined SIMMER-IV. The main backbone for analyses is
however still SIMMER-III.

SIMMER-III has proven especially well suited for fast spectrum systems as the LMFR, where it
is one of the key codes for safety analysis, including its application within licensing procedures. To
serve especially the last purpose, the code must be made sufficiently robust and reliable, and be tested
and validated extensively.  A comprehensive and systematic assessment program of the code has been
conducted.  This paper gives the major achievement of this assessment program.

The SIMMER-III code handles by default LMFR core materials, fuel, steel, coolant, control and
fission gas, in solid, liquid and vapor states.  The total of 27 density and 16 energy components are
modeled in three velocity fields and one structure field, in order that important fluid motions in a
degraded core are simulated adequately.  The spatial differencing method is based on Eulerian
staggered mesh, with a higher-order-differencing scheme to mitigate numerical diffusion.  An
improved analytic EOS model provides good accuracy especially at high temperature and pressure.
Multiple flow-regime treatment is available over the entire void fraction range.  An interfacial area
convection model improves the flexibility of the code by tracing transport and history of interfaces, and
thereby better represents physical phenomena.  A generalized and flexible code framework, along
with improved numerical stability and accuracy, allows us to apply it to a variety of simple and
complex multiphase flow problems.



The code assessment program is an ongoing effort. Two major milestones have been achieved in
the past by completing two assessment campaigns, Phase 1 and Phase 2. Phase 1 for fundamental code
assessment of individual models; and Phase 2 for integral code assessment for key phenomena relevant
to LMFR safety.  Through this systematic code assessment program, comprehensive validation of the
physical models has been conducted step-by-step.  The assessment program has demonstrated that
SIMMER-III is a state-of-the-art code with advanced models sufficiently flexible for simulating
transient multiphase phenomena occurring during CDAs.

The various applications of SIMMER will be discussed in a separate paper at this conference. In
this paper we will concentrate on the specifics of the code, mainly reflected at its application to core
melt accidents in the LMFR.

1. INTRODUCTION

The consequences of postulated core disruptive accidents (CDAs) have been a major concern in
the safety of liquid-metal fast reactors (LMFRs), because of the energetics potential resulting from a
recriticality event.  Mechanistic simulation of an accident sequence during a CDA is required to
realistically assess the energetics potential and this is only achieved by using a comprehensive
computational tool that systematically models coupled multi-phase thermohydraulic and space-
dependent neutronic phenomena.  In this area, the SIMMER-II code was developed as the first
practical tool of its kind [ 1], and has been used in many experimental and reactor analyses [ 2].  The
code has played a pioneering role in advancement of the mechanistic simulation of CDAs, but at the
same time extensive worldwide code application revealed many limitations due to the code framework
as well as needs for model improvement.  For this reason, the development of a new code, SIMMER-
III, has been initiated in a common effort of PNC (now JNC), CEA, FZK and originally AEA-T.  At
the very initial code development phase, also LANL contributed.

The purpose of SIMMER-III is to alleviate many of the limitations of SIMMER-II and thereby
to provide a more reliable tool for the analysis of CDAs.  SIMMER-III is a two-dimensional (2-D),
three-velocity-field, multi-phase, multi-component, Eulerian, fluid-dynamics code coupled with a fuel-
pin model and a space-time  and energy-dependent neutron kinetics model.  The development of the
code has reached a milestone that all the models originally intended are made available for broad use.
In order to apply SIMMER-III to LMFR safety analysis, the code must be demonstrated to be
sufficiently robust and reliable, and to have been tested and validated extensively.  Thus, the code
development community has performed a systematic assessment program of the code in two steps:
Phase 1 for fundamental or separate-effect code assessment of individual models; and Phase 2 for
integral code assessment of key physical phenomena relevant to accident analysis [ 3].

In this paper, the models and methods of SIMMER-III are briefly reviewed with highlighting the
recent improvements.  The major achievements of the code assessment program are then described,
followed by presentation of practical applications, to demonstrate the feasibility and usefulness of the
SIMMER-III code.

2. MODELS AND METHODS OF SIMMER-III

2.1 Overall Framework

A conceptual overall framework of SIMMER-III is shown in Fig. 1 and 2.  The SIMMER-III
code models the five basic LMFR core materials: fuel, steel, sodium, control and fission gas.  A
material can exist as different physical states, for example fuel needs to be represented by fabricated
pin fuel, liquid fuel, a crust refrozen on structure, solid particles and fuel vapor, although fission gas
exists only in the gaseous state.   Thus the material mass distributions are modeled by 27 density
components in the current version of SIMMER-III.  The energy distributions are modeled by only 16
energy components since some density components are assigned to the same energy component.  For
example, a mixture of different vapor components is defined by a single energy.  The structure field
components, which consist of fuel pins and can walls, are immobile.  Both simple and detailed fuel-



pin model is provided, where the fuel pellet is represented by two or several radial temperature nodes,
respectively.  The mobile components, which include liquids, solid particles and vapors, are assigned
to one of three velocity fields (two for liquids and one for vapor), such that the relative motions of
different fluid components can be simulated.  Although SIMMER-III is tailored to LMFR materials,
the thermophysical properties and equation-of-state (EOS) functions are sufficiently flexible for non-
LMFR materials to be modeled as well.

Fig.  1 Overall framework of SIMMER-III code
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Fig.  2 Multi-phase, multi-component fluid-dynamics model in SIMMER-III

2.2 Fluid-Dynamics Model

The material density and energy component distributions are obtained by solving the mass,
momentum and energy conservation equations using three velocity fields.  The three-velocity-field
formulation and the fluid convection solution algorithm are based on the time-factorization approach
[ 4] which has also been applied and tested for the former AFDM code [ 5].  In this approach, intra-
cell interfacial area source terms, momentum exchange functions and heat and mass transfer are
determined separately from inter-cell fluid convection.  A semi-implicit procedure is used to solve
inter-cell convection on a Eulerian staggered mesh. Fluid-convection is treated in an explicit, pressure
propagation within an implicit scheme. A higher-order differencing scheme [ 4] is also implemented to
improve the resolution of fluid interfaces by minimizing numerical diffusion. Higher order differencing
proved to be necessary especially in treating interaction type phenomena as fuel coolant interactions.
This solution procedure of separating intra-cell transfers from fluid convection is believed to be the
most practical for complex multi-component systems like SIMMER-III. This approach had far-
reaching implications for the code development. Firstly, new models could be easily implemented and



added, secondly, computer running times, especially for the three-dimensional version, could be kept at
a very low level.  This fluid mechanics numerical method has been recently successfully evaluated in
the general context of multi-D multiphase flows simulation, using defined criteria [ 6]

The constitutive models describe intra-cell transfer of mass, momentum and energy at the fluid
interfaces.  In SIMMER-III there are 42 contact interfaces among seven fluid energy components
(liquid fuel, steel, sodium; fuel, steel and control particles; and vapor mixture) and three structure
surfaces (a fuel pin and left/right can walls).  SIMMER-III also has a model for convecting interfacial
areas (IFAs) to take better account of highly transient flow [ 7]:
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where AM  is the interfacial area per unit volume of component M, α M  is the volume fraction of
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v  is the convection velocity, and SM k, is the source terms of the interfacial area.

The constitutive models include: structure configuration and heat and mass transfer due to
structure breakup, multiple flow regime treatment and IFAs with source terms, momentum exchange
functions for each flow regime, inter-cell heat transfer due to conduction, melting and freezing,
vaporization and condensation, etc.  In addition to the constitutive models, an EOS model is required
to close and complete the fluid-dynamic conservation equations.  The analytic EOS model in
SIMMER-III employs flexible thermodynamic functions [ 8], [ 9], [ 10] which can be readily adapted
to non-LMFR materials.

2.3 Structure Model

The structure model represents the configuration, and time-dependent disintegration, of the fuel
pins and subassembly can walls.  Two can walls can be modeled, at the left and right mesh-cell
boundaries, each of which contains two temperature nodes.  The presence of a can wall at a cell
boundary prevents radial fluid convection, and provides a surface where fuel can freeze or vapor can
condense.  The breakup of structure components is currently based on thermal conditions and simple
temperature and wall thickness threshold for mechanical breakup.  Both a  simple fuel-pin model,
where the fuel pellet is represented by two temperature nodes and a sophisticated model to calculate
pin failure, fuel-pin radial heat conduction, fission-gas plena modeling, molten central cavity
description are available.

2.4 Neutronics Model

The space-time-dependent neutron kinetics model in SIMMER-III is based on an improved
quasi-static method with a diffusion acceleration technique where the flux shape is calculated by a
standard Sn neutron transport theory based on TWODANT[ 11].  Since the changes in material
number densities and temperatures are crucial, a cross-section model is included in the code to perform
self-shielding operations to determine effective macroscopic cross sections whenever the reactivity is
updated. SIMMER can treat neutronic systems not only with but also without external source[ 12].

3. PROGRAM AND ACHIEVEMENT OF CODE ASSESSMENT

3.1 Approaches to Code Assessment

The ultimate aim of the assessment program is to demonstrate that SIMMER-III is sufficiently
reliable to be applied to reactor analysises.  To achieve this aim, the physical models of the code need
to be assessed against available experimental data and known physical laws that are relevant to reactor
accident phenomenology.  In addition, it is necessary to assure the quality and robustness of the code,
and this can only be performed by extensive testing on various problems under a variety of initial and
boundary conditions.  Furthermore, it is an important objective of the assessment program to identify



limitations or applicability ranges of the code, and areas to which future effort should be directed.

Based on the above considerations, a comprehensive assessment program of the code has been
conducted in two steps: Phase 1 for fundamental assessment of individual code models; and Phase 2
for integral code assessment.  The Phase-1 assessment applied the code to single- and multi-phase
flow benchmark problems, small-scale experiments with reactor and simulant materials, and physical
problems with known solutions, while the Phase-2 assessment involves applications of the code to
integral, complex multiphase situations. The Phase-1 assessment consists of 32 problems, which tested
specific code models: fluid convection algorithm, interfacial area and flow regimes, momentum
exchange functions, heat transfer coefficients, melting/freezing and vaporization/condensation.  The
scope of the Phase 2 assessment [ 13] is intended to cover key accident phenomena, which are directly
relevant to the CDA analysis and include: boiling pool, fuel relocation and freezing, material expansion,
fuel coolant interactions (FCIs), and disrupted core neutronics.

3.2 Achievement of Phase-1 Code Assessment

The individual test problems and major achievement of the Phase-1 assessment were reported
previously [ 3], and thus only the major conclusions are summarized below.

3.2.1 Fluid Convection Algorithm

Problems for assessing the fluid-dynamics convection algorithm include DOE/EPRI benchmark
problems on two-phase flows [ 14].  The problems analyzed are: 1-D shock tubes, buoyancy-driven
sedimentation of fluids having different densities, rapid boiling of superheated sodium, liquid pool
sloshing and water hammer.  SIMMER-III satisfactorily calculates all the problems including the
pressure buildup and propagation in single-phase liquid, and this indicates the fluid-dynamics
convection algorithm is basically valid.  Higher-order differencing can reasonably control numerical
diffusion that is inevitable in Eulerian codes.  No serious limitations were encountered; however it is
recommended that the time step sizes be limited to 10-4 or 10-5 -s for cases involving rapid
vaporization or condensation.

3.2.2 Flow Regimes, Momentum Exchange and IFA Modeling

SIMMER-III can represent a variety of multi-phase flow regimes in both pool and channel
geometries [ 7].  The SIMMER-III flow regime map was shown to be sound in comparison with
experimental data on pool flow regimes.  The momentum exchange functions for the churn-turbulent
regime in pool geometry showed the interpolation scheme used by SIMMER-III is consistent with the
Ishii-Zuber formulation.  The pressure drop in bubbly pipe flow could be simulated well once the
turbulent enhancement by bubbles was modeled.  The pressure drops and flow configurations in pipes
for churn and annular-dispersed flows are also correctly predicted once the turbulence enhancement by
the vapor flow is modeled [ 15].  The momentum exchange between vapor and liquid in the annular
dispersed flow is deficient because different droplet and film velocities cannot be distinguished.  The
code also tends to underestimate the vapor-liquid film momentum coupling in pure annular flow.

The 1-D bubble column analysis indicates that steady-state IFAs in bubbly pool flow are
satisfactory.  IFA source terms in highly transient conditions were examined using the two-phase
blowdown problems, giving good agreement with experimental results, though the result is sensitive to
parameters relating to bubble nucleation.  A 2-D calculation of an isothermal bubble column did not
reproduce the flow circulation and void distribution observed in experiments.  This is because some
models were lacking in SIMMER-III.  More recently, viscous and turbulence diffusion model has
been implemented.  Taking into account the radial momentum coupling due to viscous and turbulence
terms, the simulation can be much improved [ 13].  Preliminary calculations with an adiabatic 3-D
code (SIMMER-IV) with the radial viscous term confirmed this [ 16].  Further improvements might
be recommended for better simulating the radial void distribution, concerning the dispersion of the gas
plume due to a void fraction gradient [ 17] and the local lift and wall forces [ 16].



3.2.3 Heat and Mass Transfer

Validation of the heat and mass transfer related models is the most complex part of the
assessment since the problems tested include many competing and interacting phenomena occurring
simultaneously.  The heat transfer modeling in the structure was easily shown to be valid, including
axial inter-cell conduction.  Heat exchange between fluids is modeled using quasi-steady state heat
transfer correlations for selected fluid configuration and flow topologies.  The simulation of steam
condensation on a subcooled droplet indicates that in some cases transient HTCs are desirable,
although it is not planned to implement transient correlations in the code.  It was also shown that
SIMMER-III can simulate the rate of collapse of subcooled vapor bubbles reasonably, by using
correlations that take account of the internal circulation in the bubble.  The film-boiling model in
SIMMER-III is intended for liquid-liquid heat-transfer, but was successfully calibrated for a solid hot
sphere in liquid sodium.

Freezing of liquid fuel on structure plays an important role in determining fuel removal from the
core in LMFR safety analysis.  The code successfully simulated conduction-limited freezing, by crust
formation, for the penetration of a cold tube by alumina melt.  The penetration of tubes by pure UO2
and a UO2/Mo mixture, in which the blockage mechanism was predominantly bulk freezing.  The
calculated melt penetration lengths were significantly improved by code modifications to model bulk
freezing without wall melting and a thermal resistance between the melt and the wall.  Rapid
vaporization of liquid fuel was studied in a vacuum and in the presence of a non-condensable gas,
indicating the computed fuel temperature response for vaporization in a vacuum agrees with theoretical
results.  Analyses of two-phase blowdown experiments indicated that the code can simulate rapid
vaporization and subsequent depressurization, though the non-equilibrium, local cooling of liquid
surrounding vapor bubbles is not explicitly modeled.  For the vapor condensation on a wall,
SIMMER-III could simulate the rate of condensation in a vacuum well, but the condensation rate in the
presence of an inert gas was overestimated, indicating the needs of a diffusion-limited vapor
condensation model in the presence of non-condensable gas.  This diffusion-limited condensation
model was implemented recently and reproduced the experimental results reasonably [ 18].  The
calculation of an internally-heated boiling pool experiment led to realistic results for low heating power.
At high heating power, however, some key phenomena, such as ejection of droplets from the free
surface of the pool, could not be reproduced.

3.3 Achievement of Phase-2 Code Assessment

The individual test problems and major achievement of the Phase-2 assessment were also
reported previously [ 13], and thus only the examples of major results are summarized below.

3.3.1 Boiling Pool Dynamics

An in-pile boiling-fuel-pool experiment, SCARABEE BF2 (see Fig. 3), was analyzed [ 19].  In
the experiment, UO2 powder was nuclear-heated to melting and further up above the boiling point, and
behaviors of a molten and boiling fuel pool were measured through the cover gas pressure and
reactivity change in the driver core.  The SIMMER-III simulation was successful, reproducing the
experimental data such as the oscillation of the pool surface and the axial heat-flux distribution along
the crucible wall (see Fig. 4).  More basic studies in this area have been performed by the CEA-
Grenoble team [ 20].  They include the analyses of: Burty’s isothermal experiments, in which air is
injected into a water pool, demonstrating the usefulness of a simplified turbulence model [ 21]; the
SEBULON experiment, in which water is internally heated to boiling in a slab geometry, indicating
SIMMER-III with turbulence treatment reasonably simulates a boiling two-phase flow pattern [ 22],
and the SCARABEE ALP3 and BE+3 tests which demonstrated that SIMMER-III is applicable to
simulation of a sequence of coolant boiling, fuel pin bundle disruption and wrapper tube melting.



  

Fig. 3  BF2 experiment Fig. 4  Axial heat flux distribution along the side wall

3.3.2 Fuel Relocation and Freezing

Simulation of molten fuel freezing in a steel tube with SIMMER-III has been advanced by
implementing an improved model to represent a mixed freezing mode involving both bulk freezing and
crust formation.  The model implemented, based on experimental evidence, assumed: a molten fuel
subcooling at a tube wall and a gap between the liquid or crust and the wall [ 23].  The new model
was applied to molten UO2 freezing experiments, Geyser and Blokker, as shown in Figs. 4 and 5.
The analysis showed encouraging agreement with both fuel penetration lengths and the freezing mode
deduced from post-test examination.  The areas that require further validation with respect to fuel
relocation and freezing include: fuel freezing in a pin-bundle geometry with cladding ablation, and fuel
relocation in a channel where liquid sodium is present.

 

Fig. 5  Fuel penetration into a tube Fig.6  Comparison of fuel penetration length
(Geyser 4 test). (Geyser and Blocker tests).

3.3.3 Fuel-Coolant Interactions

A broad experimental database exists on FCIs with molten fuel and other simulant materials,
and both sodium and water as a coolant.  SIMMER-III in general is applicable to both the pre-mixing
and propagation phases of FCIs with and without film boiling.  The experiments analyzed thus far
include: THINA [ 24], FARO with water [ 25] and sodium [ 20], QUEOS and PREMIX [ 26] [ 27],
KROTOS [ 25], and MIXA [ 28].  Fig.7 shows the result of SIMMER-III simulation of THINA.  The
code with or without film boiling, depending on the thermal conditions of the two liquids, was shown
to well represent the FCI behaviors in a broad range.  For the rapid propagation phase, the effect of



local coolant heat up especially with water in the vicinity of melt is important and this can be simulated
by adjusting the droplet and bubble sizes.  The criterion of minimum film boiling temperature used in
SIMMER-III was shown to be consistent with the molten metal jet experiments, where different FCI
modes were distinguished reasonably by the criterion [ 29].  The drag coefficient of the high-
temperature droplet in a coolant with film boiling configuration and the thermal breakup model to
droplets, which were developed and introduced to SIMMER–III recently, were shown to be important
to simulate the pre-mixing phase of FCIs [ 27][ 28].  The synthesis of these studies is given further in
detail by Morita et al. [ 26].  FCIs are highly transient, multiphase phenomena and the reasonable
simulations have significantly increased our confidence on SIMMER-III.

Fig.7 Schematic view of THINA test section and SIMMER-III simulation compared to
experimental results

6. CONCLUSIONS AND FUTURE PERSPECTIVE

The development of SIMMER-III has reached a milestone that all the physical models are
completed for integral code applications.  A systematic code assessment program has been conducted
for step-by-step and comprehensive validation of the physical models under a productive collaboration
scheme between JNC and FZK/CEA.  The assessment program has demonstrated that SIMMER-III is
a genuine state-of-the-art code with advanced models sufficiently flexible, and often indispensable, for
simulating transient multiphase phenomena occurring during CDAs.  The assessment study has also
been valuable in highlighting the problem areas, as discussed in the previous sections, which will guide
our future model improvement and validation.

Currently the SIMMER development is further enhanced both by the extension of partners
contributing and also new applications which are on the horizon.  Recently the IRSN has joined the
SIMMER club and currently negotiations are under way to associate PSI and SCK-CEN Mol.  For the
future development especially to mention is the extension of the three-dimensional capability.
Currently, three-dimensional version is also available as SIMMER-IV, in which all the physical models
are kept consistent with SIMMER-III.  Within the framework of future applications one could refer to
advanced systems as the gas cooled and super-critical water cooled FBRs, and the accelerator driven
transmuters with their specific requirements on new fuels and new heavy liquid metal coolants, as
PB/Bi. A new development worth mentioning, is the simulation of moving fuels in a molten salt reactor,
with its specifics both in thermal-hydraulics and neutronics.

A major advantage of the SIMMER code is its integrated and consistent approach of fluid-
dynamics-thermal-hydraulics and neutronics on a very high level of development and its large
flexibility. Its flexibility allows its application from basic multiphase or neutronic problems to various
reactor types with different neutron spectra and coolants.  The code will stay a key code for the safety
assessment of these waste burning reactor systems.
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Abstract  
 

A pipe rupture occurred in a RHR steam condensing line at the Hamaoka Nuclear Power 
Station Unit-1 on November 7, 2001.  The detonation of the hydrogen, which was produced 
by radiation resolution of coolant water, was considered to be the likeliest to cause the pipe 
rupture.  Therefore, the analyses were performed to clarify the hydrogen behavior using 
analysis modules in the IMPACT code.  First, fluid conditions in the piping were analyzed 
using a three-dimensional multi-phase flow analysis module.  In the analysis, condensation, 
natural convection and gas diffusion in the piping were solved with basic equations of mass, 
momentum and energy conservations.  The result showed that hydrogen and oxygen 
accumulated at the downstream end of the line for 6.9 m length from the accumulated water 
surface, during the cycle operation.  Second, the transient analysis on the fluid fluctuation due 
to HPCI valve operation was performed.  The result showed that the non-condensable gas 
temperature near the boundary of steam rose about 60 K transitionally.  Then, the three-
dimensional compressible flow behavior with combustion reaction was solved using a 
hydrogen combustion analysis module.  Based on the transient analysis, the ignition point was 
set at the boundary between the non-condensable gas and steam regions.  The result showed 
that (1) the detonation pressure in straight pipes was about 110-130 MPa and pressure 
propagation speed was about 2800-3000 m/s, which almost agreed with the Chapman-Jouguet 
theoretical solutions, and that (2) the peak pressure at elbows was 2.0-2.5 times higher than 
the pressure in the straight pipes due to overlap of the pressure waves.  Finally, the three-
dimensional pipe deformation was analyzed.  As a result, the pipe ruptured at the elbow above 
the accumulated water surface, and other portions were only bulged.  This result was generally 
consistent with the result of actual pipe deformation observed after the accident.   
 
 
1. INTRODUCTION 
 

A pipe rupture occurred in a steam condensing line of a residual heat removal system at 
the Hamaoka Nuclear Power Station Unit-1 (hereafter, Hamaoka-1) while operating at rated 
power, on November 7, 2001.  Although the water hammer phenomenon was identified 
initially as a cause of the accident, it was eventually concluded that the phenomenon did not 
produce an impulse sufficiently large to rupture the pipe, and the detonation of the hydrogen 
accumulated in the pipe was considered to be the likeliest cause of the pipe rupture [1].   



 

Fig. 1  Schematic Diagram of 
           RHR and HPCI Lines 

Fig. 2  Pipe Arrangement at 
           the Downstream End 
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Accordingly, the fluid conditions in the steam condensing line were evaluated and 

hydrogen combustion behavior was analyzed with the boundary condition of the fluid 
conditions and finally the structural analysis was performed to evaluate pipe deformation with 
the boundary condition of the impulse due to hydrogen combustion.  The analyses were 
performed with financial sponsorship from the Japanese Ministry of Economy, Trade and 
Industry.   
 
 
2. COMPOSITION OF PIPING AND CIRCUMSTANCES OF PLANT OPERATION 
 

The schematic diagram of the steam condensing lines of Hamaoka-1 is shown in Fig. 1.  
Hamaoka-1 is a BWR plant with rated power of 540 MWe.  The steam condensing lines are 
parts of the residual heat removal systems (RHR) and branch from the HPCI steam supply 
line.  The stop valves in the steam condensing lines were closed during the operation.  The 
pipe had an outer diameter of 165 mm and a thickness of 11 mm.  The material of the thermal 
insulator was a calcium silicate with a thickness of 65 mm.   

 
The pipe arrangement at the ruptured portion and its vicinity is shown in Fig. 2.  The 

piping was composed of vertical and horizontal pipes which are identified as A to K in Fig. 2.  
The pipe ruptured at the middle of the vertical pipe C.  The horizontally or vertically projected 
length of each pipe is shown in Fig. 2.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The 19th cycle operation of Hamaoka-1 started up on February 27, 2001, after the 18th 
annual inspection.  Fluid behavior in the piping was analyzed based on the following 
premises.   

 
• The time from the last start-up to the accident occurrence was 252 days.  Here, the 

period of the cycle operation of the plant at the rated power under constant pressure of  
6.86 MPa was assumed to be 6,000 hours.   



 
• When starting this cycle operation, it was assumed that the inside of the piping was 

completely filled with steam.   
• The Ambient temperature was assumed to be constant at 313 K.   

 
 
3. FLUID CONDITIONS IN PIPING 
 

Steam produced in a reactor core contained a trace of hydrogen and oxygen because of 
resolution of coolant water by radiation and it flowed in a main steam line.  Since steam 
condensing lines were connected to the main steam line, they were filled with steam 
containing non-condensable gas (i.e., hydrogen and oxygen).  In the lines, steam alone 
condensed into water due to heat loss through the thermal insulators, resulting in separation of 
non-condensable gas from condensed water.  To keep pressure constant, additional steam 
corresponding to condensed water was fed from the main steam line into the steam 
condensing lines.  Since this steam flow was faster than the diffusion speed of non-
condensable gas, separated non-condensable gas was accumulated gradually at the top of 
piping.   

 
First, to evaluate the accumulation of condensed water in pipe, one-dimensional heat 

transfer analysis was performed.  From the analysis, it was concluded that (1) pipes A, B and 
C were filled with condensed water within 3.4 days after the start-up of the cycle operation 
and that (2) the temperature of the accumulated water decreased to almost the ambient 
temperature within 2 weeks after the start-up of the cycle operation [2].   
 
3.1 Amount of Non-condensable Gas in Main Steam Line 
 

Since hydrogen and oxygen were produced by radiation resolution of coolant water in a 
reactor core, the ratio of their atoms produced must be 2:1.  Number of hydrogen atoms was 
calculated based on the G-value of hydrogen generation.  Then, transfer of hydrogen and 
oxygen was calculated by the control volume method.  The generated hydrogen and oxygen 
were assumed to be transferred to each control volume by steam flow.  Each mass of 
hydrogen, oxygen and steam in a control volume was calculated by one-point assumption [2].   

 
Thus, the calculated amount of non-condensable gas in the main steam line was 2.1 g 

hydrogen and 16.7 g oxygen in steam of 106 g.   
 
3.2 Accumulation of Non-condensable Gas 
 
3.2.1 Analysis Model and Assumptions 
 

To evaluate the accumulation of non-condensable gas, three-dimensional analysis was 
performed.  The three-dimensional multi-phase flow analysis module included in the 
IMPACT code [3] was used.  Basic equations are mass, momentum and energy conservation 
equations for liquid, steam and non-condensable gas phases.  The mass transfer by the phase 
change can be calculated between liquid and steam phases.  In this analysis, hydrogen and 
oxygen were treated as mixed one component non-condensable gas.   

Condensation, heat transfer from fluid in the pipes to ambient, natural convection of the 
fluid and gas diffusion were solved.  The pipe was divided into spatial meshes with the size of 
about 20 mm.  Time step was set to 0.1 second.   

 



 
The analysis started after pipes A, B and C were filled up with condensed water, with 

assumptions of constant pressure of 6.86 MPa and temperature of 313 K.  Since the three-
dimensional analysis required very long computational time, the piping analyzed was limited 
to only 12 m length upstream of the accumulated water surface.  The boundary condition of 
the non-condensable gas concentration in steam at the upstream end of the piping was given 
by the one-dimensional analysis performed for the piping shown by the solid lines in Fig 1.   
 
3.2.2 Analysis Result 
 

The calculated non-condensable gas concentration and its temperature distributed along 
the pipe as shown in Fig. 3.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3  Gas Concentration and Temperature Distribution along Pipe 
 
After 6,000 hours operation, highly concentrated non-condensable gas was accumulated 

in the region extending 6.9 m upstream from the surface of the accumulated water.  Steam 
concentration accounts for the difference of 100% in the non-condensable gas concentration 
shown in the figure, and steam was found to be intermingled also in the non-condensable gas 
accumulation region.  In connection with the intermingling of steam, a distribution arises of 
the gas concentration and temperature in a non-condensable gas region.  This result was given 
as the initial condition for the hydrogen combustion analysis.   
 
 
4. FLUID FLUCTUATION ANALYSIS 
 

The pipe rupture occurred immediately after operating the valve in the HPCI line.  The 
valve was opened for a HPCI surveillance test.  When the valve opened, steam in the HPCI 
line suddenly started moving, resulting in disturbance of fluid in the steam condensing line.  
Since there was large temperature difference at the boundary between steam and non-
condensable gas regions as shown in Fig. 3, disturbance of fluid around the boundary was 
evaluated.   
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4.1 Analysis Method  

 
First, one-dimensional analysis for fluid in the whole piping (the solid line of Fig. 1) 

was performed with the in-vessel thermal hydraulics module [3].  This module is the same as 
RELAP5/mod3 code.  Then, three-dimensional analysis was performed for fluid in the 12 m 
length pipe upstream of the accumulated water surface, using the three-dimensional multi-
component compressible flow analysis module.  This module was also used in hydrogen 
combustion analysis.  The boundary condition was given by the output from the one-
dimensional analysis.  In the three-dimensional analysis, the spatial mesh size was about 20 
mm.   
 
4.2 Analysis Result 
 

The analysis result is shown in Fig. 4.  The temperature at 110 mm upstream of the 
boundary (110U in Fig. 4), where steam existed initially, fell by about 90 K transitionally and 
approached the initial temperature of the non-condensable gas.  This was because the 
upstream piping was decompressed transitionally, resulting in inflow of low-temperature non-
condensable gas into the steam region.  The temperature decrease at 225 mm upstream of the 
boundary (225U in Fig. 4) was only 10 K.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Temperature Transient due to HPCI Valve Operation 



 
 

Subsequently, the temperature of the non-condensable gas near the boundary (point C in 
Fig. 4) rose by about 60 K transitionally, and became about 515 K.  This was because the 
pressure in the pipe recovered after the depressurization.  The temperature increase at 310 mm 
downstream the boundary (310D in Fig. 4) was only several K.  Then, the fluctuation became 
small gradually.    

 
In the region where temperature fluctuated, the non-condensable gas concentration also 

changed transitionally.  However, the region was limited within 200-300 mm upstream and 
downstream across the boundary. 
 
 
5. HYDROGEN COMBUSTION ANALYSIS 
 

The hydrogen combustion analysis module included in the IMPACT code [4] was used.  
A summary of this module is shown in Table 1.  
 

Table 1. Summary of the Hydrogen Combustion Analysis Module 

Analytical subjects ⋅ Multi-component compressible flow, including combustion 
and chemical reactions 

Physical model 
Turbulence model · k-ε 2 Equation Model 

Combustion-related 
models 

· Combustion model: Overall reaction model and elementary 
reaction model 

· Reaction rate model: Arrhenius type model, eddy dissipation 
model [5], and combined model 

Numerical solution 

Difference scheme 
· FDM, staggered 
· The first-order donor-cell method and the QUICK can be 

selected for convection terms 
Computational grid · Structural grid (Cartesian or cylindrical coordinate grid) 
Time integration scheme · SIMPLE method [6] 
Shape expression · Porous medium method 
Other · Multiphase flow and droplet dynamics can also be analyzed. 

 
5.1 Basic Equations and Models Used 
 

The basic equations for multi-component mixed gases with combustion are mass, 
momentum and energy conservation equations, equations of state for compressible fluid, and 
mass conservation equations for each chemical species.  Not only molecular diffusion but also 
turbulent diffusion is taken into account in the mass conservation equations for each chemical 
species.  Solving these equations, pressure, mass fraction of each chemical species, flow 
velocity, temperature, and density are obtained as functions of time and space.  Three-
dimensional Cartesian coordinate system was used in the present analysis. 

 
For a combustion model, a one-step irreversible overall reaction model was used in the 

present analysis, since the elementary reaction model requires very long computation time.   
 



 

Ignition 
Point

500

400

300

200

100

Pr
es

su
re

 (M
Pa

)

Time (ms)

(9): 
300MPa

(4): 37MPa, V=610m/s

(6): 115MPa, V=2870m/s

(5): 101MPa, V=2700m/s

DE: 420MPa

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

(8): 118MPa, V=2950m/s

(7): 259MPa

(9): 253MPa
DE

(9) (8)

(6)

(7)

(5)

(4)

Hydrogen/Oxygen Region

Steam
Region

Ignition 
Point

500

400

300

200

100

Pr
es

su
re

 (M
Pa

)

Time (ms)

(9): 
300MPa

(4): 37MPa, V=610m/s

(6): 115MPa, V=2870m/s

(5): 101MPa, V=2700m/s

DE: 420MPa

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

(8): 118MPa, V=2950m/s

(7): 259MPa

(9): 253MPa
DE

(9) (8)

(6)

(7)

(5)

(4)

Hydrogen/Oxygen Region

Steam
Region

Based on parametric analyses and consideration of physical phenomena, the Magnussen 
eddy dissipation model was used as the reaction rate model in the present analysis [4].  The k 
and ε calculated by the transient analysis of flow fluctuation due to the HPCI valve operation 
shown in the previous section were used as the initial values. 
 
5.2 Analysis Conditions 
 

The analysis region was from the surface of the accumulated water (hereafter, dead end: 
DE) to the upstream end of pipe K.  It was assumed that the pipe wall and the dead end were 
rigid bodies.  The upstream end of pipe K was assumed to be free condition.  The time step 
width was 5 µs, and the spatial mesh size was about 20 mm.  The concentration and 
temperature distribution in the non-condensable gas region shown in Fig. 3 was set as the 
initial condition.   
 
5.3 Analysis Result  
 

The analysis result is shown in Fig. 5.  The combustion mode in the region of 
downstream point 5 was thought to be detonation, because the pressure propagation speed 
exceeded the sound velocity in present analysis.  The peaks of pressure appeared several times 
at each point. The 1st peak was caused by the progressive pressure wave with combustion.  
The peaks after the 1st peak were caused by the pressure wave reflected from the elbow and 
the dead end.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Pressure Transient due to Hydrogen Combustion 
 

The pressure peaks in the elbows were 2.0-2.5 times higher than those in straight parts 
of pipes because the high speed flow impacted on the elbow of pipe.  The pressure peak value 
at the dead end was the highest.  However, this value was overestimated, since the pressure 
reduction effect due to the compressibility of water was neglected in the present analysis.  
Because the point 9 was the nearest position from the dead end and it was an elbow, the 2nd 
pressure peak reached 300 MPa due to the overlapping of the reflected pressure wave.  This 
was the highest pressure in all positions except for the dead end.   

 



 
The results obtained from the present analysis were compared with the theoretical 

solution based on the one-dimensional steady Chapman-Jouguet conditions (C-J conditions) 
[7, 8].  The analytical results used for comparison were the values at the straight parts of pipes 
in the developed detonation region (point 6 and point 8) and the 1st peak of the pressure and 
pressure wave propagation speed were compared.  At point 6, the calculated pressure peak 
value was roughly equal to that of C-J conditions, and the propagation speed was 
approximately 5% lower than that of the C-J conditions.  At point 8, the calculated pressure 
peak value was approximately 6% lower, and the propagation speed was approximately 2% 
lower.  Since the difference between the two was small, it was concluded that the analytical 
results almost agreed with the C-J conditions.   
 
 
6. PIPE DEFORMATION ANALYSIS 
 

A three-dimensional dynamic response analysis of pipe deformation was performed, 
taking the time transient of the three-dimensional pressure distribution as boundary conditions 
inside of the pipe.  The pipes were expressed by Lagrange coordinate system shell elements, 
and analysis region was up to 1 m upstream from the surface of the accumulated water. 
Failure criterion based on equivalent strain was applied, and the critical strain (Logarithmic 
strain) was assumed to be 20 %.  As a result, it was found that the strain in the pipe elbow 
above the surface of the accumulated water exceeded the critical strain, so the pipe ruptured.  
The other pipe section only bulged since the strain did not reach critical strain. These results 
were generally consistent with the results of actual pipe deformation observed after the 
accident.   
 
 
7. CONCLUSIONS 
 
Non-condensable gas accumulation, hydrogen combustion behavior and pipe deformation 
behavior in the steam condensing line of the Hamaoka-1 BWR plant, where the pipe ruptured, 
were analyzed, following the detailed fluid behavior analysis.  The results are summarized as 
follows: 
 
(1) water due to steam condensation accumulated in the hollowed part at the downstream end 

of the line (pipes A, B and C) within 3.4 days after the start-up of the cycle operation.   
(2) The temperature of the accumulated water reached almost the ambient temperature within 

14 days after the start-up of the cycle operation.   
(3) Hydrogen and oxygen concentrated and accumulated at the downstream end of the line for 

a length of 6.9 m and concentration and temperature had distribution along the 
accumulated region, during the 8 months cycle operation.   

(4) At the boundary between the accumulated non-condensable gas region and the steam 
region, temperature and concentration fluctuated due to the operation of the HPCI valve.  
The fluctuating region was limited to within 200-300 mm upstream and downstream 
across the boundary.   

(5) The hydrogen detonation pressure in straight pipes was about 110-130 MPa and its 
propagation speed was about 2800-3000 m/s, which almost agreed with the Chapman-
Jouguet theoretical solutions, and the peak pressure at elbows was 2-2.5 times higher than 
the pressure in the straight pipes due to overlap of the pressure waves.   

(6) From the pipe deformation analysis, it was concluded that the pipe ruptured at the elbow 
contiguous to the accumulated water surface, while other portions showed only extension.  



 
This result was generally consistent with the result of actual pipe deformation observed 
after the accident.   
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Abstract 
The accident management approach affects nuclear technology and safety with a new 

formulation of basic hypotheses for the evaluation of the Source Term and radiological impact on the 
population due to Fission Product release following Severe Accidents. Considering also the wide 
spectrum of hypothetical and low probability accident scenarios having these kind of consequences, 
the sequences having potential for air ingress into the reactor coolant system or involving the 
interaction between fuel and air, which can flow into the reactor coolant system from the containment, 
have recently gained more and more interest. 

The research activities summarised in this paper have been carried out at the Department of 
Mechanical, Nuclear and Production Engineering of Pisa University, in the frame of an international 
Project of the IV European Community Framework Programme. The activity included a review of the 
spectrum of accident sequences to be considered for the investigation of the air ingress probability, the 
behaviour and the effects of air ingress into the reactor core. Two classes of scenarios were identified 
for a more in-depth analysis: (a) mid-loop sequences, and (b) scenarios including vessel melt-through. 
In this frame, mid-loop sequences, having more probabilistic interest than vessel melt-through 
scenarios, have been investigated by using 3D analytical tools (i.e. Fluent V5.0 fluid-dynamic code). 

1. INTRODUCTION 

Nowadays, in the international scientific community and in the public opinion, there is an 
increasing attention for various aspects related to the social acceptance of nuclear technology, being 
most of safety ones concerned with accident management implications. 

Considering also the wide spectrum of hypothetical and low probability accident scenarios 
which might have as consequence severe core damage, the sequences having potential for air ingress 
into the reactor coolant system or involv ing the interaction between fuel and air, which can flow into 
the reactor coolant system from the containment, have recently gained more and more interest, [1], [2]. 

Some recent reactor studies focused on phenomena related to the air ingress into the vessel of 
PWRs, since it has been realised that interaction of air with Zircaloy cladding and UO2 fuel pellets can 
strongly affect the evolution of Severe Accident scenarios through heat generation, enhanced core 
degradation and fission product release. A particular worry is the influence of air on the radiological 
source term due to the volatilisation of ruthenium oxide, which is highly radio-toxic both in the short 
and in the medium term after the accident. 

The activities carried out in the frame of a research program sponsored by European 
Community (IV EU Framework Programme) included a review of the spectrum of accident sequences 
to be considered for the investigation of the air ingress probability, the behaviour and the effects of the 
air ingress into the reactor core. Basing on the thermal-hydraulic phenomena that drive the accident 
evolution, the role of natural circulation in promoting the air ingress into the reactor core has been 
investigated. Two classes of scenarios were identified for a more in-depth analysis: (a) mid-loop 
sequences, and (b) scenarios including vessel melt-through. 

Aiming at characterising the air distribution into the reactor core, i.e. the local conditions under 
which air-driven core degradation mechanisms can take place, 3-D fluid-dynamic analytical tools were 
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used to predict the fluid spatial distribution and gather any useful information for following possible 
accident management measures. The main results obtained from this research activity are presented in 
the paper. 
 
2. MID-LOOP SEQUENCES WITH POTENTIAL AIR-INGRESS INTO THE REACTOR 

CORE 

While the air ingress potential effects during “late phase” scenarios are generally understood 
from analysts, due to the quite high probability of air ingress under these conditions (these scenarios 
have been widely investigated (see also [3]), the potential effects for the second class of scenarios 
have been considered just since a few years, also due to the evidences from experimental programmes 
carried out in Integral Test Facilities such as BETHSY and LSTF, specifically aimed to "accident 
management" research objectives, [4]. 
 
2.1 Mid-loop scenarios 

During maintenance and inspection operations in a PWR, the liquid level is maintained at the 
mid-height of the horizontal hot leg piping, with the upper portion is filled by air or nitrogen ("mid 
loop" operation mode). Loss of Residual Heat Removal (RHR) function during such conditions has 
been experienced in several plants as a result of a Station Black-out or due to air binding of the RHR 
pump, (e.g. see [4], [6]). Boiling of the coolant inside the vessel with consequent pressurisation of the 
reactor coolant system, may result in coolant discharge through man-ways opened in the Steam 
Generators or in the pressuriser, or through the vessel head, with the thermal-hydraulic response of the 
system strongly depending on the location of the openings. Furthermore, binding of non-condensable  
gases in the U-tubes result in limited cooling capability by Steam Generators, with following reduced 
depressurising efficiency, and delayed gravity-driven injection of coolant from the Refuelling Water 
Storage Tank (RWST). 

The potential for mid-loop sequences to evolve towards core degraded conditions cannot be 
neglected: progressive core uncover will promote the onset of the steam/Zircaloy reaction in the upper 
core region, progressively extending downwards. Although steaming from the residual coolant might 
prevent an extensive core-air interaction, convective phenomena could anyway involve air entrainment 
in some core zones. Furthermore, in case of steam starved conditions, Zircaloy/air reactions could play 
a relevant role in the damage progression, [1]. Accidents starting from shutdown conditions can be 
subdivided in two main groups: (1) sequences with one or more open man-ways, and (2) accidents 
degraded until eventual lower head rupture. 

Both from the phenomenological and analytical point of view, the second category is equivalent 
to the late phase degraded sequences (see also [3], [7]). An extensive overview of the various 
sequences has been already performed in [1], in which analytical considerations on the various plant 
conditions have been supported, where applicable, by the extrapolation of the results available from 
experimental programs carried out in Integral Test Facilities such as BETHSY and LSTF. 

During mid-loop operation, with the vessel head off (see Figure 1), a severe accident can be 
initiated by the loss of the RHR system: the reactor core level will decrease and a gas mixture 
circulation will establish in the uncovered core region, where the fuel temperature progressively 
increases. In these conditions, air can be entrained into the fuel lattice zone by means of the natural 
circulation of gases, thus starting locally the interaction with Zircaloy cladding and the core damage. 
Anyway, some analyses carried out with MELCOR code show that it is not likely that air will enter 
into the fuel lattice, [8], [9], until most of the water in lower plenum has been evaporated. 

The potential initiating events that lead to loss of RHR during mid-loop operation have been 
classified in five categories, as in the following classification, [10]: 
1. Over-draining during drain down - failure in terminating the drain down process, while the 

Reactor Coolant System is being drained to the hot leg mid-plane, followed by RHR pump trip, to 
avoid pump damage due to cavitation; 

2. Failure to maintain level - events occurring during mid-loop operation, as a result of failure in 
maintaining the water level in the Reactor Coolant System; 

3. Total non-recoverable loss of the RHR - events with failure of the RHR, with non-recovery 
within the time frame of the accident; 
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4. Loss of the operating RHR train - loss of the operating train, with the stand-by train available to 
put into service; 

5. Recoverable loss of the RHR - events with RHR failure and its following restoration. 
More than 80% of the mid-loop related core damage sequences are due to over-draining (1st 

item) and total non-recoverable loss of RHR events (5th item). In the former case higher core damage 
frequency arises from the (a) the high initiating event frequency, (b) the operator intervention which 
trips the operating RHR pump (moreover, the recovery of the tripped pump takes long time). In the 
latter case, being no RHR pump available, other mitigation actions must be implemented to have 
decay heat removal, and plant recovery. 

Alternatively to the vessel open head scenario, where the steaming from the residual coolant 
lowers the probability of air ingress, air can enter into the reactor coolant system through other 

openings, and, bubbly or in slug way may reach 
the core region through the cold legs, via the 
vessel downcomer. In this context, a significant 
contribution can result from pump coast-down or 
re-starting, during which the air trapped into the 
coolant might be forced into the core, where, 
locally, conditions for Zircaloy cladding and 
oxygen interaction might establish, with 
consequent onset of core degradation. Being still 
not possible to characterise this last scenario by 
typical thermal-hydraulic system codes (such as 
SCDAP/RELAP5, ICARE/CATHARE, etc.), due 
to intrinsic limitations related to their general 1-D 
approach, it was selected for multidimensional 
analyses to be carried out by using the FLUENT 
V5 code, a tool typically designed for the 
evaluation of multidimensional fluid flows. 

Figure 1: Possible air ingress mode during early stages of an open head scenario, [2]. 

3. ANALYSIS OF MID-LOOP SCENARIOS 

Aiming at qualifying the methodology, also starting from experimental evidences, the analytical 
activity on mid-loop scenarios was organised in various phases: 
1. selection of a representative experimental database to be utilised as reference both for physical 

understanding of phenomena and code assessment; 
2. qualification phase of the computer code model to be utilised for further analyses basing on 

BETHSY test 6.9c (ISP38) experimental data; 
3. evaluation of core damage progression in a hypothetical mid-loop sequence, starting from ISP38 

available boundary and initial data and assuming an unmitigated evolution of the transient, 
identification of critical phases for air/fuel interactions; 

4. modelling and prediction of air-ingress local effects in specific time windows of the analysed 
sequence by CFD analytical tools, aimed at investigating air distribution into the reactor core. 

Specific details on the first three phases can be found in [1], [3], while the last one is the 
discussed in the following. Starting from SCDAP/RELAP5 calculation results related to an 
unmitigated scenario hypothesised from BETHSY test 6.9C (ISP 38) sequence in which it was 
assumed the ECCS system non operating, preliminary information on non-condensable distribution 
inside the Reactor Coolant System have been gathered, [3]. This activity provided insights on severe 
accident phenomena, obtained modelling the BETHSY core by using SCDAP nuclear rod 
components, and driven the selection of the sequence to be analysed by the FLUENT code. 
 
3.1 Reactor vessel nodalization 

The reference reactor adopted for the analyses is a two loop 980 MWe PWR having 2 cold legs 
and 4 hot leg nozzles. The reactor core consists of 217 fuel assemblies, each one having 176 fuel rods 
(14x14 array), for a total number of 38192 active fuel rods. A summary of the reactor design 
characteristics is summarised in the following Table 1. 
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REACTOR PARAMETERS VALUES 
Fuel (UO2) pellet diameter & length 9.639 mm &  1.524 mm 
Cladding (Zry-4) inner & outer diameter 9.855 mm & 11.176 mm 
Core Active & total length 3.81 m  &  4.09 m 
Fuel rod pitch  &  array 1.473 mm  &  14x14 
Guide tube number & inner diameter 5  &  2.629 mm 
Fuel & instrumented assemblies 217  &  45 
Active fuel rods & total core area 38192  &  9.383 m2 
Core equivalent & circumscribed diameter 3.454 m  &  3.620 m 
Total fuel & zircaloy weight 106.6 ton  &  25.2 ton 
Total heat output 3390 MWt 
Nominal pressure 15.4 MPa 
Coolant inlet  & outlet temperature 560 K  &  595 K 
Total reactor coolant flow  &  flow area 186.1 kg/s  &  4.94 m2 
Average core coolant velocity 5.1 m/s 
Pressure drop across core & across vessel 86 kPa  &  300 kPa 
Total heat transfer area 5100 m2 
Average linear heat rate per rod 22.64 kW/m 
Specific power 35.7 kW/kg U 

Table 1 - Design characteristics of the reference reactor. 

 
Aiming at modelling the fluid 

distribution in the reactor core in case of 
air-ingress, the noding scheme was limited 
to the reactor vessel, including the main 
inlet and outlet nozzles. To reduce the 
calculation load related to the number of 
meshes, taking into account the system 
symmetries and FLUENT model 
capabilities, it was decided to model only 
one-half of the reactor vessel, without loss 
of coherence for fluid conditions, since it 
was imposed a SYMMETRY condition in 
the vessel symmetry plane. As a 
consequence, the model includes two cold 
leg nozzles and one-half of each hot leg 
nozzle, having adopted coherent related 
flow rate values. 

The vessel model includes the 
schematisation of the main vessel parts, the 
down-comer annulus, the lower head, the 
bypass channel, the barrel, the core and the 
upper head zone, as schematically sketched 
in Figure 2. All the main wall surfaces 
have been modelled by utilising the two 
sided wall model (a wall constitutes the 
interface between two regions, such as 
solid/fluid interfaces for conjugate heat 
transfer problems), allowing to study the 
heat  exchange  between  walls  and  fluids , 

Figure 2: Schematic of 3-D vessel model. 
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while specific FLUENT features, [11], such as porous medium models, have been adopted (at least as 
a first glance) to schematise the reactor core. 

Various series of calculations have been performed, also to investigate code model capabilities 
in simulating specific reactor phenomena. The FLUENT “porous media” conditions have been 
adopted in the further labelled VESSEL calculations, aiming at modelling in a simplified and 
homogeneous way the flow through the core and the related pressure loss, without any need of 
detailed scheme, since this model has been specifically developed to study flow through tube banks, 
perforated plates. 

In a further series of calculations, due to the code problems experienced by using the porous 
media model, to get at least a coherent prediction of the fluid behaviour inside the vessel before 
reaching the reactor core zone, the core section behaviour was neglected by adopting a more 
simplified porous media approach. This was realised by introducing a FLUENT “porous jump” 
boundary condition, i.e. the 1-D simplification of the full porous media model, being described as a 
more robust model and yielding better convergence of the full one. In this case, the core plate was 
assumed to be as a thin membrane, whose velocity and pressure drop characteristics were well known. 

For turbulence, among the various modelling capabilities included in the FLUENT code, the 
κ−ε  model was adopted with the “near wall two layer” option: this allowed to get, for the velocity 
field, results coherent with the velocities evaluated for the inlet conditions and the fluid passage 
through the core, still keeping the problem physics and reasonable calculation times (e.g. by adopting 
the Reynolds Stress turbulence model, calculation times significantly grow up without any significant 
improvement of accounting for turbulence). 

To investigate air diffusion in the core region, the analysis was focused on a more in deep 
assessment of the fuel assembly behaviour. To this aim, the fuel assemblies of a quarter of core have 
been represented by solid rods (one rod for fuel assembly), preserving the right core flow area. The 
adopted scheme (something like a closed tube bank with fluid flowing throughout) allowed to model 
the effect of a radial power distribution in the core. Selecting a core quarter, compared to previous 
analyses carried out on a half core was an obliged choice, because, the quarter model already involved 
a very large number of meshes (roughly 150000 3-D cells) and had very long calculation time. 

In the “CORE” calculations, the inlet flow conditions and the fluid distribution were taken from 
the vessel case calculation, then preserving the previously evaluated conditions. By this approach, the 
steady conditions evaluated in the vessel calculation together with the fluid concentrations at the 
downcomer inlet were used to initialise the core calculation. 

After calculating the flow field with a steam atmosphere, it was assumed that a train of air 
bubbles (each having 0.5 m-diameter and 0.8 m/s-velocity) passes through the reactor core, being the 
air bubble sequence schematically represented in Figure 3. By this way, this means roughly a 
0.0157 m3 injection, that correspond to ~0.00785 kg/s of O2 passing through the core channels, an 
amount which is consistent with SCDAP/RELAP5 estimated values, [3]. 

Figure 3: Air bubble injection history adopted for “core” calculations. 
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4. OVERVIEW OF THE RESULTS 

4.1 Vessel calculations  

The vessel calculations (carried out by utilising a PWR half vessel model), highlighted that, 
after calculation starting, it was not possible to get consistent velocity values, above all in the core 
region, where the fluid code calculated velocity reached hundred meter per second, whenever cold leg 
inlet values were representative of the right conditions, and no reasonable condition justified velocity 
growths, also taking into account inlet and outlet pressure conditions. 

As a consequence, the porous media boundary condition was removed and the core region was 
assumed to be a free flow channel, without fuel assemblies, in which the fluid motion was 
characterised, in order to verify the basic code capabilities dealing with this kind of problems (not 
considered as “standard applications” for the FLUENT code). In this context, after injecting pure 
steam through the cold legs (0.5 kg/s per each, corresponding to 2 kg/s for the entire vessel), the 
species calculation was activated and it was performed a transient calculation (lasting 40 s) in which 
an air/steam mixture (90% steam and 10% air) flows through the downcomer, reaching the core inlet. 
By this, it was possible to characterise air flow paths and diffusivity in such simplified conditions. 

A sketch of the time progression evaluated for O2 concentration in the various vessel zones is 
summarised in Figure 4, showing the main behaviour evaluated by the code for this scenario. It can be 
noted that during the first 5 s. transient the air flow reaches the lower head, passing through the 
downcomer annulus with a regular and symmetric shape. Then, after mixing with the lower head fluid, 
it starts going upward, with a sort of air plume (placed in the middle -pheripheral radial zone of the 
core) which first reaches the core lower region (roughly at 10÷15 s. transient time). In the final phase, 
air fully enters the core still keeping a quite regular shape, globally diffusing in the whole. 

The porous media formulation (including also the 1-D porous jump approach) was not adopted 
anymore, since also notices on bugs and erroneous predictions by FLUENT Inc., confirmed that these 
models still do not work in a reliable way. 
 
4.2 Core calculations  

The fluid distribution in the vessel, notwithstanding the limitations pointed out for the 
prediction of detailed behaviour in the core region, was the starting point of the analyses specifically 
focused on the core zone, related to the selected air bubble train time history (see Figure 3). 

The first “bubble” (injection time at 1.5 s) reaches the central core zone at about 2.5 s (see also 
Figure 5), but it is interesting to highlight that a diffusive phenomenon occurs in the radial direction, 
giving a sort of bubble spreading towards peripheral core zones. The diffusive effect is also easily 
observable at minor times, and its radial distribution does not appear to be just related to the radial 
power distribution assumed in the model (with decreasing temperature from the central to the 
peripheral core zone). The “photos” at different times give a clear idea of the bubble motion and of its 
passage effect for fluid distribution in the core. 

For the other two bubbles, (the shorter ones, each having an injection time of 1 s), entered 2.5 s 
after the end of injection of the first one, similar considerations can be drawn, and it can be observed 
that the transition time conditions give roughly a delay of 1 s for the bubble passage into the core (see 
Figure 6); the bubble flow exhibits the same diffusive effect pointed out for the first one. The third and 
last bubble of the simulated flow behaves similarly to the previous one, being in this case slightly 
evident a minimum overlapping on O2 concentrations due to the single bubbles; this is essentially due 
to the reduced time existing in this case between these two injection events. 

Different bubble conditions could be simulated, varying the diameter, the radial position, the 
injection and the time histories, as well the power distribution, the reactor fluid level and conditions, 
and so on. Such analyses are beyond the purposes of this work; in fact, whenever it is clear the 
relevance of each aspect, considering the limitations and the simplifications still needed to investigate 
the fluid distribution in a reactor scenario by utilising currently available 3-D analytical tools, it has to 
be understood that the present results contribute in giving first confidence on the occurrence of 
phenomena still not assessed in a multidimensional context, by high detailed schemes. 

The “core detailed” calculations highlighted some diffusive phenomena for the air bubbles, with 
air reaching the peripheral zone of the core, where, generally, unoxidised fuel rods are still present. 
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Whereas the radial diffusion prediction might be enhanced by some assumptions adopted in the core 
model, it has to be noted that in a melt-through scenario fuel conditions could result in air/fuel 
interaction establishing. On the contrary, for mid-loop scenarios diffusive phenomena might have 
different consequences, since it has to be reminded that local degradation phenomena which could 
occur anywhere in the core, and/or in the hot channel, with different implications for air/fuel 
interaction establishing. Both these aspects can have strong implications from the accident 
management viewpoint. 
 
5. CONCLUSIONS 

Preliminary analyses of accident scenarios which are potentially affected by the air/fuel 
interactions identified two classes of relevant sequences concerning their contribution to the source 
term, referred to mid-loop and vessel lower head melt-through sequences. To characterise plant 
behaviour under these kinds of transients, and with particular reference to the definition of the 
conditions in which the air/fuel interaction can develop, the approach followed for each of the two 
classes was to identify the connections with experimental data, where applicable. These results gave 
reasonable confidence on considering the vessel melt-through sequence as of little relevance for 
further investigation and on selecting for 3-D fluid-dynamic analyses the accident scenario starting 
from degraded mid-loop operation conditions. 

After the identification of phases and phenomena to be investigated in order to characterise the 
air distribution into the reactor core, it has been set-up a detailed geometric schematisation of a PWR 
reactor vessel, including the main core components and vessel internals; the geometric model was 
integrated by initial and boundary conditions needed to perform analyses by the FLUENT V5.0 code, 
taking into account specific code features and according to a case matrix prepared to assess both 
specific code model capabilities and local phenomena concerned with the air/fuel interactions. The 
scenario during the extended air/fuel degradation phase of a mid-loop sequence has been 
characterised, taking from the SCDAP/RELAP5 analyses the values for initial state inside the vessel 
and plant parameters (i.e. pressure, flow-rate, non-condensable mass flows) at vessel inlet and outlet. 

As a first glance, the core region was modelled by specific FLUENT models (porous media), to 
get a light scheme of the zone and to avoid huge amounts of nodes which would result in too heavy 
calculations in terms of needed memory and calculation times. A wrong behaviour of the porous 
media models made impossible to gather consistent results and fluid concentrations in the core region. 
As a consequence, first convergent solutions were reached only after removal of the porous media. 
These show the behaviour of an air stream reaching the core region after mixing in the vessel 
downcomer, with a sort of air plume first reaching the lower core region, and then “opening the way” 
to further air ingress in the other zones. 

To get more in deep information on air distribution into the core, a detailed scheme including 
just the core channels and the fuel assemblies was developed, simulating each fuel assembly through a 
single rod and its channel. By this approach, assuming as inlet boundary conditions those resulting 
from the vessel calculations (including distribution profiles, etc.), it was assumed that a train of 
bubbles passed through the core. The transient analysis pointed out, in these conditions, the occurrence 
of diffusive phenomena in radial direction, so that significant air concentrations would be expected 
also in the core peripheral zones, where, due to the previous phase accident evolution, unoxidised fuel 
rods are still present. Whenever the radial diffusion might be enhanced by the adopted core model, the 
results point out that in a melt-through scenario, where the peripheral fuel assemblies could probably 
be mainly undamaged due to steam starvation, this would result in air/fuel interaction establishing in a 
region potentially less affected by air/steam competition effects. 

On the other hand, for mid-loop scenarios radial diffusive phenomena might not have 
significant effects, since it has to be reminded that local degradation phenomena could occur 
elsewhere in the core, also in the hot channel, with different and more severe implications in case of 
air/fuel interaction establishing in this last zone, so that any diffusive phenomena would have no 
worsening effect on the transient evolution. 
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Figure 4: VESSEL case – velocity vectors coloured by O2 concentration (kg/m3, time window 1÷30 s). 
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Figure 5: CORE case – velocity vectors coloured by O2 concentration (kg/m3, time window 0.5÷4 s). 
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Figure 6: CORE case – velocity vectors coloured by O2 concentration (kg/m3, time window 4.5÷8 s). 



STUDY OF SEVERE ACCIDENT NATURAL GAS 
CIRCULATION WITH THE CFD CODE TRIO_U 

H.MUTELLE 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) 

Fontenay-aux-Roses, France 
 

U. BIEDER 
Commissariat à l’Energie Atomique (CEA) 

Grenoble, France 

Abstract 
This paper reports the preliminary studies carried out with the CFD code Trio_U to study the natural 
gas circulation that can establish in the primary circuit of a pressurized water reactor during a high-
pressure severe accident scenario. Two types of 3D simulations have been performed on one loop 
using a LES approach. In the first type of calculations, the gas flow in the hot leg has been 
investigated with a simplified representation of the reactor vessel and the Steam Generator (SG) tubes. 
Structured and unstructured meshing has been tested on the full-scale geometry with and without 
radiative heat transfer modelling between walls and gas. The second type of calculations deals with the 
gas circulation in the SG. The first results show a good agreement with the available experimental data 
and provide some confidence in the Trio_U code to simulate complex natural flows. 

 

1. INTRODUCTION 
 Some specific PWR severe accidents such as station blackout with a total loss of feedwater 
can lead to core meltdown at high pressure. For these accidents, the temperature and the pressure 
conditions can induce reactor cooling system ruptures by plastic or by creep failure. If this rupture 
takes place on a hot leg or on the surge line before the vessel fails, the depressurisation can avoid 
corium ejection at high pressure and the risks linked to direct containment heating. In contrast, if the 
first break occurs on a Steam Generator (SG) tube, it can lead to containment bypass and thus to 
fission products release outside of the reactor building.  
In order to predict the consequences of a high-pressure accident, it is necessary to simulate the natural 
gas circulation that transports energy from the core to the other structures of the primary circuit. One 
of the main areas of uncertainty is the modelling of the natural counter-current circulation that can 
establish in the hot legs and in the steam generators if liquid water stays in the pumps suction volumes. 
In this situation (see fig. 1), hot vapour flows out of the core to the SG inlet plenum. Some of the flow 
mixes with the fluid in the inlet plenum while some continues into the SG tubes. The hot vapour cools 
as it flows through the tube bundle to the outlet plenum and comes back to the inlet plenum because of 
the water plug in the cold leg. Again, some of this flow mixes in the inlet plenum and some returns 
directly to the reactor vessel through the bottom of the hot leg. In the system codes like 
SCDAP/RELAP5 [1] or ICARE/CATHARE [2] which are 1D-codes, this recirculation scheme is 
modelled by means of special nodalizations. There are based mainly on experiments carried out by 
Westinghouse on a reduced-scale mock-up with a simulating fluid [3]. These experiments can’t 
completely avoid scaling distortions because of the complex geometry and because of the fluid 
conditions. Thus, considering the progress made in CFD, a numerical approach has been adopted by 
the IRSN in order to study and to get additional data on this specific gas flow. The objectives are first 
to precise the values of the main thermohydraulic parameters required for the system analysis and 
secondly to examine the local thermal loadings on the structures. To this end, collaboration has been 
engaged with the CEA, which develops the CFD code Trio_U. This paper reports the preliminary 
studies carried out to demonstrate the capability of Trio_U to simulate multi-dimensional natural-
convection and recirculating flow phenomena that are encountered in a PWR primary circuit during a 
high-pressure accident scenario. First, we present the geometry of the system and the boundary 
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conditions applied. Then, we review the physical and numerical models used in Trio_U to solve the 
problem. Finally, we will discuss the numerical results obtained. 
 

 

2. DESCRIPTION OF THE GEOMETRY 
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Element Main dimensions 

Hot leg Length = about 6 m for the straight part; Internal diameter = 737 mm 

Steam generator plenums Internal radius = 1590 mm 

Steam generator tubes Number = 3330 reduced to 366 
Internal diameter = 19.685 mm increased to 59.055 mm 
Mean total length = 21.4 m (9.2 m for the straight part) 

Table 1 : Main dimensions of the components 
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The boundary conditions applied in the both models are chosen in regard of the respective physical 
phenomenon that are analysed : stratification in the hot leg, mixing and flow distribution between U-
tubes in the steam generator. In the SG flow model, the straight length of the U-tubes has been 
reduced, for the preliminary studies, from 9.2 m to 1 m in order to minimize the fluid residence time in 
the circuit and thus to reach a “stationary” state more quickly. Moreover, the opening and closing 
effect of the pilot operated relief valves on the flow has not been considered in this study. Thus, the 
surge line and the pressurizer have not been included in the models.  

 

3. THE TRIO_U CODE 
 Within the Trio_U project, a new thermal-hydraulic code is under development. It is especially 
designed for industrial Large Eddy Simulations (LES) on non-structured grids of several tens of 
millions of nodes [4]. The code is based on an object oriented, intrinsically parallel approach and is 
coded in C++. The flexible code structure allows the user to choose a suitable discretisation method on 
structured and non-structured grids and to combine appropriate physical models, several convection 
and time marching schemes. Various boundary conditions are available. This flexibility is 
implemented without a reduction of the overall performance of the code. 
 

3.1. The physical model  

3.1.1. Conservation equations 
 Using Boussinesq’s approximation, the conservation equations for the mass, the momentum and 
the energy are given in differential form by using the vector notation. 
 
Conservation of Mass:  
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Conservation of Energy: 
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3.1.2. Turbulence modelling : Large Eddy Simulation 
 In order to separate the large scale motions from the small scale fluctuations, a filter operation is 
applied on the conservation equations. In this operation, only the non-linear terms lead to contributions 
of the unresolved scales to the resolved ones. These contributions are summarised and defined in the 
subgrid scale tensors [5]: 
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• In analogy to the Boussinesq’s eddy viscosity concept, the subgrid scale tensor τ  is related to the 
large scale strain tensor. This leads to the filtered momentum equation for turbulent flow:  
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NB: In the equation (6) and the followings, the special notation of the filtered quantities is omitted 
( Uuv =

v
). 

The turbulent viscosity νt is calculated with the Smagorinsky’s model. This simple model is based on 
the Reynolds stress tensor of the resolved scales.  
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The characteristic length scale ∆  refers to the filter width and corresponds to the mesh spacing. Cs is 

the Smagorinsky constant (Cs = 0.18). 

• The turbulent heat flux is evaluated using an apparent turbulent conductivity λt = (ρ νt Cp) / Prt 
where Prt is the turbulent Prandtl number (Prt = 0.9). Finally, the filtered energy equation can be 
expressed in the form: 
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..   where           αt = λt / (ρ Cp) (8) 

3.1.3. The radiation model 
 The radiative heat transfer in an absorbing, emitting and scattering medium (radiatively 
participating gas) is described in Trio_U by the P1-model [6]. The equation to solve involves the 
radiance G (spatially integrated value of the luminance): 

( ) ( )4243
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The radiative model is then coupled to the energy balance (eq.(3)) of the fluid by the source term: 
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3.2. The numerical model 

 In Trio_U, the discretisation of the conservation equations is available on structured and 
unstructured grids: 

• For structured grids, the classical Marker And Cell (MAC) « Finite Volume » method is used.  

• For unstructured grids, the hybrid « Finite Volume based Finite Element » method is applied. 
This method consists in determining for a continuous problem a discrete solution in the space 
of the finite element by maintaining the balance notation of finite volumes. The space 
discretisation is performed with triangles in 2-dimensional case and with tetrahedral cells in 3-
dimensional case. In Trio_U, the main unknowns velocity and temperature are located in the 
centre of the faces of an element (tetrahedron) whereas the pressure is discretised in the centre 
and in the vertices of the element (staggered mesh). 

The implemented solution method is a matrix projection scheme derived from the SOLA method 
originally developed by Hirt [7]. For this method, the pressure is taken implicitly in the momentum 
equations and the velocities are taken implicitly in the continuity equation. All other terms are taken 
explicitly.  

3.3. The parallelism 
 A new object oriented, parallel data structure was developed which is especially designed in 
order to hide the parallelism to the user. As a consequence, new physical methods and numerical 
schemes which are introduced in the code will no more lead to new developments for their 
parallelization. The following designing choices were made:  
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• Parallelization model -> Data parallelism.  
The initial domain is split into smaller overlapping sub-domains which are distributed among 
the available processors. 

• Programming model ->SPMD  
The same code is executed by all the processors but using different data. 

• Communication model-> Message passing  
The communication between processors is explicit using PVM and MPI libraries. 

Since the application is intrinsically parallel, only one problem is treated which is solved in parallel by 
several processors. Therefore, the calculation domain is distributed in a load-balanced way among the 
available processors where the initial distribution is achieved using partitioning tools like METIS or 
SCOTCH. In order to optimise the communication between processors, frontier values of the sub-
domains are exchanged only when needed. 
 

4. NUMERICAL RESULTS AND OBSERVATIONS 

4.1. Hot leg calculation 

 In this section, the results of three calculations performed with the hot leg flow model are 
detailed. The first calculation has been performed with the Finite Volume (FV) method on a structured 
grid, the second one with the hybrid Finite Volume based Finite Element (FV/FE) method on an 
unstructured grid and the third one with this same last method but taking into account radiative 
exchanges in the fluid. The calculations have been performed on a COMPAQ SC232 parallel 
computer using six processors to take advantage of the TRIO_U code parallelism. The values of the 
initial and boundary conditions as well as the characteristics of each calculation are listed in the 
table 2. Temperatures and gas flow rates imposed on the boundaries result from the analysis of a total 
station blackout transient carried out with the MELCOR code. The gas flow rate at the vessel inlet 
doesn’t ensue directly from this analysis but it has been chosen after many tests so that the flow rate in 
the hot leg ranges from 1 kg/s to 2.5 kg/s which is the range at the end of the transient given by the 
MELCOR simulation. 
 

  FV FV/FE FV/FE with 
radiative heat 

transfer 
In-vessel temperature 1500 K 1500 K 1300 K 
Hot leg and SG fluid 
temperature 

1300 K 1300 K 1100 K 
 
 

Initial values 
Velocity 0

rr
=u  0

rr
=u  0

rr
=u  

Temperature at the vessel inlet 
(uniform) 

1500 K 1500 K 1300 K 

Temperature at the SG inlet 
(uniform) 

1300 K 1300 K 1100 K 

Gas flow rate at the vessel 
inlet (mean velocity) 

23 kg/s 
(0,26 m/s) 

Id Id 

 
Boundary 
conditions 
(see fig. 3) 

Gas flow rate at the SG inlet 
and outlet (mean velocity) 

6 kg/s (0.1 m/s) Id Id 

Total number of control 
volumes 

600 000 750 000 220 000 

Number of control volumes in 
the hot leg included the SG 
plenums 

210 000 680 000 77 000 

 
 

Meshing 

Average distance between two 
points in the meshing 

35 mm 15 mm 35 mm 

Table 2 : Initial and boundary conditions for the hot leg calculations 
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Strictly speaking, large eddy simulation needs to mesh the geometry so that the dimension of the 
control volumes is less than the Taylor micro scale given by:  

 kT = 3 * kI * (3/Re)1/2  (11) 

where kI is the size of the biggest vortexes in the system (integral scale). 

The estimation of the length kT gives values between 5 mm in the hot leg to 3.5 mm in the inlet 
plenum. The table 2 shows that the cutting length of the meshing is 7 to 10 times higher. Nevertheless, 
this estimation doesn’t take into account the thermal effects that stabilise the turbulent phenomena. 
This is the case in the hot leg where the Richardson number is about 0.42 showing that the flow is 
strongly stabilised by thermal stratification. Thus, the above Taylor scale values can be considered as 
minimum limits and the LES constraints are roughly respected. 

 

4.1.1 FV and FV/FE results 

 Figures 5, 6 and 7 on the next pages show the fluid temperature and velocity after 34 s for the 
FV and FV/FE calculations. In figs 6.3 and 7.3, the axial velocity is shown with a colour scale at three 
different locations in the hot leg pipe (the origin is taken at the junction between the vessel and the 
pipe). The vectors of the velocity field projected in the three cross-sections are also plotted. For both 
calculations, a stable inclined stratification is observed in the hot leg with an average flow velocity of 
about 0.3 m/s. The shear layer between the counter-current flows is clearly visible on the figure 5 
(there is no thermal boundary layer developing from the wall because of the adiabatic condition 
imposed on the pipe). The angle of the stratification plane in the straight part of the hot leg is about 
1.75°. This angle is in good agreement with the value of 1.9° measured by Westinghouse. 

In the pipe bend, the hot flow is accelerated and forms a vertical plume in the SG plenum which is 
strongly affected by vortexes which develop in the plenum. Consequently, there is no stable impact 
zone at the inlet of the U-tubes.  

The secondary flows (see figs. 6.3 and 7.3) observed at the pipe inlet are damped by thermal 
stratification at 3.5 m and are strongly regenerated in the bend where some hot gas is dragged by the 
cold flux as shown in the fig. 6.2. This mixing leads to a homogenisation of the temperature and thus 
could reduce the mechanical constraints in the bend wall that has been identified as a critical zone for 
induced failures [8]. 

 

 
Fig. 5.1 : FV/FE calculation 

 
Fig. 5.2 : FV calculation 

Figure 5 : Fluid temperature in the hot leg (K) 
(cross-section view located at 3.5 m from the vessel) 

 

 7 



 
Fig. 6.1 : Fluid temperature at the wall (K) 

 
Fig. 6.2 : Fluid temperature (vertical cross-section view) (K) 

 
Fig. 6.3 : Fluid velocity in the hot leg (m.s-1) 

Dragging of 
hot gas Figure 6: FV results 

6 m 3.5 m 0 m 
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Fig. 7.1 : Fluid temperature at the wall (K) 

 
Fig 7.2 : Fluid temperature (vertical cross-section view) (K) 

 
Fig. 7.3 : Fluid velocity in the hot leg (m.s-1) 

Figure 7: FV/FE results 

0 m 
3.5 m 6 m 
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4.1.2 Simulation of the radiative heat transfer in the fluid 
 The Westinghouse experiments, used to fix some parameters in the system codes, were 
performed at low enough temperatures such that radiation doesn’t play a significant role in the energy 
balance. This is not the case during a high-pressure severe accident where radiation contributes 
significantly to energy transport to and from the steam that behaves as a participating gas. In order to 
evaluate the influence of the radiative heat transfer on the flow, a calculation has been carried out with 
the P1 model implemented in TRIO_U and described in section 3.1.3. In equation (9), the absorption 
coefficient κ of the fluid has been estimated to be 0.3 m-1. For vapour at 16 MPa and 1300 K, it means 
that more than 90% of the radiation is absorbed by the vapour on 3.3 m length. The results of the 
simulation are shown in figure 8 below. As for the previous calculations, a stable stratification is 
observed. Nevertheless, the following differences can be noted: 

• a thermal boundary layer is created near the wall and is coupled with a well-organised 
secondary flow composed of four counter-current vortexes. These vortexes affect the cross-
section profile of the axial velocity and increase the mixing of hot and cold flows (see figs. 8.3 
and 8.4). As a result, the shear layer between the two counter-current flows is thicker than in 
the FV and FV/FE calculations and the average flow velocity in the pipe is reduced by about 
20 % compared with a similar calculation performed without radiation modelling; 

• the hot stream flowing in the upper part of the hot leg is partially mixed with the cold vapour 
before it reaches the pipe elbow (see fig. 8.1). As a result, the thermal loading on this part of 
the primary circuit could be less important than forecast.  

 

 

Fig. 8.1 : Fluid temperature (vertical cross-
section view) (K) 

 
Fig. 8.2 : Radiance (vertical cross-section view) 

(W.m-2) 

 
 

Fig. 8.3 : Fluid temperature in the hot leg (K) 
(cross-section view located at 3.5 m from the 

vessel) 

Fig. 8.4 : Fluid velocity in the hot leg (m.s-1) 
(cross-section view located at 3.5 m from the 

vessel) 

Figure 8 : FE/FV results with radiative heat transfer modelling 
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4.2. Steam generator calculation 

 The main objectives of the stand alone steam generator analysis are the following points: 

• Test of the whole chain implemented at CEA for transient CFD calculations of more than 
5 million control volumes, i.e. CAD-modelling / meshing / domain decomposition / parallel 
calculation / post-processing; 

• Test of the selected numerical method and physical modelling; 

• First estimation of some thermohydraulic parameters like the number of the direct SG-
tubes. 

 

  
Figure 9 : Steam generator: CAD model and domain decomposition for 8 processors 

 
Starting from a CATIA CAD-model (see fig. 9), the tetrahedral mesh of about 2 Mio meshes (5 Mio 
control volumes) was created using the software ICEM-TETRA (64 bit version 4.2 is necessary). 
About 1.8 Mio tetrahedrons are located in the 366 SG-tubes and 200 000 in the steam generator 
plenums. The domain decomposition is done either by METIS, what leads to very inhomogeneous and 
segregated domains, or by simple geometric consideration without automatic optimisation of the mesh 
number per processor. The result obtained with this last procedure is shown in fig. 9. A particular 
problem accounted for is the treatment of geometries of various meters in length together with using 
meshes of some millimetres width. This problem occurs for the mesh generation, the domain 
decomposition (which requires very high precision) as well as for the convergence behaviour of the 
pressure solver. Visualisation of the flow fields is another difficulty when using more than about 5 
Mio control volumes. It often requires data reduction procedures, high storage capacities, fast data 
transfer protocols and high-definition graphic workstations (or PCs). 
 
After preliminary tests, the numerical scheme chosen for the SG analysis (chapter 3.2) corresponds to 
the Boussinesq’s approximation with a second order time scheme, a second order centered convection 
scheme and a second order diffusion scheme. As a consequence of the closed domain, very strict 
criteria for the mass conservation (convergence criteria of the pressure solver) must be applied.  
 
The velocity and the fluid temperature imposed with uniform profiles at the “elbow inlet” (see fig. 4) 
are taken from the “hot leg calculation” presented before. There are equal respectively to 0.42 m/s and 
1300 K. The walls of the SG tubes are maintained at 1100 K during the transient. A non-moving 
(U
r

) isothermal (T=1100K) flow gives the initial condition.  0=
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The distribution of the wall and fluid temperatures, 15 seconds after the beginning of the hot injection, 
are displayed on figures 10 and 11. One notes that the vapour from the hot leg rises rapidly in a plume 
in the inlet plenum. A stratified fluid layer spreads across the bottom of the tube sheet. The figure 12 
presents a horizontal cut through the SG tube bundle where the axial velocity in the tubes is shown 
The impact zone of the hot jet with high axial velocities is clearly identified as well as the upward 
flow in the first row of SG tubes (positive velocities in red). The tubes carrying hot fluid are mainly 
concentrated in the area above the hot leg entrance. This configuration in the inlet plenum is in good 
agreement with the experiments [9]. At the given instant, the vapour flows from the SG inlet plenum 
to the SG outlet plenum through about 20% of the U-tubes (these tubes are called direct tubes). This 
proportion is lower than the 0.3 ratio between hot and cold pipes reported by Westinghouse [3] but it 
should be mentioned that, at 15 s, the flow has not reached yet a stationary state in the simulation.  

 

Figure 10 : Wall temperature 
distribution (K) 

 

  

Figure 11 : Fluid temperature 
distribution (K) 
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Figure 12 : Axial velocity in 
the SG tubes (m.s-1) 

 

5. CONCLUSION & FUTURE WORKS 

 This article presents the calculations performed with the CFD code Trio_U to study natural gas 
convection in the primary circuit of a pressurized water reactor under high-pressure severe accident 
conditions. The results show the capability of Trio_U to simulate complex natural flows and provide 
some confidence in the code. The CFD approach proves to be effective to precise thermal loading on 
the structures and to evaluate the influence of radiative heat transfer on the flow, both things difficult 
to evaluate in experimental tests with simulating fluid.  
The next step of this work is a calculation with the whole geometry including the pressurizer. Higher 
levels of temperature will be also investigated using the new asymptotic model for low Mach number 
compressible flows implemented in Trio_U. Furthermore, an analysis of the opening and closing 
effect of the pressure operating relief valves on the thermal stratification in the primary circuit is under 
progress.  
 
The simulations carried out with Trio_U will be one of the elements used in the overall IRSN analysis 
of high pressure severe accident scenarios. The main part of this analysis will be still based on a 
system code (namely the ICARE/CATHARE code) but the calculation performed at some specific 
times with Trio_U will give the main parameters to be used in the ICARE/CATHARE nodalization of 
the primary circuit. In an other hand, a mechanical model of the hot leg and the steam generator has 
been built using the CASTEM2000 code. The results of Trio_U will be used to give more detailed 
local thermal boundary conditions to this model than those obtained by a system code. 
 

NOMENCLATURE 
Cp Specific heat at constant pressure (J.K-1.kg-1) 
CS Smagorinsky constant (-) 
gr  gravity vector 
G Radiance (W.m-2) 
n Fluid refraction index (-) 
kI Integral scale (m) 
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kT Taylor scale (m) 
P Pressure (Pa) 
Re Reynolds number 
Sij Reynolds stress tensor 
SR Radiative power density of the gas (W.m-3) 
ST Total power density released within the fluid (W.m-3) 
t Time (s) 
T Temperature (K) 
T0 Reference temperature (K) 
ur
r
 Filtered velocity (m.s-1) 

U  Fluid velocity (m.s-1) 
 
λ Conductivity (W.m-1.K-1) 
λt Turbulent conductivity (W.m-1.K-1) 
β Volumetric thermal expansion coefficient (K-1) 
ρ Fluid density (kg.m-3) 
κ Absorption coefficient of the fluid (m-1) 
σ Stephan-Boltzman constant (σ = 5.67 10-8 W.m-2.K-4) 
ν Kinematic viscosity (m2.s-1) 
ν  Turbulent viscosity (m2.s-1) t

τ
r

,  Subgrid scale tensors Θ
r r
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Abstract 
 

Two CFD codes, viz. STAR-CD and FDS have been used at BARC to perform the 
hydrogen transport calculations for the containments of Indian Nuclear Power plants 
(NPPs). Both the codes  have been validated against in-house test data from the single 
compartment test facility (HYMIS). The code FDS, which was found more suitable for 
performing hydrogen transport calculations, was subsequently extensively used for 
carrying out hydrogen distribution calculations in multi-compartment geometries and 
also for validating the reported Canadian data on passive dilution of lighter gas from 
the tests conducted in the Large Scale Gas Mixing Facility (LSGMF). Attempts are also 
underway to employ CFD codes for modeling the passive catalytic recombiners in both, 
a simplistic manner and also in  an exhaustive manner. This paper briefly describes the 
results of these studies.  

 
1. INTRODUCTION 
 
The assessment of safety of Nuclear Power Plants (NPPs) is an extremely complex task 
involving analytical modeling of several complex thermal-hydraulic phenomena 
associated with the behaviour of different components, systems etc., during normal 
operating conditions as well as under accident scenarios. The containment building of 
NPPs along with its associated Engineered Safety Features (ESFs) is one such system, a 
failure in the intended performance of which under accident conditions can lead to severe 
consequences to the public and the environment at large. The containments, in the pre-
TMI era,  were by and large designed and assessed for  the pressure and temperature 
loadings arising out of the Design Basis Accidents involving LOCA. However, following 
the accidents at TMI and at Chernobyl, the hydrogen transport and mitigation issues came 
into prominence. Consequently, analytical modeling of hydrogen transport mechanisms 
for predicting the hydrogen mixing behaviour in the containment became an important 
R&D activity world over. In parallel,  several small to large scale experimental studies on 
helium/hydrogen transport provided a large data base for validating the analytical tools. 
A large number of lumped parameter codes and a few field model based codes available 
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during the last one or two decades are listed and described briefly in several review 
papers [1,2]. The field model based codes, however, were noted to be less popular 
compared to the lumped parameter codes for quite some time, perhaps due to the 
complexities involved in their usage and also due to the very large computational time 
requirements. However, more and more Computational Fluid Dynamics (CFD) based 
codes became easily available during last couple of years on extremely efficient and 
faster computational platforms. With this, the trend has also greatly shifted towards the 
use of such commercial CFD codes for performing hydrogen transport calculations for 
the NPPs [3,4].            
  
The Pressurised Heavy Water Reactors (PHWRs)  have been the mainstay of the Indian 
nuclear power program. The design of the containment of Indian PHWRs, which has 
progressively evolved over a period of time,  has been subjected to assessment for  
adequacy against the risks associated with likely releases of hydrogen under DBA and/or 
BDBA [5]. Keeping in pace with the trends all over the world,  extensive use of CFD 
codes for hydrogen transport calculations was initiated at BARC a couple of years back. 
The two CFD codes employed for this purpose are STAR-CD [6] and FDS [7]        (Fire 
Dynamics Simulator). Both the codes have been successfully validated against the in-
house data generated from a series of hydrogen dispersion tests conducted in HYMIS test 
facility at BARC.  
 
The code FDS, which was found to be superior, particularly for modeling the hydrogen 
dispersion phenomena, was further validated against the reported hydrogen distribution 
data from the reported tests carried out at the Saclay test facility [8] in France. Following 
this, the code was then deployed to study the hydrogen dispersion phenomena in multi-
compartment geometries. For this purpose, a hypothetical geometry comprising of 6 
rooms of a two floor house was chosen arbitrarily.  Several parametric calculations were 
carried out to understand the effect of location, direction and duration of hydrogen 
injection on its distribution. Although, the code predictions could not be validated against 
any data, the code capability to handle multi-compartment geometries could be 
successfully demonstrated  through these exercises. The code was then successfully used 
to conduct the pre-test calculations of hydrogen distribution in a multi-compartment 
Containment Studies Facility (CSF) which is presently in advanced stage of construction.  
 
The passive dilution of hydrogen in the containment is one of the important topics on 
which the researchers are currently focusing their attention. As a part of  studies on 
buoyancy induced convection in partitioned volumes, it has been reported [9] that  
Volume Flow Rate Magnification (VFRM) values of about 10 to 27 were achievable for 
different jet velocities of helium injected in a test vessel, which is a part of the Large-
Scale Gas-Mixing Facility (LSGMF) in Canada. These data were successfully used for 
the validation of the code FDS.  
 
Hydrogen mitigation in containments using catalytic recombiners is another important 
issue where CFD code application appears to be promising.  Stand alone models to 
predict the behaviour of the convective box-type catalytic recombiners have already been 
developed at BARC and validated against data from open literature as well as from in-



house test program [10,11]. In the CFD code FDS, the redistribution of hydrogen is being 
addressed by appropriately feeding the hydrogen conversion rates from these stand alone 
models as a function of average bulk hydrogen concentrations and the pressure to arrive 
at the recombiner requirements.    
 
The present paper at the outset brings out the requirement of estimating the hydrogen 
behaviour related risk in the context of Indian PHWRs. The various studies carried out 
using the code FDS and the STAR-CD to investigate the hydrogen distribution and 
mitigation aspects are then described in the paper. 
 
2. INDIAN PHWRs AND HYDROGEN RELATED RISK  
 
The Indian PHWRs (Fig. 1) are heavy water moderated and cooled reactors utilizing 
natural uranium oxide as fuel. The  standardized   design of  an  Indian  PHWR employs a 
 

 
 
 

Fig. 1: Schematic of an Indian Pressurised Heavy Water Reactor 
 
double containment, the inner primary containment being made of Pre-stressed Concrete 
and the outer secondary containment made of Reinforced Concrete. The vapour 
suppression pool employed in the primary containment helps to reduce the post-accident 
pressure / temperature in the containment. The large pool of moderator water within the 
calandria vessel provides a big heat sink for heat removal under certain accident 
conditions and thus helps in limiting the extent of core damage. 
 



For the typical  220 MWe design of Indian PHWR, preliminary  estimates based on the 
most conservative assumption of 100 % oxidation of zirconium available as fuel 
cladding, indicates that the maximum value of hydrogen concentration based on uniform 
mixing with air in the containment can  at best be between 4 to 5  % (v/v)  for almost all 
the units. Only for Narora Atomic Power Station (NAPS) reactors, due to smaller size of 
the containment, this value is about 7.4 % (v/v). Thus, while the detonation limits are far 
away from these values, the deflagration may be just about possible.  A more realistic 
accident analysis for NAPS indicated the possibility of only about 60 % of clad oxidation 
[12], with which the estimated average concentration value of hydrogen is noted to be 
around 4.5 % (v/v).  Thus, only in the event of any deviation form the assumption of 
uniform mixing of hydrogen in the containment can there be an increased risk to the 
Indian NPPs due to likely hydrogen combustion.  
 
To assess this possibility, a detailed assessment of hydrogen distribution in the 
containment of the Indian NPPs thus, became necessary. As a result, an experimental 
program to study the hydrogen distribution in single compartment test vessel of the 
HYMIS test facility and multi-compartment containment model of the CSF are currently 
underway. On the analytical side, the hydrogen transport calculations for the containment 
of Indian NPPs are being carried out using the CFD codes STAR-CD and FDS.  Some of 
the salient features of the codes STAR-CD and FDS are briefly described below  before 
describing the results of their validation and other case studies performed. 
 
3. CFD SOFTWARES – SOME  SALIENT  FEATURES 
 
3.1    CFD Software  STAR-CD 
 
The CFD software STAR-CD is a general purpose, powerful, fully integrated and 
extremely user-friendly computational fluid dynamics tool for thermo-hydraulic analysis 
developed by Computational Dynamics Ltd. of UK. The code operates by solving the 
governing differential equations of the flow physics by numerical means on a 
computational mesh for quite general applications. The details of the basic conservation 
equations of  mass, momentum and energy along with other general constitutive 
relationships, boundary conditions, numerical solution schemes, validation, etc. are given 
in the  respective manuals [6]  
 
The code, in general, is capable of handling steady state and transient laminar and 
turbulent fluid flows (with standard k-ε model, low Re k-e model, RNG version of k-ε 
model, Chen’s k-e  model,  two layer   model, high  Re  and low Re   quadratic k-e model  
etc. ) due to natural/forced convection. The fluid under consideration could be 
compressible/incompressible, single/multi phase, single/multi  components, etc. It also 
considers heat transfer by conduction, convection and radiation and mass transfer by 
diffusion. It can handle a variety of meshes and wide array of thermal-hydraulic boundary 
conditions. The code has a user friendly pre-processing and post-processing module, 
called PROSTAR, which facilitates several operations involved in data preparation and in  
manipulation and display of results. The code has been extensively validated by way of 
solving several sample problems.  The code is currently in use all over the world to solve 



complex thermal-hydraulic problems in several industries such as  aero, automobile, 
chemical, space, nuclear applications. The code STAR-CD has also been noted to have 
been used for the analysis of hydrogen distribution and mitigation in the containments of 
NPPs [13]. 
 
The code STAR-CD has been operational in BARC on a dedicated DEC-ALPHA work 
station as well as on its satellite PC. For the purpose of these analyses, the satellite PC 
was upgraded to Pentium-4 (1.6 GHz) with 512 MB RAM and 40 GB Hard disc. 
 
3.2 CFD Software FDS  
 
Fire Dynamics Simulator (FDS) is a field model based software developed by NIST 
(USA) and has built-in dedicated computational fluid dynamics (CFD) model to describe 
and analyse fire in multiple compartment geometries. An approximate form of the 
Navier-Stokes equations appropriate for low Mach number applications is used in the 
model. The approximation involves the filtering out of acoustic waves while allowing for 
large variations in temperature and density. This gives the equations an elliptic character, 
consistent with low speed, thermal convective processes. The computation can either be 
treated as a Direct Numerical Simulation (DNS), in which the dissipative terms are 
computed directly, or as a Large Eddy Simulation (LES), in which the large scale eddies 
are computed directly and the sub-grid scale dissipative processes are modeled crudely or 
even ignored.  The details of formulation of the equations and the choice of numerical 
algorithm are available in the Reference manual [7]. Fire Dynamics Simulator has two 
modules, viz., a) FDS, which is a Fortran 90 computer program that solves the set of 
governing equations and  b) SMOKEVIEW which is an Open-GL graphics program that 
allows one to visualize the results. The code has been installed  on a dedicated PC 
Pentium-III, 866 MHz with 128 MB of RAM. 
 
4.0  RESULTS OF CASE STUDIES PERFORMED 
 
4.1  Validation of STAR-CD and FDS Using HYMIS Test Data 
 
A single compartment engineering scale test facility HYMIS (Hydrogen MItigation 
Studies) has been designed, installed and commissioned at BARC. A schematic of the 
facility is depicted in Fig. 2. The test facility comprises of a 2 meter diameter cylindrical 
steel vessel, 7 meters tall with a provision to inject air/helium/hydrogen and to create 
steam environment in the vessel. The setup is extensively instrumented to monitor 
pressure, temperature and hydrogen concentration at 12 locations distributed over 
different heights and radii during the tests. 

 
Experiments were conducted by injecting helium (in the initial few tests) and hydrogen 
(subsequently) at a known flow rate through a distribution manifold installed at the 
bottom of the test vessel and the lighter gas concentration was monitored at 12 different 
axial and radial locations within the vessel over a period of time. The effects of several 
parameters such as initial vessel pressure, injection rate, orientation of jet in either 
downward or upward direction were studied in detail.  



 

 
 
                                             Fig. 2: Schematic of HYMIS Test Facility 
 
The CFD code STAR-CD was earlier validated against reported data from one of the tests 
conducted in the BFC facility [14]. For modeling the hydrogen distribution tests 
conducted in HYMIS using the code STAR-CD,  the entire geometry was discretised into 
about 1.5 lakh computational cells. While the detailed method of analysis and the results 
are described elsewhere [15 ], the salient features of these studies were that; a) the code 
reqired very large computational time to analyse the transients ( typically about  20 hours 
for transient of about 40 seconds)  and b) the predicted results were generally in 
agreement with the test data for which the transient analysis was carried out. 
 
More detailed calculations for the HYMIS tests were subsequently carried out using the 
code FDS. A full animation film depicting hydrogen concentration build-up in the vessel 
has been  prepared from the FDS predictions. A few snapshots from this film (Figs. 3-a 
and 3-b) show the typical hydrogen concentration contours in the mid-plane of the vessel 
along its height at 100 seconds ( during injection phase) and at 500 seconds ( after 
injection phase) respectively. The concentration profiles predicted by the code during 
injection phase could not be compared with the test data as the time constant of hydrogen 
sensors used was itself of the order of about 2 minutes However, the experimental 
observation of obtaining uniform mixing of hydrogen with air at the end of injection 
phase (about 260 seconds) has been confirmed by these calculations both qualitatively 
and quantitatively. 
 
 



 
  

 
ig. 3-a: Hydrogen concentration profile     Fig. 3-b: Hydrogen concentration profile  

ion of the Code FDS using Saclay Test Data  

ydrogen distribution studies carried out in the Saclay test facility (CEA) have been     

or the purpose analyzing the transients, the vessel was discretised into a 

he test results depicting helium concentration at the designated locations in the vessel 
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4.2 Validat
 
H
mentioned earlier [8]. The test vessel is a cylindrical vessel 2 m in diameter and 2.29 
m in height, initially filled with air at ambient pressure. During the experiment, pure 
helium was injected from the bottom of the vessel at the rate of 7.9 l/s for a duration of 
about 130 seconds. The outlet provided at the top of the vessel helped to maintain the 
pressure in the vessel close to the ambient pressure. Helium concentration was 
measured along a vertical line during the transient. The test data has been predicted by 
using the CFD code FDS  
 
F
computational mesh (based on structured Cartesian mesh) comprising of about 50000 
cells initially filled with air at ambient pressure. The density of the helium-air mixture 
is modeled on the basis of ideal gas behaviour as a function of temperature and 
pressure whereas the molar specific heat and conductivity are assumed as constant. 
The inlet boundary condition was applied for the cells wherein helium was injected. 
The outlet boundary condition was used for the top opening. The buoyancy effects are 
considered in the governing momentum equation. The calculations were performed on 
a dedicated PC Pentium-II, 300 MHz machine with 64 MB of RAM. 
 
T
along its height and the predictions of the same by the code FDS are shown in Fig. 4-a 
and 4-b respectively. It can be seen from these figures that the FDS predictions are in 
good agreement with the experimental data. 



 
 
 

 

  
 
 Fig. 4-a :  Helium concentration data as       Fig. 4-b: Helium concentration data as 
                  measured during Saclay test [8]                   predicted by the code FDS       

.3 Study of a Hypothetical Multi-compartment Geometry  using the Code FDS        

ypothetical multi-room, multi-floor geometry (Fig.5-a & 5-b) measuring approximately 

to generate the detailed flow field and the hydrogen concentration profile, the 
geometry has been discretised into approximately 1.5 lakh fluid cells. As regards thermal-

  
                    
 
 
4
 
For the purpose of studying the transport behaviour in multicompartment geometries, a 
h
6.4 m X 8.0 m X 4.8 m with two floors and six rooms interconnecd by various sizes of 
openings such as door/ windows/ stairways etc., was chosen. The total internal free air 
volume of the geometry is 245.76 m3. This geometry, adopted from earlier smoke 
transport studies in the event of a fire, has been used  for hydrogen dispersion calculation 
mainly because of its complex configuration. An amount of  Hydrogen equivalent to that 
of 4% uniform hydrogen mixture in the entire volume of the geometry was assumed to be 
injected in 30 sec (fast injection) and 300 sec (slow injection) through an opening of size 
0.4 m2.  

 
In order 

hydraulic conditions for the calculations, the gas mixture is considered compressible. 
Since the entire geometry is a closed geometry, the pressure in the system increases with 
the injection of hydrogen. The turbulence model used is based on LES. A number of case 
studies, as described in Table-1, have been carried out to understand the influence of the 
location of injection (different rooms) and its direction (horizontal, vertically up or 
down). On an average about 30-50 hours of CPU time was required to analyse each of the 
listed cases for a transient time of 1200 sec.  
 
 
 



 
 able-1 :  Description of Different Case Studies 

Case Location Of Injection Vol. of 
I  

Total Time Of 

T
 

No. njection Injection 
1 Back Door Top Portion (room-3) 4% 300 s 
2 B  ack Door Middle Portion(room-3) 4% 300 s 
3 Back Door Bottom Portion(room-3) 4% 300 s 
4 Kitchen (room-1) 4% 300 s 
5 Back Door Top Portion (room-3) 4% 30 s 
6 B  ack Door Middle Portion(room-3) 4% 30 s 
7 Back Door Bottom Portion(room-3) 4% 30 s 
8 Kitchen (room-1) 4% 30 s 

 
igures 6-a to 6-d show the transients in respect of hydrogen concentration at the centre 

Similar results of hydrogen concentration transients for injection rate 10 times faster than 

F
of each room as a function of time for the cases 1 to 4. While the topmost and middle-
height injections in room-3 resulted in almost identical levels of stratification, the bottom 
injection resulted in slower build-up of stratification with lesser concentration difference 
between first floor and the ground floor rooms. The case of injection in kitchen also 
showed a strong concentration build-up in room-1, which subsequently homogenised, yet 
keeping significant stratification levels between first floor and ground floor rooms.  
Typical hydrogen concentration contours in the form of snapshots from the animation 
film for the central vertical plane of each room at 320 seconds and at 1000 seconds for 
the cases 1 to 4, depicted in Figs. 7 to 10 show the local stratification.  It was noted from 
the close examination of full animated results, that a very high concentration build-up 
occurred just below the ceiling of room-3 for all the locations of hydrogen injection 
analysed. However, peak concentration of hydrogen which was noted to be about 15 % 
for the bottom location of injection was found to be decreasing to 10 % and 9 % for the 
middle and top injection respectively. This was attributed to the fact that near the ceiling 
of the rooms, the escape route to the first floor rooms was readily available which caused 
quicker transport of the hydrogen to the first floor areas. In all the cases analysed, after 
the injection was stopped, some homogenisation was still taking place. But by about 600 
sec. the levels of stratification within the rooms of the floor as well as between the rooms 
on the  first floor and ground floor became almost stable.  Subsequent mixing mechanism 
must be by mass diffusion which is known to be an extremely slow process. 

 

the one described above cases indicated quicker setting in of higher levels of stratification 
across the rooms as well as within the injection room. The general tendency of the lighter 
gas to rise up was noted to be stronger if the upward flow path is less obstructive. 
 



 
Fig.  5-a: A Schematic of the Geometry (Front  
                View) 
 

 
Fig. 5-b: A Schematic of the Geometry (Back 
               View) 
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Fig. 6-a:  H2 Concentration Transient (Case1) 
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Fig. 6-b:  H2 Concentration Transient (Case2) 
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Fig. 6-c: H2 Concentration Transient (Case3) 
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Fig. 6-d:  H2 Concentration Transient (Case4) 

 



Fig. 7-a:  H2 Volume fraction at 320 Sec  
                (  Case  1  ) 

 
Fig. 7-b:  H2 Volume fraction at 1000 Sec 
                (  Case1  ) 

Fig. 8-a:  H2 Volume fraction at 320  
                Sec  ( Case  2 ) 
 

Fig. 8-b:  H2 Volume fraction at 1000  
                Sec  (  Case  2  ) 

 
Fig.9-a:  H2 Volume fraction at 320 Sec  
              ( Case 3 ) 
 

Fig. 9-b: H2 Volume fraction at 1000 Sec       
                (  Case 3  ) 



Fig 10-a: H2 Volume fraction at 320 Sec  
                ( Case 4 ) 

 
Fig. 10-b: H2 Volume fraction at 1000 Sec 
                 (  Case 4  ) 

 
 
4.4 Pre-Test Predictions for the Containment Studies Facility by the Code FDS 
 
The multi-compartment Containment Studies Facility (Fig.11), currently under 
construction, is a  1:250 scale model of the containment of Indian NPP  with a free-air 
volume of about 200 m3 and comprises of about 9 rooms / zones in the drywell and 3 in 
the wet well with inter-connected flow passages. The flow areas of these passages can be 
varied between 0.25 m2 to 1.0 m2. The facility will have instrumentation to monitor time 
and space dependent pressure, temperature, humidity, hydrogen injection rates, hydrogen 
concentrations, etc. A series of experiments  to study the hydrogen distribution behaviour 
in this containment  model are proposed to be conducted shortly.  

 

 

                             Fig. 11: Schematic of the Containment Studies Facility 



As a part of pre-test predictions, hydrogen distribution analysis has been carried out for 
different injection rates in the break room at different locations along its height. The 
entire geometry was discretised into  about 1.5 lakh computational cells. The computed 
contours showing hydrogen concentration transients  at different times taken as snapshots 
from the animated results for the case of downward injection below the second slab are 
shown in Fig. 12. The amount of hydrogen injected over a duration of 300 seconds was 
equivalent to that which would result in uniform hydrogen-air mixture of 4 % v/v 
concentration. The results clearly indicate that the peak hydrogen concentration of around 
8 to 9 % v/v  is attained locally during the injection phase and below the dome during the 
post-injection period. Although these results do not simulate the scenario in the 
containment of NPPs, they give clear insight into the likely scenario for which mitigation 
provisions may have to be proposed.  
 

                                                                

ig. 12 :  Hydrogen Concentration in CSF geometry at different times for 

  
 Time = 19.2 s 
 
 
 

 Time = 1190.4 s 

Time = 99.6 s 

Time = 502.8 s  
 
F
                injection below the second slab 



4.5 Predictions of  Canadian Test data 
 
The reported Canadian studies [9], aimed at investigating the passive dilution of Helium 
by buoyant mixing mechanism,. were carried out in a partitioned compartment of the 
Large-Scale Gas-Mixing  (LSGM) Facility  at WNL.Ontario. While the details of the 
LSGM Facility and the experiments conducted  are available elsewhere [9], only a 
schematic sketch of the same is shown in Fig. 13. The  partitioned compartment with a 
volume of about 60 m3  (size  2.44 m x 2.44 m x 6.10 m)  was placed within the LSGMF 
having an internal volume of 1000 m3. The smaller enclosure was provided with openings 
at various locations to allow the inflow of air and outflow of helium-air mixture. The 
helium flow rate at the bottom inlet,  helium gas concentrations at various locations 
inside the enclosure, the gas mixture  velocity at the top outlet and the air velocity at the 
lower entrance were monitored appropriately during the tests. Due to the effects of  
entrainment in the upward moving jet and due to buoyancy effects, a significant quantity 
of air entered from the side opening into the smaller enclosure thereby diluting the helium 
air mixture formed within. The experimentally observed time dependent  Volume Flow 
Rate Magnification Factor (VFMF), defined as the ratio of the volume of air entrained to 
the volume flow rate of helium injected, were reported to be  between 10 to 27.  

 
                      Fig. 13: Schematic of the partitioned Compartment of LSGMF 

ue to the large volume ratio of the main vessel and the partitioned compartment, the 
 
D
effect of back pressure acting on the partitioned volume is expected to be insignificant 
and hence, only the partitioned volume with its inlet/outlet openings was considered for 
the detailed calculations. The entire geometry was discretised into 24300 computational 
fluid cells. At the helium inlet nozzle at the bottom, mass in-flux of helium at specified 
flow rate was imposed. The other two openings, (top and the side) were simply 
represented as openings with atmospheric pressure boundary condition at their outside so 



that both in-flux or out-flux can take place through these openings depending upon the 
local pressure gradient across them.   
 
Initially the calculations have been carried out to estimate the helium concentration build-

he analysis for each case resulted in generating the detailed velocity and helium 

ig. 14: Helium concentration Transients            Fig. 15: Comparison of predicted  

ig. 14 shows that the peak helium concentration attained at the end of the injection 

ig. 15 shows the comparison of  FDS predicted values of VFMF for different injection 

been found to be only marginally lower but in better agreement with the test data.  

up in the enclosure without the entrainment of air from side opening by keeping its side 
opening closed.  The entrainment calculations were then carried out for the four values of 
reported helium injection rates by opening the side entrance. For all the cases, although 
the helium injection was stopped at about 800 seconds, the transient analyses were 
continued up to the total time of about 1200 seconds. The initial value of time step 
chosen was 0.05 seconds, which was subsequently suitably modified by the code based 
on the CFL No. criterion . The computational time was found to be generally of the order 
of 25 to 35 hours for a single case study for a simulation time of 1200 sec. 
 
T
concentration transients in the entire flow domain. From the knowledge of velocity field 
obtained at the side entrance, the amount of air entrained into the enclosure was 
calculated on the basis of 5 point and 9 point averaging of the velocity within the 
opening. The calculated average value of air flow entering the enclosure was then used to 
calculate the time dependent   value of VFMF.  
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F
period of 800 seconds is about 16 % without entrainment and about 9 % with 
entrainment, thereby depicting clearly the achievable dilution of the lighter gas in a 
passive manner. 
 
F
rates with the reported test data. Typically for an injected helium flow rate of 0.46 g/s, the 
experimental value of VFMF is about 23 as against the FDS predicted value of about 27. 
For the higher values of helium injection rates, the FDS predicted values of VFMF have 



 
5.0 OTHER PROPOSED STUDIES USING STAR-CD and FDS CODES 
 
Extensive experimental studies have been carried out in the HYMIS test facility to 
valuate the performance behaviour of the passive convective box-type catalytic 

 to each 
ther,  the further use of the CFD codes STAR-CD and FDS is proposed for the actual 

 transport behaviour in the containment of Indian 
PPs, the two CFD codes  STAR-CD and FDS are under use at BARC. Out of the two 

1) V.P. Manno and M,W. Goley, “Hydrogen transport in containments : a survey of 
analytical tools and benchmark experiments”, Nuclear safety, Vol. 25, No. 6 

2) 

he analysis of gas mixing in large volumes”, IAEA Technical 

4) 
ents”, Nuclear 

5) 

6) STAR-CD Version 3.10 – Computational Dynamics Limited, 1999. 

e
recombiners for the purpose of mitigating hydrogen in containments of NPPs. A stand-
alone lumped parameter model has been developed to analytically predict the 
performance of recombiners and validated against these data [10,11]. A kinetic equation 
in the form of modified Arhenius equation has been built into the code for this purpose. 
The same kinetic equation is now proposed to be used in the more detailed analytical 
model being developed for the recombiner using the codes STAR-CD and FDS. 
 
Since, the calculations of hydrogen dispersion and mitigation are complimentary
o
containment analysis application. Prior to that, the codes will be validated using the in-
house test data from HYMIS test facility. 
  
6.0 CONCLUDING  REMARKS 
 
For the purpose analyzing hydrogen
N
codes, the code FDS has been found to be much more economical and efficient in its use 
for analyzing the relevant transients.  The code has been successfully validated against 
single compartment test data. The Hydrogen distribution calculations in multi-
compartment  geometries have also been successfully attempted, which will be validated 
shortly. The further use of the code for modeling hydrogen recombiners and for analyzing 
hydrogen transients in the containments of Indian NPPs is proposed. 
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Status of Development, Validation, and Application 

of the 3D CFD Code GASFLOW at FZK 
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Forschungszentrum Karlsruhe 

Abstract: 

The CFD code GASFLOW provides a finite volume solution of the 3D Navier-Stokes equations on a 
staggered mesh with either Cartesian or cylindrical coordinates. GASFLOW is a best-estimate tool for 
the characterization of local phenomena in containment thermal-hydraulics, such as pressurization and 
hydrogen distribution. Examples of such local 3D phenomena include circulation patterns; flow strati-
fication; hydrogen distribution, mixing and stratification; condensation and heat transfer to structures 
with an option for heat transfer by radiation transport. The new model developments and validations 
after the release of version 2.0 of GASFLOW in 1998 are summarized. Emphasis is put on the appli-
cation of GASFLOW to reactor safety problems. An overview of the different GASFLOW applica-
tions to analyze steam/hydrogen release and distribution in complex 3D containment geometries is 
given and generic findings from these 3D CFD simulations are summarized.  

1. Introduction 

GASFLOW is a finite volume computer code that solves the time-dependent compressible Navier-
Stokes equations with multiple gas species. This computational fluid dynamics (CFD) code is de-
signed to be a best estimate tool for predicting the transport, mixing and combustion of hydrogen with 
the possibility of adding other gases for simulating design basis and beyond design basis or severe 
accidents in nuclear reactor containments and other buildings. An analysis with GASFLOW will re-
sult in a prediction of the gas composition distribution in space and time throughout the building and 
the resulting pressure and temperature loadings on the walls and internal structures with or without 
combustion.  

GASFLOW version 2.0 has been developed and documented jointly by Forschungszentrum Karlsruhe 
(FZK) and Los Alamos National Laboratory in 1998 [1]. GASFLOW is written in FORTRAN 90, 
runs on all major UNIX platforms and includes the directives for code vectorization on some vector 
machines.  In GASFLOW the computational domain is discretized by a structured mesh of regular 
hexahedral cells in either Cartesian or cylindrical geometry, where the primary hydrodynamic vari-
ables are cell-face-centered normal velocities and cell centered scalar variables such as density, inter-
nal energy, and pressure.  A very stable linearized Arbitrary-Lagrangian-Eulerian method is used for 
approximating the solutions to the mass, momentum, and energy conservation equations. The code 
can model two-phase effects of condensation and/or vaporization in the fluid mixture regions within 
the assumptions of the homogeneous equilibrium model (HEM). It also calculates two-phase heat 
transfer to and from structures by convection and mass diffusion. Heat conduction within walls and 
structures is one-dimensional. 

GASFLOW development continued at FZK after the release of version 2.0, while further development 
at Los Alamos was discontinued. The first part of this contribution will summarize the important new 
GASFLOW developments and validations at FZK. Emphasis will then be put on the applications of 
GASFLOW to reactor safety problems, which so far have mostly been analyzed in coupled control 
volume approaches by the so called lumped parameter (LP) codes. These LP-codes conserve mass and 
energy but do not include the momentum balance, which a CFD code like GASFLOW always does. 
GASFLOW is the only CFD code so far that has been applied to 3D simulations of steam/hydrogen 
release during severe accident scenarios with quite large problem times in real and complex contain-
ment geometries.  The second part of this contribution will give an overview of the important full 



 2

containment analyses that have been performed with GASFLOW in recent years and summarize ge-
neric findings from these 3D CFD simulations.  

2. New GASFLOW developments and validations 

Extensive further code developments, validations and applications have been performed at FZK in the 
last four years. Table 1 summarizes the new model developments with the validations performed in 
parallel to the model developments. Most of the new developments have been documented in a lecture 
series and special reports prepared for a GASFLOW workshop held in 2001 and are published on our 

web page [2], which includes 
also a comprehensive bibliog-
raphy for our code.  A radiation 
model has been implemented. It 
calculates radiation transport 
through an absorbing emitting 
medium with a P1 approxima-
tion for the direction dependent 
radiation intensity.  It is appli-
cable in arbitrary 3D geometries 
and calculates radiation heat 

fluxes without view factors. The model was validated with the successful analysis of the FZK PASCO 
tests [3].  A new structure model has been added. It simulates catalytic foils that recombine hydrogen 
and oxygen in their adjacent fluid node, directly receive their heat of recombination in a thin surface 
layer and allow for convective and radiative cooling of their surfaces.  The successful interpretation of 
the foil surface temperature during the catalytic foil experiment HDR E11.8.1 [4] validated this model 
together with the new radiation transport model. New wall functions have been implemented for tur-
bulent heat and momentum exchange with no slip conditions on the structure surfaces. They use ana-
lytical solutions for the velocity profile near the wall in a 3-layer approach and give integral solutions 
for the momentum and heat exchange of the coarser GASFLOW fluid cells with adjacent structure 
[2].  The new wall functions have first been applied in the analysis of the PASCO tests and now give 
an important basis for the validation calculations performed for the new test programs on containment 
thermohydraulics designed for the validation of CFD tools. These programs are currently performed 
in the French Tosqan and Mistra facilities [5] and in the German ThAI facility [6] within the frame of 
the new international standard problem ISP 47 organized by the OECD [7] and in the Swiss PANDA 
facility [8].   

An example of this ongoing validation work is given in Figure 1. It shows the pressure from the ThAI 
experiment TH7, that was blindly calculated with GASFLOW prior to the test using a 3D cylindrical 

New Developments New Validations
Radiation Model Pasco, HDR Test 

E11.8.1
Hydrogen Recombination on Structure surfaces HDR Test E11.8.1
Wall Functions for turbulent heat and momentum 
exchange with no slip conditions

Pasco, Tosqan,
Mistra, ThAI,Panda

Sump Model ThAI (in progress)
Spray Model 

Table 1: New GASFLOW Code Developments and Validations

lower 
source

Twall

>330K

Twall
<300K

steam 30.9.02 4.10.02

lower 
source

Twall

>330K

Twall
<300K

steam 30.9.02 4.10.02

Figure 1: ThAI Test TH7 pressure, volume rendered steam distribution and structure temperatures at 3900 s 
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model with 42,000 cells [9]. The ThAI (thermohydraulic, aerosol, Iodine) containment test facility, 
that is operated with funding from the German government, is an insulated cylindrical test vessel with 
a height of 9 m and a free gas volume of 60 m3. It has an inner cylinder, that is open at the top and 
bottom and four condensate pans that are distributed around the mid part of the cylinder with equal 
openings in between. Test TH7 injected 150 kg of steam into the air filled vessel at room temperature 
over 6000s. The steam was first released at a high then at a low location. A quiescent period followed 
the steam release from 6000 to 8000s. The experiment was specifically designed to validate 3D CFD 
codes. It uses eccentrically located injection locations above and below the gap between the conden-
sate pans.  Besides the excellent agreement in the pressure detailed comparisons with the test data also 
show a reasonable agreement of the calculated profiles and sensor point data at various times and 
locations.   

The Tosqan facility from the French organization Institut de Radioprotection et de Surete Nucleaire 
(IRSN) in Saclay is a test vessel with a gas volume of 7 m3. In test operation the facility is maintained 
at an elevated uniform wall temperature except for the so-called condenser region in the upper cylin-
drical part, where lower surface temperatures can be defined and changed during the experiment.  
Figure 2 gives the GASFLOW calculated and the measured pressure together with the defined steam, 
air, and helium source for the Tosqan benchmark and the applied temperature history of the condenser 
surface. This open Tosqan benchmark is performed within the first step of the international standard 
problem ISP 47. The experiment is axisymmetric, applies a central source and was analyzed with 
GASFLOW in a 2-D cylindrical mesh with 8000 cells. It starts from an air filled vessel of 1 bar at a 
uniform temperature of 123 C. It goes through a series of stationary conditions with different con-
denser temperatures, steam, air, and helium injection rates. The calculated pressure plateaus from 
GASFLOW agree quite well with the  measured plateaus from the experiment during the total ana-
lyzed problem time of 28,000s.  More detailed comparisons of the results for this benchmark are com-
ing up next year, when we have submitted sensor data and profile data for a comparison with the test 
data and with the results from other code calculations for this benchmark.   

The results indicate so far that the GASFLOW modeling of steam condensation that uses the Rey-
nolds analogy between heat and mass transfer together with the newly implemented wall functions has 
matured and can be applied in predictive calculations for realistic containment geometries.  

First versions of a single located area sump model to balance the mass and energy of the liquid com-
ponent and a generalized thermal non-equilibrium spray model for GASFLOW have been developed 
and are currently being tested in a close cooperation with our industrial partner Framatome-ANP.   
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Figure 2:  Tosqan Benchmark ISP 47: Test conditions and GASFLOW vs. test data 
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3. Reactor Safety Applications of GASFLOW 

GASFLOW has been applied for several years on the 3D analysis of steam/hydrogen distributions for 
various hypothetical scenarios in different reactor containments (Table 2). The simulations generally 

included the mitigation effect of 
passive autocatalytic recom-
biner (PAR) boxes in the 3D 
concentration fields of hydro-
gen and oxygen. These PARs 
are simulated as special fluid 
cells that use PAR specific per-
formance data to recombine 
hydrogen and oxygen locally 
and add their recombination 
energy to the fluid field. The 
major applications were made 
for spherical KWU type con-

tainments with the analysis of large break loss of coolant accidents (LBLOCA) with total problem 
times of up to 3h [10]. One analysis of a small break LOCA scenario (SBLOCA) performed for the 
Konvoi plant Neckarwestheim II even covered an overall problem time of 9h [11]. Our industrial 
partner Framatome-ANP applied GASFLOW for the 3D analysis of steam/hydrogen distribution and 
combustion in a containment model of the European pressurized reactor (EPR) for various hypotheti-
cal scenarios beyond the design limit [12].  

The most recent GASFLOW application to reactor safety problems was made for the Kerncentrale 
Borssele (KCB) in the Netherlands, which is an early KWU type pressurized water reactor with a 
spherical containment.  This new work was done in fulfillment of a contract between FZK and the 
nuclear licensing authority KPD (Kernphysischer Dienst) in the Netherlands. It led to the develop-
ment of a general graphical user interface (GUI) for the definition of 3D models of various contain-
ment buildings in a cylindrical mesh [13]. The GUI allows one to directly derive geometry input for 
GASFLOW with the graphical cursor from properly scaled and overlaid grids on scanned drawings of 
the containment building. The early 3D calculations with GASFLOW represented the containment 
buildings in 3D Cartesian meshes with up to 180,000 computational cells.  Newer simulations use 
cylindrical meshes, which don’t waste as many non-fluid cells for the representation of the spherical 
or cylindrical building with stair stepped meshes, and allow for a finer representation of the contain-
ment with the same number of computational cells. The new simulation for Borssele applied 80,000 
fluid cells with an average cell volume of approximately 1 m3.  Most 3D containment simulations with 
GASFLOW applied source terms and were scaled with integral gas volumes and heat transfer surfaces 
from zero dimensional coupled volume LP-models. A special option in GASFLOW was developed 
and applied in most calculations to group various control volumes in the 3D mesh and evaluate aver-
age data for the temperature and steam/hydrogen concentrations that can be directly compared with 
the results for the coupled volumes from the LP-code simulation of the same scenario. 

4. Generic Findings from 3D Containment Analyses 

We have compiled some generic findings from our 3D containment simulations (Table 3). In general, 
the major structures in the containment building are heterogeneously pictured in the 3D GASFLOW 
mesh. Structures are either defined as obstacles that fill fluid cells in the mesh or as walls on the mesh 
boundaries, that block the flow perpendicular to their surface.  The structures have condensation sur-
faces and are considered as 1D-heat conducting media. In a 3D-containment model only a few fluid 
cells have direct contact with structure surfaces. Particularly in the dome region the steam must con-
vect significant distances to condense on these surfaces.    LP-simulations with coarsely defined cou-
pled control volumes and homogeneous heat sinks in each volume tend to overestimate the steam 
condensation in comparison to the 3D calculations. This became evident in nearly all-direct compari-
sons of 3D GASFLOW vs. LP-calculations. The lower pressure from a single volume (dotted line in 
Figure 1) compared to a 3D GASFLOW simulation for the ThAI test TH7 gives an example for the 
overestimation of the condensation effect with homogeneously distributed heat structures compared to 
heterogeneously arranged structures in a 3D model.  

Reactor 
Containments

Scenarios Free Gas
Vol [m3]

Fluid Cells

Biblis A large break loca 70,000 158,000
cartesian

Neckarwestheim II large break loca
small break loca

70,000 184,000
cartesian

EPR large break loca
small break loca

81,000 139,000
cylindric

KCB large break loca 37,000 82,000
cylindric

Table 2: 3D GASFLOW simulations of steam/hydrogen distributions for 
different reactor containments and scenarios
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The 3D GASFLOW containment model of KCB in Figure 3 shows the heterogeneous arrangement of 
the major structures, which are mostly concrete except for the insulated components (pumps, steam 
generators, etc.) which are colored in orange.  The snap shot shows the calculated steam stratification 
in the containment about 60 min after the blowdown phase of a LBLOCA scenario with the break at a 
low location. A steam cloud has stratified in the dome and air sedimentation from the ongoing steam 
condensation on colder structures is expelling more and more steam from the lower region and deiner-
tizing the lower outer part and the source region of the containment. The degree of deinertization at 
the start of the hydrogen injection is controlled by the time delay between the blowdown and the su-
perheated steam/hydrogen release. This delay could be several hours longer during a SBLOCA com-

1 higher pressure and steam concentration due to heterogeneous 
distribution of structure in 3D models

2 Steam stratification and air sedimentation after blowdown
3 Jet pump from buoyant plume during the steam/hydrogen injection
4 chimney effect from rupture under one steam generator tower
5 more sensitive mixtures due to deinertization at low rupture location after 

delay between blowdown and hydrogen release  
6 locally elevated hydrogen concentrations develop in buoyant jet during the 

hydrogen injection
7 rapid gas mixing after each pulse of hydrogen injection
8 specific hydrogen recombination very similar for each PAR 
9 no global impact of containment convection on recombiner performance

10 longterm hydrogen/air acccumulation in lower containment from steam 
condensation and heavier air/hydrogen sedimentation

Table 3: Generic findings from 3D containment simulations with GASFLOW
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Figure 3: Steam stratification in KCB LBLOCA one hour after blowdown 
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pared with a LBLOCA. It depends on the characteristics of the applied source term.  The superheated 
steam/hydrogen release results in a buoyant source jet. It drives a jet pump which draws gas from the 
surrounding atmosphere and builds up a characteristic flow field that mixes air from the lower outer 
part of the containment with the source gas to a buoyant jet that splits up, penetrates the two steam 
generator towers and discharges into the dome region through available openings in the steam 
generator towers (Figure 4). An asymmetric discharge will result into the outer containment when the 

source is located underneath one specific steam generator. It can lead to secondary convections from a 
chimney effect of the differently heated structures in the steam generators above and away from the 
source.   A low steam content in the hydrogen source and in the pumped gas from the outer contain-
ment could cause the build up of sensitive gas mixtures.  The hydrogen injection builds up a rising 
hydrogen cloud that fills the steam generator towers and extends its fingers into the outer containment 
region (Figure 5).  The analyzed LBLOCA scenario for KCB still involves a sizable steam iner-
tization. It builds up the transparent green flammable cloud (Shapiro limit [14]) in Figure 5 and only 
results in the small black cloud above the source where the sigma criterion for flame acceleration [15] 

Steam Generator Towers

x

Source

A A

Cut A-ASteam Generator Towers

x

Source

A A

Cut A-A

Figure 4 : Flow field from jet pump during superheated steam/hydrogen injection in KCB LBLOCA 
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Figure 5:  Hydrogen distribution, flammable cloud, and sigma cloud with flame acceleration potential in KCB
LBLOCA at maximum hydrogen release rate 
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is met.  One could also think of a more pessimistic scenario in which steam could be trapped under 
the roofs of the steam generator towers and in which the jet pump from the source draws air and forms 
a heavier mixture of air and hydrogen that collects below the steam cloud and confines the released 
hydrogen to a smaller volume.   Figure 6 gives an example of such a pessimistically postulated sce-
nario in which the blow away panels that open flow paths from the steam generator towers to the 
dome did not open. 

Source jets formed during the superheated steam/hydrogen release can extend over significant lengths 
and cause regions with more sensitive hydrogen mixtures, which cannot be conservatively resolved 
with LP-simulations in a predictive way. These heterogeneous zones are rapidly mixed and start dis-
appearing as soon as the hydrogen injection stops. The resulting mixture concentrations then do not 
differ strongly from the predictions with LP-codes and the specific integral hydrogen recombination 
of each recombiner gets quite similar.  It is interesting to note that the containment convection does 
not have a global impact on the recombiner performance. The buoyancy effect of the hot steam leav-
ing the recombiner box always outweighs the relatively weak global convection in the containment 
even if it is directed downward opposite to the buoyancy flow.    

Higher residual densities of the hydrogen/air mixture after removing steam near condensing surfaces 
cause secondary downward flows along the condensing walls. They can invert the hydrogen distribu-
tion gradient and can accumulate weakly sensitive hydrogen air mixtures in the lower containment 
region on a larger time scale. Figure 7 shows such a weakly enriched hydrogen/air cloud from con-
densation sedimentation near the bottom in the final state more than 1 hour after the peak of the hy-
drogen release rate.  Also displayed are the calculated exhaust plumes from the recombiner boxes, 
which continue to operate down to low hydrogen concentrations. There is experimental evidence for 
the calculated condensation sedimentation effect in GASFLOW [16], but more specific test data and 
near wall velocity profiles should be studied and used to validate our modeling.    

air+H2
out

H2
20%

Trapped 
Steam in

SG towers
30%

jet
pump
air in

air+H2
out

H2
20%

Trapped 
Steam in

SG towers
30%

jet
pump
air in

Figure 6:  Trapping of heavier hydrogen/air mixture under lighter stratified steam cloud in pessimisti-
cally postulated scenario for KCB 
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5. Conclusions 

The GASFLOW simulations of steam/hydrogen distributions in the analyzed 3D containment models 
indicate a strong interaction between the source dynamics and the containment convection for all ana-
lyzed scenarios. We see a strong impact of the source location on the development of the convection 
paths. We mechanistically simulate the convection which controls the steam deinertization between 
the blowdown and the superheated steam/hydrogen release in the 3D simulations, and we see that the 
steam inertization will last longer at higher source locations. From a pessimistic view point, more 
attention should be given in the future to SBLOCA scenarios with larger time intervals between the 
blowdown and superheated steam/hydrogen release particularly to scenarios with a low steam content 
in the hydrogen source term. Some generic effects we have identified in our 3D simulations need to be 
better validated. We are convinced that the new containment test facilities that are under construction 
or in operation now with their local velocity sensors, that use innovative and complementary mecha-
nisms, and with their detailed 3D instrumentation will greatly enlarge our knowledge and validation 
basis in the near future.  
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Figure 7:  Hydrogen/Air Sedimentation in final conditions of KCB LBLOCA one hour after peak hydrogen 
release 
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Abstract 
The paper describes the development of advanced CFD models needed to simulate complex, 
two-component and/or two-phase phenomena occurring in LWRs. The models are generic 
and general-purpose, but in the present context relate to applications to advanced containment 
designs featuring passive decay-heat removal systems. In some designs, for example the 
SWR-1000, condensers are positioned at strategic locations in the Drywell containment 
volume and, under post-LOCA conditions, operate in a steam/nitrogen environment. A 
condensation model, valid for such steam/non-condensable mixtures, has been developed 
from first principles and implemented into the commercial CFD code CFX-4. The paper 
describes the model, and its application to a finned-tube containment condenser for which 
measured data are available. In other designs, for example the European Simplified Boiling 
Water Reactor (ESBWR), steam and non-condensables are vented to the Wetwell suppression 
pool, creating large bubbles which detach from the vent line and break up in the pool. An 
interface-tracking model based on the Level Set approach has been developed to examine the 
dynamics of such bubble injection phenomena. The paper describes the formulation and 
current status of the model. Also in the context of the ESBWR, following break-up of the 
primary discharge bubble into smaller bubbles, it is important to know how the resulting 
bubble plume interacts with the surrounding water to mix the pool. The paper reports on the 
use of an advanced turbulence model (Large Eddy Simulation) to model two-phase plumes. 
 
1. INTRODUCTION 
The activities reported here are motivated by the need to further develop advanced 
mathematical models to simulate numerically the complex physical processes which occur in 
reactors under accident conditions, with special application to containment-related issues. The 
phenomena involve mixing and transport of the containment gases―steam and non-
condensables (nitrogen and, in the case of severe accidents involving core degradation, 
possibly also hydrogen)―and condensation of the steam on cold surfaces and/or in water 
pools. Research in this area has the objective of developing better understanding of the 
phenomena which govern the peak pressure level in the containment, and thus ultimately its 
viability to serve as a reliable radiation barrier. 
As a focal point for ongoing studies in our group, we can reference the passive decay-heat 
removal concepts which are considered for future Advanced Light Water Reactors (ALWRs). 
Examples are the two evolutionary BWR designs [1,2]: the ESBWR and the SWR-1000 (an 
advanced BWR from Framatome/Siemens); see Fig. 1. In the former design, decay heat 
deposited in the containment following accidental depressurisation of the primary system is 
transferred and released to the atmosphere via passive condenser units located in pools on the 
roof of the reactor building. Any uncondensed steam is discharged, together with the non-
condensables, to the pressure suppression pools. The SWR-1000, in contrast, employs a 
number of passive containment condensers, which are located at high elevations within the 
Drywell containment volume. Generically, in both cases, decay heat removal involves 
complex mixing and transport of two-component/two-phase flows in complex geometries. 
Similar phenomena take place in the containments of other passive ALWRs, and to some 
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extent also in currently operating plants. The numerical simulation of such situations requires 
the use of sophisticated modelling tools (e.g. CFD), together with the development of reliable 
and appropriate physical models. 
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Figure 1: Two Evolutionary Reactor Designs ― the ESBWR and the SWR-1000 
 
Most CFD codes have adopted the interpenetrating-media description, which, in the case of 
two-phase flows, leads to what is commonly referred to as the six-equation or two-fluid 
model. The principal difficulty with this approach is the need for empirical closure relations 
to represent the mass, momentum and energy exchanges between the phases (and sometimes 
between different components of the phases). These relations have been very well developed 
for the (essentially) one-dimensional system codes RELAP-5 [4], TRAC [5], RETRAN [6], 
CATHARE [7] and ATHLET [8], but the models are much less developed for multi-
dimensional CFD codes. The present paper aims to contribute to the general extension of 
existing models for application to reactor containment modelling using CFD. 
The development of a general-purpose wall condensation model, suitable for application to 
steam/non-condensable mixtures, is described in Section 2. The model has been implemented 
into a version of the CFX-4 code and used for the simulation of a scale model of a 
containment condenser. The model is developed from first principles (Fick’s Law) and 
requires no empirical data.  
As mentioned above, the ESBWR containment includes pressure-suppression pools into 
which steam/non-condensable mixtures are discharged. At the exit to the PCC vent lines, 
large bubbles may be formed, which become unstable and break-up. The early stages of the 
process may be modelled using interface-tracking techniques, such as the Level Set method 
[9]. The basis of the method, the status of its implementation into the code CFX-4, and details 
of a finite-element based renormalisation algorithm are described in Section 3. Section 4 is 
devoted to the application of Large Eddy Simulation (LES) approaches to the modelling of 
bubble plumes; such plumes will be formed after break-up of the large bubbles, and their 
interaction with the surrounding water in the pool will govern condensation of the steam 
content of the bubbles, the mixing of the pool itself, and the thermal stratification at the 
surface, a major factor influencing overall system pressure. Finally, in Section 5, some 
general conclusions will be given. 



 3

2. WALL CONDENSATION MODEL 
Steam condensation in the presence of high non-condensable mass fractions at low gas mass 
fluxes, i.e. below 2 kg/m2s, is encountered in the context of passive containment cooling for 
certain designs of advanced LWRs. One design of the AP-600 features finned-tube 
condensers [10], as do early versions of the SWR-1000 (Fig. 1). Typical operating conditions 
are saturated-steam/air mixtures at 110oC with 1 kg/m3 air partial density on the primary side, 
and boiling water at 100oC on the secondary side. The condenser is a cross-flow, finned-tube 
heat exchanger with steam condensation outside the tubes and water evaporation within. The 
tubes are slightly inclined and staggered (Fig.2). 
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Figure 2: Bundle and Finned Tube geometries 

 

The performance of such finned-tube containment condensers has been investigated at 
medium scale at PSI in the LINX facility [11], and simultaneously a wall condensation model 
suitable for analysing its performance was implemented into the CFX-4 code v[12]. It was 
decided to directly calculate the condensation process from first principles rather than 
introduce empirical models for heat and mass transfer. One basic assumption made is that, in 
the presence of a non-condensable gas, the thermal inertia of the condensate layer is 
negligible and can be ignored.  
Figure 3a illustrates the principle of the method. The computational mesh next to the 
condensing surface is chosen fine enough for the steam concentration gradient to be resolved 
within the laminar sub-layer, where turbulent mass transfer can be neglected. (This means that 
the model had to be used in combination with a low Reynolds number k-ε turbulence model.)  
The condensation mass flux to the wall m ′′&  is then evaluated from the gradient of the steam 
mass fraction Y according to [13]: 

n
Y

Y
Dm

w ∂
∂

−
−=′′

)1(
ρ

&           (1) 

in which ρ  is the mixture density, D  the binary diffusion coefficient, and n  is the normal 
distance from the wall. Saturation conditions are assumed at the wall itself, so that from the 
local wall surface temperature wT  the partial pressure of steam stP  can be found from tables. 
Since the total pressure is known as one of the local state variables, and is stored by the code, 
the partial pressure of the non-condensables can be derived, and from this the mass fraction of 
steam at the wall wY . Finally, the mass fraction gradient in (1), assumed linear near the wall, 
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is determined from differences in local values. The latent heat is extracted from the fluid cell 
and placed in the wall material (conjugate heat transfer process) to be conducted away 
internally, while sensible heat transfer to the wall is handled by the code in the normal way.  
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Figure 3: Condensation Model for Steam/Non-Condensable Mixtures 

The model has been validated against the analytical (Blasius) solution for a horizontal plate 
(error within 0.1%), and against semi-empirical heat and mass transfer correlations for bare 
condenser tubes (error 5%), and then applied to the finned condenser. The basic model 
consists of a section through each condenser tube (similar to that shown in Fig. 2) containing 
at least one fin. Periodic conditions were assumed for the left and right boundaries of the 
domain. Figure 3b shows the mesh layout in a vertical slice through the tube bank, the 
velocity field, and the steam mass fraction distribution. For the conditions prevailing in the 
test, the lower tubes are partly in the wakes of the tubes upstream, and thereby perform 
somewhat less efficiently. However, the simulation showed that, summing up for all the tubes 
in the bank, the condenser operated satisfactorily, and total heat transfer compared well with 
the global experimental measurement (error 7%). 
 
3. INTERFACE TRACKING ALGORITHM 
Modelling of gas-liquid interfaces is one of the major challenges in the numerical simulation 
of condensation and evaporation. The shape and position of an interface is not known a priori, 
but instead must be obtained (or assumed) as part of the solution. Our earlier experience in 
interface tracking using the Volume of Fluid (VOF) method [14] is now being extended to 
include the Level Set (LS) approach [9]. The LS method is a relatively new numerical 
technique, and is still being developed and improved. For this reason, it has not yet been 
implemented as a standard model in commercial CFD software. Consequently, it has been 
decided to implement a version of the method into CFX-4 in order to model separated, two-
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phase flow problems, such as pressurised thermal shocks, and gas discharge into suppression 
pools, as described earlier.  
In the LS method, the numerical interface between the two fluids is represented by a 
continuous function, φ , which is typically defined as the signed, minimum distance to the 
interface, positive on one side, negative on the other, and zero at the interface itself. Assigned 
to the physical interface is a computational interface of finite thickness, within which the 
distribution of φ  is used for interpolation of the physical properties across the interface, and 
also for computing the interface curvature. 
The evolution of the LS function in an interfacial flow is given by the advection equation: 

0=∇⋅+
∂
∂ φφ u

t
          (2) 

where u  is the velocity and t  is time. In the numerical implementation, the LS function 
ceases to be the signed distance from the interface after a single advection step associated 
with the numerical solution of (2). Therefore, having solved the equation, it is also necessary 
to solve the so-called re-distance problem in which the LS function is re-initialised. In so 
doing, values of φ  must be corrected in such a way that the LS distribution is recovered 
without disturbing the zero level. An efficient method has been suggested in [15], and is 
based on finding the steady-state solution of the following equation: 

0)1)(sign( 0 =−∇+
∂
∂ φφ
τ
φ          (3) 

in which 0φ  is an initial guess at the distribution, and τ  is a time-like variable (used for 
convenience in approaching the steady-state solution). The LS equations can be solved 
numerically using Finite Difference (FD) or Finite Element (FE) techniques [16,17]. 
Currently, the FD schemes demonstrate a higher rate of convergence than the FE methods. 
However, the FD schemes have to be used on structured meshes, while the FE schemes can be 
used for both structured and unstructured meshes. Since we are interested in using the method 
within commercial CFD solvers, for general kinds of multi-phase problems on different types 
of meshes, we chose the FE method for its generality. In the context of CFX-4, the FE scheme 
can be programmed in the form of user subroutines controlling the advection and re-
initialisation of φ .  
 

 
Figure 4: Construction of the FE Mesh from Cell-Centred and Face-Centred Nodes 

 
The function is advected passively by the velocity field, and its distribution is used in turn to 
interpolate the variation of density and viscosity across the interface in the solution of the 
Navier-Stokes equations for the gas-liquid mixture. In CFX-4, all the variables are defined at 
cell centres. Boundary conditions are imposed by introducing special nodes at the centres of 
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the cell faces lying along the boundary, and by using the dummy cells attached to the domain 
external boundaries [12]. In the FE method, however, the variables have to be defined at the 
vertices of the cells. If the same mesh is used to solve both the Navier-Stokes equations and 
the LS equations, n interpolation procedures have to be invoked, which can seriously smear 
out the interface and adversely affect the accuracy of the solution. For this reason, we have 
used a mesh with the vertices of the LS mesh constructed around the centre and boundary 
nodes.  
The construction of the LS mesh also requires the introduction of new nodes located on the 
edges and corners of the external boundaries of the fluid domain. However, the velocity 
values at these new nodes can be easily assigned from the boundary conditions. An example 
of the mesh construction is shown in Fig. 4. The unfilled circles indicate cell centres where 
the velocities needed for solving Eqn. (2) are known, the filled circles indicate the boundary 
nodes, while the filled squares indicate the edge and corner nodes introduced for the LS mesh 
construction. 
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Figure 5: Cross-Section of Steady State Solutions of the  

Re-initialisation Problem for a Unit Cylinder and a Unit Cube 
 

To solve Equations (2,3), we use the Streamline-Upwind/Petrov-Galerkin (SUPG) method, 
which is a second-order-accurate upwind modification of the standard Galerkin FE scheme 
[18]. Time-discretisation is implemented using the second-order discontinuous FE scheme 
also described in [18]. The solutions of the re-initialisation problem for a cylinder and a cube 
are illustrated in Fig. 5. The first column shows the initially prescribed discontinuous 
distribution of the LS field, 0φ , with +0.1 inside, -0.1 outside, and the zero LS shown in bold. 
The second shows the SUPG solution. In both cases, the domain is meshed with 8-node, 
isoparametric, hexahedral elements. A special numerical procedure is employed to prevent the 
zero LS from straying from, or oscillating about, its original position. We have found that the 
SUPG method provides stable and accurate solutions to the re-initialisation problem for many 
different interface shapes [19]. Currently we are working on implementing the LS subroutines 
into the CFX-4 Navier-Stokes solver. 
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4. ANALYSIS OF BUBBLY FLOWS 
The background to the interest in this activity has already been described in Section 1, but the 
study is also of generic value, since bubble-laden flows exist in a variety of industrial 
contexts, including nuclear reactor applications. Most CFD simulations of bubbly flows are 
based on Reynolds-Averaged Navier Stokes (RANS) approaches. In their original context 
(single-phase flows), RANS models have proven quite successful, but in multi-phase 
situations progress has been rather disappointing. For example, in addition to the specification 
of the interfacial forces (i.e. drag, lift and virtual mass forces), several empirical models have 
been advanced to take account of dispersion of the bubbles by the turbulent eddies [20], 
commonly referred to as pseudo turbulence. The problem is that such models require the 
setting of ad hoc, tuneable coefficients, which do not appear to have any universality. In an 
earlier work [21], we have shown that a mechanistic model based on imposing stochastic 
velocity fluctuations (derived from the turbulent kinetic energy) on the mean flow can 
produce the same effect. 
In a more global strategy, we are exploring the possibility of using LES for bubbly flows. The 
rationale behind the approach derives from the expectation that large-scale turbulent motions, 
which are captured explicitly within the LES methodology, will interact strongly with the 
bubbles themselves, and will therefore be largely responsible for the macroscopic bubble 
motion, including dispersion, but the sub-grid scales will be less important, affecting more 
small-scale bubble oscillations. The sub-grid-scale (SGS) modelling strategy (including the 
microscopic bubble motions) is based on the Smagorinski kernel [22], both in its original 
form and via the dynamic procedure of Germano et al. [23]. Again, these SGS models were 
originally formulated for single-phase fluids, but some extensions have been proposed for 
two-phase applications, the most popular approach being to linearly superimpose a ‘bubble-
induced’ component on the usual shear-induced tensor for the turbulent stresses. We have 
followed previous ideas, but in addition have introduced some of our own, all the studies 
being detailed in the PhD thesis [24] of one of us (M. Millelli) and in published works 
[25,26,27]. Consequently, only highlights will be given here.  
LES is very CPU intensive: for each simulation, a transient (mostly 3D) computation needs to 
be performed. Pertinent data are first depth-averaged or azimuth-averaged, depending on the 
application, and then time-averaged to obtain steady-state values suitable for comparison 
against experimental data. Three two-phase applications have been undertaken using the LES 
models developed: in this study: grid-generated turbulence in the presence of bubbles, the 
spreading of a bubble-laden shear mixing-layer, and the dynamics free bubble plumes. In each 
case, parameter studies were made to determine the sensitivity to mesh size, lift coefficient, 
and level of inlet turbulence. Sample results for the bubble plume will be given here. 
Following parameter studies made in simpler geometries [26,27], an optimum mesh size and 
lift coefficient was found for a shear-driven, bubble-laden flow. This analysis was then 
extended to a bubble plume in which the flow is primarily buoyancy driven. The simulations 
are based on a series of air/water experiments undertaken at the University of British 
Columbia [28]. These particular experiments were chosen because, at the lowest flow rates, 
uniform-sized air bubbles of diameters 3–4mm were produced, and effects due to severe 
bubble distortion, break-up and coalescence could be ignored. Radial void fraction and bubble 
velocity distributions were measured in the plume regions at several elevations, as well as 
liquid circulation velocities in the pool. 
The experimental set-up, shown schematically in Fig. 6a, consists of a cylindrical perspex 
tank of diameter 50cm filled with de-ionised water to a depth of 40cm. The bubbles are 
produced by blowing air through a porous plug of diameter 6cm, positioned centrally at the 
base of the tank. The bubble plume rises to the surface, entraining liquid from the pool and 
generating a large-scale circulation. Measurements were taken at elevations 50, 100, 200, 300 
and 380mm above the plug. A double-contact, electro-resistivity probe, mounted on a 
movable carriage, was used to obtain gas fraction, bubble frequency, bubble (axial) diameters 
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and bubble rise velocities in the plume, and Laser-Doppler Velocimetry was used to 
determine the circulation velocities in the water pool away from the plume. The simulation 
reported here refers to experiments carried out at the lowest gas flowrate, Q& =200 N cm3/s 
(flowrate normalized to STP conditions), in which a well-defined bubble swarm was 
observed. No turbulence data are available from these experiments.  

 

  
(a) Schematic of Experimental Setup (b) Side and Plan Views of Mesh Layout 

Figure 6: Bubble Plume Simulation using LES 
 
A typical mesh layout is displayed in side and plan views in Fig. 6b. In the central plume area, 
the mesh is uniform laterally, and of size 4x4 mm, but then increases in geometric progression 
to the cylindrical tank wall. The mesh size varies in the vertical direction: from the base of the 
tank to the water surface, the meshes are uniform and of size 3mm and 10mm for fine and 
coarse mesh options, respectively. In the gas region above the water level, the mesh width 
increases in geometric progression to the flow domain boundary at the top, where the air 
exits. Though the calculations are very time-consuming, some parameter studies were 
attempted: two mesh sizes were used (the variation was in the vertical direction only), the lift 
coefficient LC  was varied in the range 0.15 to 0.25, and inlet turbulence levels (estimated 
from heuristic arguments) were taken as 25% and 100%, the latter being representative of the 
bubbles being produced from break-up of a blanket covering of the porous plug by the 
injected air (presumably the bubble-generation mechanism which actually took place in the 
tests). Most simulations employed the Smagorinski SGS model, but one cross-check was 
made with the dynamic modelling procedure. 
Only mean quantities were reported in the experiment, and these data are used here as the 
basis for the comparisons. All calculations were started from zero-flow initial conditions and 
run until pseudo-steady conditions had been established (≅ 2s). The calculations were then 
continued for a further 1 to 3 seconds in order to perform the data analysis. This consisted of 
separately averaging, at each time-step, the instantaneous void fraction and velocity 
information around the azimuth for each radial location over the horizontal planes z = 100, 
200, 300, 380mm, and then time-averaging these data. (The data at z = 50mm were 
considered to be too close to the plug to be reliable.) 
Figure 7 is a snapshot of the void fraction distribution and the velocity vectors in a vertical 
plane through the axis of the plume: large-scale structures are clearly visible.  
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Figure 7: Snapshot of Void Fraction and Velocities in a Plane through Axis of Symmetry 

 
The effect of varying the lift coefficient on the void fraction and velocity distributions is 
displayed in Fig. 8. All computations refer to the coarse-mesh configuration. For the void 
fractions, a strong dependence is noticed immediately, especially along the centreline; this 
becomes quite pronounced at z=300mm for the two larger CL values. Seemingly, the stronger 
lift force has led to an exaggerated migration of the bubbles away from the axis of the plume. 
In all cases, however, the integrated volume flux is correct, and equal to that at inlet. The 
Figure also shows that there is very little influence of the lift coefficient on the velocity 
profiles, as was also noted in [29] using a RANS approach. A common feature of all the 
calculations (Fig. 8) is a lack of shear coupling between the plume and the liquid pool: the 
bubble-rise velocity is consistently underpredicted at the edge of the plume, and 
overestimated at the centre. Analogous computations performed with the fine mesh follow the 
same general trends (results not shown here), but the centreline bubble-rise velocity is slightly 
increased, and the dip in the void fraction distribution somewhat more pronounced [24].  
 
5. CONCLUSIONS 
Three examples have been presented of the use of advanced CFD models for simulating 
complex flow situations in reactor containments. All the models have been implemented in 
the CFX-4 software package.  
A general-purpose model has been developed to describe wall condensation for steam/non-
condensable mixtures. The model contains no empirical constants, the condensation mass flux 
at the wall being developed directly from Fick’s law. Application to a scale-model 
containment condenser produced overall condensation rates within 7% of measured values. 
An interface tracking algorithm strategy based on the Level Set approach is presently being 
implemented into CFX-4. A novel feature of the formulation is the use of a finite-element-
based re-initialisation algorithm. Two illustrative examples are reported which demonstrate 
the effectiveness of the approach. 
An LES-based advanced turbulence model has been successfully applied to a free bubble 
plume giving results comparable with RANS approaches, but containing no empirical 
constants. Two SGS models have been implemented into the CFX-4 code for this purpose. 
With suitable extensions of single-phase SGS models, the method has the potential of 
describing the plume motion in a mechanistic way, and with the minimum use of empirical 
constants.  
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Figure 8: Void Fractions and Velocity Distributions (L=liquid, G=gas)  

for CL = 0.25, 0.20,0.15 (Runs 1,3,5) 
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Abstract

An experimental and analytical study for the containment behaviour of VVER-440/213
nuclear power plants during postulated loss-of-coolant accidents was performed within the
PHARE Project No. PH 2.13/95 “Bubbler Condenser Experimental Qualification” (BCEQ).
Experiments were conducted on the EREC test facility, a scale model (1:100) of the containment
of the Paks NPP, constructed at EREC Elektrogorsk, Russia. Three LBLOCA tests were
performed at the EREC test facility in 1999. As a follow-up, a study has been carried out with
the GASFLOW 2.1 three-dimensional CFD code to assess the thermal-hydraulic conditions in
the EREC test facility during a transient. GASFLOW simulations provided flow velocity
fields and thermal-hydraulic parameters in much greater detail compared to lumped parameter
code modelling. Calculation results agreed generally well with the measurement results. The
study was funded by Paks Nuclear Power Plant, as a follow-up of the experimental PHARE
project.

1 INTRODUCTION

The containment of VVER-440/213 nuclear power plants is equipped with a pressure
suppression system called bubbler condenser. An experimental and analytical study of  the
bubbler condenser during postulated loss-of-coolant accidents was performed within the
European Union PHARE Project No. PH 2.13/95 “Bubbler Condenser Experimental
Qualification” (BCEQ). Its main practical objectives had been to investigate experimentally
and analytically the behaviour of the bubbler condenser systems during phenomena induced
by postulated design basis accidents. The project included two main tests programs

• to assess the thermal-hydraulic and fluid-structure interaction phenomena on a scale test
facility,

• to verify the structural integrity of the bubbler  condenser steel structure.
Thermal- hydraulic experiments were conducted on the EREC test facility, a scale model
(1:100) of the containment of the Paks NPP, constructed at Elektrogorsk, Russia. Three LBLOCA
tests were performed at the EREC test facility in 1999. The project met basic objectives and
provided very valuable data [1].

Together with this, the tests indicated an existence of non-uniform temperature and flow
velocity distributions. Further studies were recommended to study these phenomena. As a
follow-up, Paks NPP financed a study on post-test calculations of the BCEQ tests [2],
involving, among others, an analysis of the thermal-hydraulic conditions in the EREC test
facility with the GASFLOW 2.1 three-dimensional CFD code. Test N5, a LBLOCA test was
selected for the post-test study.

GASFLOW 2.1 is a best estimate, special purpose computer code developed at Los Alamos
National Laboratory (LANL) and Forschungszentrum Karlsruhe (FzK) to predict the
transport, mixing and combustion of hydrogen and other gases, liquid droplets and aerosols in
nuclear reactor containments and other non-nuclear buildings [3].



2 GASFLOW MODEL OF THE EREC TEST FACILITY

Two co-ordinate systems are available in GASFLOW 2.1: rectangular (Cartesian) and
cylindrical. For the present model, the rectangular co-ordinate system was used, according to
the actual geometry of the EREC test facility. The computational domain or 3D block is
discretized using a rectangular finite difference mesh consisting of computational cells. It is
possible to define several 3D blocks, which are connected via one-dimensional ducts.

The EREC test facility and its 3D mesh representation is shown in Fig. 1 (side view), and in
Fig. 2 (top view). The facility consists of the boxes 1a and 1b, separated by a wall. The break
is located in the box 1a at a far position from the connecting channel. Two other rooms are
connected to the boxes: the “dead volume” 2 and the bubbler condenser (BC) volume 3. There
is a relatively narrow channel connecting the boxes with the BC volume. The BC volume
houses the bubbler condenser, a closed metallic structure. The air trap volume 4 is connected
to the bubbler condenser with a check-valve.

The computational domain is set up of two 3D blocks connected with a 1D duct. Block 1
consists of the steam generator boxes, the dead volume and the bubbler condenser with a
computational grid consisting of 19 x 50 x 15=14250 cells. Block 2 represents the air trap.
The computational grid is set up of 8 x 3 x 14=336 cells (Figs 1, 2). A 1D duct models the
check-valve between the bubbler condenser (BC) and the air trap.

Fig.1 The EREC test facility and its 3D mesh representation. Side view
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Fig. 2 The EREC test facility and its 3D mesh representation. Plan view

2.1 Heat Structures

Heat conducting structures in the containment are modelled according to GASFLOW 2.1
modelling options as walls, slabs or sinks. Walls are thin structures represented by surfaces
dividing two fluid cells. Steel walls of the BC structure, I-beams and the outside walls are
modelled as walls. Inside walls are modelled as slabs or obstacles with volume that restrict
fluid flow in the computational domain. Distributed sinks are heat structures with symmetric
two-sided conduction, which are assumed as distributed within the fluid cell.

2.2 Bubbler Condenser Model

There is no suppression pool model currently available in GASFLOW 2.1. At the same time,
the pressure suppression pool is a major heat sink influencing the thermal hydraulic behaviour
of the containment. Modelling of this system is important for a reasonable description of
containment phenomena.

The bubbler condenser pools were modelled in this study as distributed heat sinks [4].
Suppression pool heat transfer is very effective, therefore the sink is defined as a thin, 2 mm
thick structure. Material properties of this sink are the same as those of water, and the sink
mass is equal to the mass of the bubbler condenser water pool. This model can describe the
energy transfer from the steam-water mixture to the water.

However, the sink model has its own limitations. Sinks are modelled as a separate matter
distributed in the whole volume of the bubbler condenser chamber. Therefore, dynamic
phenomena associated with the pools (e.g., vent clearing, level change) cannot currently be
modelled.

Geometrical modelling of the bubbler condenser is shown in Fig. 3.
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Fig. 3 Cross- sectional view of the bubbler condenser
Top: Prototypic facility design
Bottom: Modified geometry in GASFLOW input

2.3 Blowdown mass and energy source

The blowdown mass flow rates and enthalpies were provided by EREC Elektrogorsk. These
data were used as input for GASFLOW calculations.

3 CALCULATION RESULTS VERSUS TEST RESULTS

The simulation model included 14250 cells. The calculation with a problem time of 40 s
required about 5 days of CPU time on a Sun ULTRA 10 workstation.

3.1 Pressures

The pressure transient starts with a rapid pressure rise, reaching a maximum between 7-8 s in
the containment (Fig. 4). The flow passed to the bubbler condenser, where the steam gets
condensed and the air is passing to the air trap. From 8 s the pressure decreases as a result of
the decreasing blow-down flow-rate and the energy absorbing effect of the bubbler condenser.
The pressure of the air trap increases continually as long as there is a pressure difference on
the check-valves (Fig. 5). The containment pressure is equilibrated with the air trap pressure
from 30 s. Calculation results display the same trend as the measurements, but the calculated
pressure maximum and equilibrium values are less than the measured values (Fig. 4-5).

Fig. 4 Pressure in the break room Fig. 5 Pressure in the air trap
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The discrepancy between the calculated and measured pressure values is caused likely by the
treatment of liquid droplets. Under large break LOCA conditions there is a substantial liquid
water injection into the containment atmosphere. GASFLOW includes models for condensed
droplets and a relaxation model for droplet depletion with user input coefficients, and
obviously the latter were not consistent with the test conditions.

3.2 Temperatures

Temperatures of different rooms are shown in Figs 6-9. The temperature of the break box
rises rapidly and reaches its maximum value of about 400 K at 5 s, then it decreases due to
wall condensation. Calculation results agree quite well with test results for the break room
(Fig. 6), and to lesser extent for the opposite box (Fig. 7). There is an overshoot of the
calculated temperature in the BC air volume during the initial phase of the blow-down (Fig.
8). The discrepancy is caused by the fact that there is a strong droplet entrainment from the
BC pool to the atmosphere, which is not modelled in the present BC sink model. The
calculated air trap temperature histories agree well with the test results (Fig. 9).

Fig. 6 Temperature, break room Fig. 7 Temperature , SG box

Fig. 8 Temperature, BC air volume Fig. 9 Temperature, air trap

3.3 Flow directions and patterns

3.3.1 First phase – until water seal clearing (0.4 s)

In the first seconds, when the primary coolant is discharged at high pressure, there is a strong
flow through the connecting channel to the BC. The velocity of the flow is about 90 m/s.
Flow proceeding from the break room is impacted at the pedestal of the BC, and opposite
flow directions exist at the sides of the connecting channel (Fig. 10, Fig. 11).
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Fig. 10 Flow through the connecting channel Fig. 11 Flow between the boxes
3.3.2 Second phase – after seal clearing

The fluid flow enters the bubbler condenser in different paths: the main part turns around at
the rear end of the facility, and another part of the stream enters the facility from the front
side. The reason is that the front flow is impacted and redirected by the condenser pedestal
and front gridplate. The impacted current moves forward at both sides in the upper part of the
BC, then it turns around at the rear and proceeds in reverse direction near the bottom. The
flow enters the space below the pools from behind and from both sides of the BC structure
(Fig. 12).

Fig. 12  Flow field around the BC

C: Cross section (3rd row)

A: Behind the BC

B: Side view

D: Beneath the BC



Temperature distributions in the test facility are formed as a result of the flow pattern; warm
currents enter the bubbler condenser from below around both ends. The condenser pools are
heated up, while the atmosphere above the pools remains relatively cool (Fig. 13).

Fig. 13: Temperature distribution – vertical cross section of the EREC test facility

3.3.3 Heat-up of the bubbler condenser water pool

GASFLOW predicts a higher heat-up at both ends along the BC in agreement with the
experimental results. The effect can be explained by non-uniform steam fluxes entering the
pools (Fig. 14.), as a result of the particular circulation around the BC structure. Smaller pools
available at both ends of the BC contribute to this effect, too.

Spatial distribution of the BC pool heat-up at different times is shown in Fig. 15. For
comparison, pool measurement results are shown in Fig. 16.

Fig. 14 Steam mass flow rate per water volume on the different tray rows (numbering
corresponds to the GASFLOW model)
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Fig. 15 Distribution of the heat-up of the BC water

Fig. 16 Measured water temperature heat-up distribution along the BC length at 40 s.

4 CONCLUSIONS

GASFLOW calculations for the BCEQ LBLOCA test provided detailed results for spatial
distribution of thermal-hydraulic parameters, velocity fields and gas concentrations. Complex
flow patterns found in the tests were satisfactorily explained by the code predictions. The
analyses predicted a rather complex flow pattern around the bubbler condenser. The bubbler
condenser pool temperature distribution, observed in the experiments, is a consequence of the
particular flow and steam concentration fields. Despite the limitations, the sink model used for
BC modelling was able to predict the thermal-hydraulic behaviour of the facility. However,
the current model cannot predict pool dynamic phenomena, such as reverse flow of the BC
water.
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HYDROGEN DISTRIBUTION IN A VENTILATED ROOM 
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Abstract 

In the framework of an explosion risk assessment, the storage tanks for gaseous effluents and their piping 
were identified as a possible source of failure, leading to leakage of explosive mixtures.  The tanks containing 
hydrogen/nitrogen mixtures and the piping are situated in different compartments of the nuclear services 
building.  The compartments are ventilated by a forced ventilation. 

The aim of this study is to investigate the hydrogen distribution in the compartments due to a possible 
leak in the piping.  Different leak rates are simulated by mean of the CFD-code CFX-5.  The mixing in the 
compartments is looked for as function of the Froude-number.  The CFD results are compared to a simplified 
model for averaged concentrations. 

1 INTRODUCTION 

In the framework of an explosion risk assessment, an inventory was made of all reservoirs and 
piping in the reactor building containing pressurised and/or explosive gases.  The storage tanks for 
gaseous effluents were identified as the reservoirs containing the most important quantities of possible 
explosive gas mixtures. 

The next step in the risk assessment study is the evaluation of the distribution of gases in case of 
a release.  This paper presents the results of a CFD study on hydrogen build-up and distribution in the 
compartments of the gaseous effluent storage tanks. 

As the density of the released mixtures is lower than the density of air, stratification and 
concentration build-up at the ceiling may occur. 

First the building configuration is described.  The physical phenomena of interest are briefly 
presented.  Finally, the results of the different simulations are compared and commented. 

2 BUILDING CONFIGURATION 

Each tank is placed in a separate compartment, with a corresponding compartment containing 
the valves and piping to the tank.  The configuration of the tank and the 2 compartments is given in 
figure 1.  The net room volume of the tank compartment is about 100 m³.  The volume of the piping 
room is 31 m³.  A maximum hydrogen concentration in the tanks is set, but the piping towards the 
tanks can transport higher hydrogen concentrations.  

The piping and valves compartment is situated just above the tank compartment.  The two 
rooms are interconnected by a manhole in the floor.  Some other smaller pipe holes pass through the 
floor too.  These smaller pipe holes are represented in the simulations by one typical pipe passage. 

The volume of a single tank is 35 m³ and the maximum tank pressure is 700 kPa.  The content 
of the tank is a mixture of hydrogen and nitrogen.  The mixture in the tanks is variable.   

2.1 Ventilation 

A forced ventilation with an air refreshment rate of 4 (±500 m³/hr) enters the upper room by an 
opening at 0.5 m above the floor (see figure 2), passes through the manhole to the tank compartment 
and is there evacuated by two ventilation suction openings in the ventilation shaft. One suction 
opening is situated at the bottom and one at the ceiling of the lower compartment. 
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2.2 Leak conditions 

The study focuses on the release of a vertical turbulent buoyant jet in the upper compartment.  
The break point corresponds to the position of some valves in a region of low ventilation flow.  The 
initial jet width is kept invariable.  An initial hydrogen volume concentration of 43 %vol is considered.  
An air/hydrogen mixture instead of nitrogen/hydrogen is used in the simulations to reduce the number 
of fluid components.  The hydrogen concentration is calculated as a constraint.  A kinematic 
diffusivity of 7.7 10-5 m²/s is used. 

3 PHYSICAL PHENOMENA OF INTEREST 

In the first place, there is the behaviour of the jet or plume.  On the other hand, there is the 
interaction of the jet with the compartment wall and the streamline patterns induced by the ventilation 
system, which are governing the overall mixing in the compartments. 

The fluid motion in buoyant jets is governed by inertial, buoyant and viscous forces.  The local 
characteristic of the flow is determined by the relative magnitude of these forces.   

The Reynolds number is the ratio of the inertial to viscous forces : 

ν
DuRe 0=         Eq.  1 

The ratio of the buoyant to viscous forces is the Grashof number defined by : 

2
0

3
0a

νρ
)Dρ-g(ρGr =        Eq.  2 

As the leaks considered are all turbulent, the viscous forces are negligible and only the ratio of 
inertial forces to the buoyancy forces is of interest.  This ratio is called the densimetric Froude number 
and can be written as : 

)ρ-gD(ρ
uρ

Gr
ReFr

0a

2
00

2

==       Eq.  3 

or can be expressed in terms of initial momentum flux M0 and weight deficit W0 [1]as : 

DW
uMFr

0

00=        Eq.  4 

The typical length scale for a flow to behave as a jet is given by  

FrkDL =        Eq.  5 

where k is a constant with a value of 4.3 (cfr [2]).  This leads to a corresponding timescale for 
the jet flow  of : 

0
j u

LT =         Eq.  6 

The timescale for the concentration build-up in the room depends on the room volume, the 
ventilation flux and the break flux : 
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The most simplified model to calculate concentrations in a room is based on the hypotesis of 
instantaneous and homogeneous mixing.  The concentration as function of time in the room can be 
calculated by the mass balance equation for hydrogen : 

inH

2
0

v

HH
2

22 C
4V
πDu

T
(t)C

dt
(t)dC

=+
      Eq.  8 

For a initial concentration of 0 %vol the concentration is given as : 
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      Eq.  9 

4 CFD-CALCULATIONS 

The CFD simulations were performed with the CFX-5.5.1 code.  The CFD model was limited to 
the upper compartment (see figure 2).  The highest concentrations are expected here, due to the 
smaller volume compared to the tank compartment, the upward buoyancy of the released gases and the 
higher hydrogen concentrations in the piping compared to the concentration in the tank.   

The model represents the room geometry with the manhole, an equivalent pipe passage through 
the floor, a small cube from were the break is simulated and the ventilation inlet opening.  The break 
opening is square with a side length of 0.028 mm. 

 
 

 k 
 

 
Break  

Ventilation inlet 

Typical pipe 
passage Manhole to tank  
Ventilation outlet
Ventilation outlet
Figure 1 

 

4.1 Mesh 

A tetrahe
mesh is refined 
Several mesh si
Ventilation inlet

Brea
 
Compartment lay-out 

 

compartment 

 

Figure 2 CFD model lay-out 

dral mesh combined with prismatic cells at the walls (inflated layers) was used.  The 
at the break, the ventilation inlet, the manhole, the pipe passage and in the jet region.  
zes were evaluated.  The final mesh contains 180 147 elements. 
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4.2 Turbulence model 

The Shear Stress Transport (SST) k-ω turbulence model with automatic near wall treatment was 
used [3].  This model is standard available in the CFX5.5 version. 

4.3 Boundary conditions 

A constant velocity boundary condition at the manhole and at the pipe passage is set to simulate 
the volume flow extracted by the ventilation system.  The ventilation inlet opening is a zero pressure 
boundary.  All walls are smooth walls with no-slip.  The velocity at the break is set.   

The turbulence levels at the inlets (both break and ventilation opening) are determined by a 
fractional intensity of 0.05 and an eddy viscosity ratio of 10. 

5 STEADY STATE SOLUTION 

The steady state solution represents the ventilation flow under normal conditions in the 
compartments.  The flow pattern is shown in figure 3 and figure 4.  

The flow from the ventilation opening is spread on the opposite wall.  It is directed along the 
wall and the floor to the manhole.  The flow in the other parts of the compartment is limited.  
Especially in the region of the simulated break the velocities are very small (in the order of 0.1 m/s). 
The flow through the pipe passage is not influencing the general flow pattern in the compartment. 

 

Break position 

Figure 3 Velocity vectors, horizontal plane 
through the ventilation opening (steady state 
solution) 

 

Man hole to
tank room 

Ventilation 
intlet 

Figure 4 Velocity contours (steady state 
solution)  

6 TRANSIENT SIMULATIONS 

Four simulations have been performed on the same model with different leak velocities (from 
1 up to 80 m/s).  The corresponding Froude number varied between 4.8 to 30 963.  As the distance to 
the ceiling is 1.7 m, the simulation with the lowest leak velocities (1 and 5 m/s) will have a transition 
zone to a buoyancy dominated flow according to equation 5.  

The hydrogen distribution of the different simulations is compared on 4 points in time, 
corresponding to equal released hydrogen volumes.  As the size of the break is constant, the flow rate 
is proportional to the break velocity.  The simulation with a break velocity of 1 m/s has been taken as 
the reference case.  The equivalent time in the other simulations is obtained by dividing the real time 
by the break velocity (see table 1).  The room timescale for the reference simulation according to 
equation 7, is 220 s. 
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 Reference     

Break velocity  1 m/s 5 m/s 20 m/s 80 m/s 

Froude number 4.8 121. 1935. 30963 

Jet length scale  0.3 m 1.5 m 6.0 m 23.9 m 

Equivalent time  50 s,250 s, 
500 s,1000 s 

10 s, 50 s,  
100 s, 200 s 

2.5 s, 12.5 s,  
25 s, 50 s 

0.625 s, 3.125 s, 
6.25 s, 12.5 s 

Table 1 Simulation characteristics 

6.1 Results 

The global hydrogen distribution for the 4 simulations on the 4 points of time are presented in 
the contour plots in figure 8 to figure 11.  The vertical plane shown passes through the break opening.  
The colour scale indicates the hydrogen volume concentrations in steps of 1 vol%.  Detailed 
concentration profiles on a vertical line at 1.85 m from the break are given in figure 5.  The vertical 
line is indicated as a dotted white line on the first contour plot of figure 8. 

For the reference simulation (u0 = 1m/s), the zone with very high concentrations (more than 
10 vol%) is limited to just above the opening.  The direction of the released flow is changing over 
time.  Stratification occurs, but after 1000 s the concentration in the upper part of the compartment is 
only 1.3 vol%.  Figure 5 shows a low concentration of hydrogen present also in the lower parts of the 
room from 500 s on.   

With a leak velocity of 5 m/s, the stratification is more pronounced.  For the same integrated 
hydrogen inlet volume the concentration at the upper part of the compartment is 3.5 vol%.  The layer 
of increased concentration is in thickness comparable to the reference case.  Only at the last point of 
time, an increase of concentration at the floor of the room is observed. 

The third simulation (u0 = 20 m/s) looks very much the same as the previous.  Only locally at 
the wall nearest to the break, there is a rebound downward flow which lead to higher concentration at 
this point (4 vol%).  No increase of floor concentrations is observed over the considered time scale. 

The high momentum jet (u0 = 80 m/s) induces flow patterns along the ceiling and downward at 
the walls.  This causes a concentration distribution which is clearly not stratified anymore.  In the 
period just after the opening of the break, large local differences in concentrations are found.  The 
important induced flow however gives rise to improved mixing and more homogeneous room 
concentrations at a larger time scales. 
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Equivalent time 500s at 1m/s
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Figure 5 Concentration profiles on a vertical line at 1.85 m from the release point 

6.2 Impact of the ventilation 

The lower concentration levels for the reference case are caused by the ventilation flow in the 
room.  This can be seen on figure 6.  Here the ratio of the volume of hydrogen present in the room to 
the integrated released volume is presented.  The ventilation flow tends to homogenise the 
concentrations and evacuates part of the hydrogen.  After 1000 s, in the reference case, only 44 % of 
the introduced hydrogen is retained in the compartment.   

For high leak velocities the mixing is enhanced by the momentum of the jet.  The build up is 
reduced when the outgoing hydrogen balances the released hydrogen.  Figure 7 shows the hydrogen 
concentration after 1000 s real time, normalised with the homogeneous concentration at 1000 s as 
obtained from the simplified model represented by equation 9.  For the 20 m/s and 80 m/s releases, no 
stratification is found anymore.   

For intermediate leak velocities (5 m/s) the stratification is not disturbed (figure 7) by the 
momentum of the jet and the homogenizing effect of the ventilation is not sufficient to average the 
concentrations.  Therefore the build up continues for a longer period (figure 6).  
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Figure 6 Hydrogen build up vs. real time 
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Figure 7 Normalised H2 concentration after 
1000 s on the vertical line at 1.85 m from the 
leak point 
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7 CONCLUSIONS 

For low Froude number leaks, the ventilation flow tends to homogenize the concentrations in 
the room.  For high Froude numbers, the homogenizing effect is caused by the momentum of the jet 
and the build up is stopped.  For intermediate Froude numbers, the momentum of the jet is not strong 
enough to induce important recirculation pattern.  As the ventilation is not able to counter the 
stratification, the concentration build up continues for a longer period. 
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9 SYMBOLS  

ν : Viscosity    [m²/s] 

ρ0 : Density of the released gas   [kg/m³] 

ρa : Initial gas density in the compartment [kg/m³] 
CH2 : Homogene hydrogen concentration  [vol%] 
CH2in : Inlet hydrogen concentration   [vol%] 
D : Diameter of the release opening [m] 
d : Distance release point to the ceiling [m] 
Fr : Densimetric Froude number   [-] 
g : Gravitational acceleration   [m/s²] 

Gr : Grashof number   [-] 
M0 : Initial momentum flux    [kg m/s²] 
Qv : Ventilation volume flux  [m³/s] 
Re : Reynolds number    [-] 
Tj : Time scale jet    [s] 
Tv : Time scale concentration build up  [s] 
u0 : Release velocity   [m/s] 
V : Volume of the compartment   [m³] 
W0 : Weight deficit     [kg m/s³] 
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Figure 8 Reference simulation : 1 m/s 

 

 

 

 
Figure 9 Release velocity  5 m/s 
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Figure 10 Release velocity  20 m/s 

 

 

 

 
Figure 11 Release velocity  80 m/s 
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Development of Fluid Dynamic Codes (MISAP, PCCSAC/3D) for 
Passive Safety Systems and Thermal Hydraulic Behavior of 
Qinshan-II under Severe Accident Conditions  
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Abstract 
Passive residual heat removal (PRHR) system and passive containment cooling (PCC) 
system are utilized in the design of AC600/1000 which is a new generation PWR nuclear 
power plant (AC600/1000) of China. The fluid dynamic characteristics analysis codes 
MISAP and PCCSAC/3D for the above mentioned passive engineered safety systems 
have been developed and some related experiments have been done so as to verify and 
improve the codes. This paper will introduce the functions, physical modeling and 
behaviors for PRHR system computer code MISAP and PCC system three dimension 
computer code PCCSAC/3D respectively. The comparisons between the calculation 
values of the codes and experiment results show that the codes are able to use in the 
design for AC600/1000. Meanwhile, the computer codes PCCSAC/3D and COMMIX 
were performed to compare each other under the same conditions.  
Some thermal hydraulic transient characteristics of Qinshan-II nuclear power plant under 
severe accident conditions are preliminary analyzed and computed. The behavior of fluid 
in reactor pressure vessel (RPV) and non-dissolved gas in containment are also discussed. 
 
Key words   
Computational fluid dynamic (CFD)   Passive safety system  Severe accident 
 
 
 
1 Development and Verification of Computer Code MISAP for AC600 Passive Residual Heat 

Removal System (PRHRS) 
AC600/1000 is an advanced PWR nuclear power plant of China, developed by Nuclear Power 
Institute of China (NPIC).  AC600/1000 passive residual heat removal system (PRHRS) is used to 
remove decay heat from reactor core following accident such as station black out. Reactor and 
primary loops form the first natural circulation cycle. Secondary side of SG, emergency feed water 
tank (EFWT) and air cooler establish the second natural circulation cycle. Air coolers located in a 
chimney and atmosphere form the third natural circulation cycle. The test facility has been built 
according to scaling laws. Schematic diagrams of AC600/1000 PRHRS and test facility are shown in 
Figure 1 and 2, respectively. 
The test facility volume scale factor for AC600 is 1/390. The total height from the top of chimney to 
the bottom of SG is about 23m. The maximal pressure is 8.6MPa. The heating power is 400kW(DC).  
More than 30 transient tests were performed to simulate residual heat drops from 8% to 2% of AC600 
full power. More than 280 sets of steady tests data have been employed to analyze the effect of 
elevation between hot source and sink and to verify the prediction of MISAP code. It is seen from test 
and calculation that the threshold elevation difference between SG and air cooler is equal to about 5m. 
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 Figure 1. Schematic Diagram of AC600 PRHRS         Figure 2. Schematic Diagram of PRHRS Test Facility  
          
The startup modes include warm and cold patterns when a tiny emergency feed-water flow rate is used 
to keep a little natural circulation before the startup of transient test or not, respectively. The pressure 
increases before the air natural circulation is established. Then the pressure begins to drop not only 
because the residual heat decreases but also the air flow rate increases its maximum. Finally the 
pressure reaches plateau at the end of the emergency feed-water injection. There is no remarkable 
difference between cold and warm startup as shown in Figure 3. 
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Figure 3. Typical Result of Cold and Warm Startup Mode        Figure 4. Pressure Fluctuation when Water 
                                                               Hammer Occurs 

0

200

400

600

800

1000

00

0 100 200 300 400 500 600 700

time (s)

apr071101  32¡æ
apr071303  52¡æ

The water hammer occurs in EFWT when a great deal of steam condenses quickly, which is rushing 
into EFWT through the pressure balance pipe after the feed-water valve is opened. Figure 4 shows the 
pressure fluctuation in EFWT when water hammer occurs. If the temperature of feed-water is higher 
than 52℃ or the resistance of loop pipes is large enough, no water hammer is observed as seen in 
Figure 5 and 6.  
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MISAP code is a special code that is used to analyze steady and transient performance of the passive 
residual heat removal natural circulation system. The calculation shows that this code simulates the 
steady test very well, and it is able to simulate the transient process of all startup modes. MISAP code 
is now changing according to test results about water hammer behavior in emergency feed water tank. 
Some calculation and test results under steady state conditions are provided in Table 1 and Figure 7. 
Figure 8 shows pressure comparison between calculation and test for hot startup mode.  
  

Table 1. Comparison between Calculation and Test under Steady State Conditions 
      Parameter  Unit Test Result Calculation Result 
SG Power Output  kW   101.3     100 
Water Flow Rate of SG Secondary Side  Kg/h   184.0     194.6 
Condensed Water Temperature  ℃   218.5     218.3 
Air Flow Rate  Kg/s   0.581     0.600 
Air Temperature at Chimney Outlet    ℃   184.3     184.1 
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    Figure7. Power Comparison between Test and      Figure8. Pressure Comparison between Calculation and   

  Calculation                               Test for Hot Startup Mode 
 

 
2 Passive Containment Cooling System Analysis Code PCCSAC/3D 
Passive containment cooling system is used in AC600/1000 design, which consists of a double 
containment including steel shell and concrete shell, a channel barrel in the annular between steel and 
concrete shells, a large water storage tank (WST) on the top of containment. After accident, the water 
in the WST sprays to the outside shell of steel containment to remove heat from inside to outside of 
containment. When the WST empties, air circulation flow is able to remove the residual heat so as to 
assure safety. 
PCCSAC/3D computer code has been developed based on PCCSAC/2D. Physical Models of  
PCCSAC/3D mainly consist of the following items: ① Three dimension flow model in containment; 
② Two dimension flow model in annular channel between steel containment and concrete 
containment; ③ Liquid film flow and heat transfer model; ④ Spray model from water storage tank; 
⑤ Models for heat conduction, condense, evaporation and so on. 
PCCSAC/3D solves mass, momentum and energy balances for vapor, non-condensed gas, continuous 
liquid and dispersed liquid. The nine-equation model is excellent to simulate complex thermal 
hydraulic phenomena of water, vapor, non dissolved gas and fluid spurted in the containment. 
Multi-dimensional transient heat exchange model of cool structures and hot structures, liquid film 
tracking model suitable for time dependent film flows and passive spray model of the cool water tank 
on the top of containment have been established. 
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Three calculation schemes including: double end cold leg break, double end hot leg break and main  
steam line break have been performed by PCCSAC/3D code. Figure 9 is a curve of containment  
pressure (MPa) versus time (s) following double end cold leg break accident. Figure 10 is a curve of  
containment temperature (K) versus time (s) Following main steam line break accident. 

     Figure 9. Maximum Pressure (MPa) of Containment following              Figure 10. Maximum Temperature(K) of Containment 
             Double End Cold Leg Break Accident                                   Following Main Steam Line Break Accident 
 
Comparison of calculation results between COMMIX and PCCSAC/3D has been performed for above  
mentioned three schemes as listed in Table 2. 
 
  Table 2. Comparison of Calculation Results between COMMIX and PCCSAC/3D 

   Scheme Parameter  Unit COMMIX PCCSAC/3D Relative error 
Maximum 
pressure 

 MPa 0.347 0.337 2.9% Double end 
cold leg 
break Maximum 

temperature 
 K 411.0 418.8 1.9% 

Maximum 
pressure 

 MPa 0.363 0.365 0.55% Double end 
hot leg break 

Maximum 
temperature 

 K 451.6 441.1 2.2% 

Maximum 
pressure 

 MPa 0.382 0.381 0.26% Main steam 
line break 

Maximum 
temperature 

 K 408.2 417.5 2.2% 

 
The values of Table 2 show that the relative error of calculation results provided by COMMIX and 
PCCSAC/3D codes are very small. It has been seen from preliminary calculation and application that 
PCCSAC/3D can be used to analyze the passive containment cooling (PCC) features and PCC system 
of AC600 can meet safety requirement. 
Figure 11 and 12 show longitudinal and cross section velocity fields of vapor in steel containment at 
0.5 s after large LOCA, respectively. The maximum velocity is near break. A large amount of coolant 
is extruded to periphery from the break. 
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Figure 11. Longitudinal section velocity field of vapor 
        in steel containment at 0.5 s after large LOCA  

Figure 12. Cross section velocity field of vapor in steel 
        containment at 0.5 s after large LOCA 

 
Figure 13 and 14 show longitudinal and cross section velocity fields of vapor in steel containment at 5 
s after large LOCA, respectively. It is seen from analysis of PCCSAC/3D code that main flow vortex 
begins to establish at this time.  

 
 

Figure 13. Longitudinal section velocity field of vapor 
        in steel containment at 5 s after large LOCA   

Figure 14. Cross section velocity field of vapor in steel 
         containment at 5 s after large LOCA 

Figure 15 and 16 show that some of vortexes begin to be destroyed and reverse vortexes are formed at 
some spaces after 30s of large LOCA. 

 
 

Figure 15. Longitudinal section velocity field of vapor  
         in steel containment at 30 s after large LOCA 

Figure 16. Cross section velocity field of vapor in steel 
         containment at 30 s after large LOCA 
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Figure 17 and 18 are longitudinal and cross section isothermal lines (K) in steel containment at 5 s 
after large LOCA, respectively. The temperature at break and above areas is higher in the beginning of 
accident, but when the main flow vortex forms the fluid in containment bottom area flows to break 
area and the temperature around break begins to reduce.   
 

 
 

Figure 17. Longitudinal section isothermal lines (K) 
       in steel containment at 5 s after large LOCA,      

Figure 18. Cross section isothermal lines (K) in steel 
        containment at 5 s after large LOCA, 

          
It can be seen from calculation about component pressure of vapor in containment at 10 s after large 
LOCA that the component pressure is larger in the center area than in the periphery area, as shown in 
Figure 19. Figure 20 shows the component pressure isobaric lines (MPa) of air in containment at 25 s 
after large LOCA. At this time the blow down of LOCA has ended. The component pressure of air is 
higher in lower area than in upper area of containment. 
The water film thickness on inside surface of steel containment is mainly determined by the 
condensed mass flow rate, which depends on the temperature difference between inside surface and 
air in the containment, and concentration of dry air as well. If the temperature difference is higher, the 
condensed mass flow rate is larger. If the concentration of dry air is higher, the condensed mass flow 
rate smaller. The maximum water film thickness is about 0.4 mm as seen in Figure 21. Figure 22 
shows water film thickness on outside surface of steel containment. From calculation it is seen that the 
outside surface of steel containment will be fully covered by water film at about 1000 seconds. 
 

 
 

Figure 19. Component Pressure Isobaric Lines (MPa) of 
Vapor in Containment at 10 s after Large LOCA   

Figure 20. Component Pressure Isobaric Lines (MPa) of 
Air in Containment at 25 s after Large LOCA 
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Figure 21. Water film thickness (d/mm) versus location 

     (x/m) on inside surface of steel containment 
Figure 22. Water film thickness (d/mm) versus 
   location(x/m) on outside surface of steel containment  

 
 
3 Thermal Hydraulic Behavior of Qinshan-II under Severe Accident Conditions  
Severe accident transient characteristics mainly include: ① Core uncovered, fuel temperature 
increase, clad oxidation and core melt; ② Drop of melted core debris, failure and melt 
penetration of RPV lower head; ③ Melted core-concrete interaction and burn erosion of 
concrete; ④  Release and expansion of non-dissolved gas and fission product; ⑤ 
Pressure increase and failure of containment.  
Qinshan-II NPP consists of two units. The output electric power is about 670 MWe per unit. The main 
parameters of Qinshan-II reactor system are given in Table5. 
 
               Table 5. Main Parameters of Qishan-II Reactor System 

            Parameter    Unit    Value 
Thermal power of reactor    MWt    1930 
Operation pressure of reactor    MPa    15.5 
Thermal design flow rate (cold leg)    m3/h    2X23320 
Inlet/outlet temperature of reactor    ℃/℃    292.8/327.2 
SG pressure on secondary site    MPa    6.72 
Steam rated flow rate    T/h    2X1951 
Total volume of reactor system    m3    238 
Pressurizer volume    m3    36 
Pressure drop of primary loop    MPa    0.6965 

 
Three severe accident conditions are analyzed through use of MELCOR code for Qinshan-II NPP. The 
transient characteristics after accident caused by station black out (SBO) and auxiliary feed water 
system failure (Condition 1) are simulated. The main history courses are listed in Table 6. 
Figure 23, 24 and 25 give the reactor system pressure (MPa), produced hydrogen quantity (Kg) and 
containment pressure (MPa) versus time (hour), respectively, following SBO and auxiliary feed water 
system failure. 
Some important points can be summarized from Condition 1 calculation results for Qinshan-II NPP as 
below: ① SG secondary side empties at about 1.56 hours after accident, core begins 

to melt and drop down at bout 3.09 hours, RPV lower head loses effectiveness at about 

4.16 hours and containment loses effectiveness at about 26.61 hours. ② In the accident, 
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about 300Kg hydrogen produces and enters the containment. ③ About 80T core debris with 

radioactive materials enter the containment. 

So, how to prevent core damage and melt? How to mitigate the consequences of severe 

accident? It is necessary further to research characteristics and law of severe accident 

so as to find out effective and economic measures for mitigation of accident 

consequences. 
Based on Condition 1, Condition 2 is caused by auxiliary feed water system restoration after 2.92 
hours of the accident of SBO and auxiliary feed water system failure. It has been seen from 
preliminary analysis that reactor core is not melted under Condition 2. Figure 26 provides the curves 
of clad temperature (K) of core top versus time (hour). 
Condition 3 is also analyzed, caused by SBO and auxiliary feed water system failure, but containment 
spray system is able to be used. The third safety barrier of NPP or containment will be threatened after 
failure of fuel clad and primary coolant system pressure boundary. The operators of NPP must utilize 
necessary emergency actions according to severe accident management guidelines (SAMG) so as to 
mitigate the consequences of the accident.   
 

Table 6. Main History Courses after Accident of Station Black Out (SBO) and Auxiliary 
            Feed Water System Failure for Qinshan-II NPP (Condition 1) 

                Main Event 
 

MELSIM / PC 
(second / hour) 

 MELSIM 
(second / hour) 

Station black out and auxiliary feed water failure initiate    500    500 
SG safety valves begin to open    512.1    512.1 
Water empty in SG secondary side   5625 / 1.56  5620 / 1.56 
Pressurizer release valves begin to open    5680    5670 
Core top begins to uncover   8165 / 2.27  8160 / 2.27 
Beginning of Zr-H2O reaction    10430    10430 
Clad break   10539 / 2.93  10536 / 2.93 
Core fuel melt debris begin to drop    11115    11115 
Core bottom begins to uncover   12360 / 3.43  12375 / 4.17 
RPV lower head failure   14992 / 4.16  15005 / 4.17 
Beginning of melt debris ejection from the lower head of 
RPV to reactor cavity  

   15003    15023 

Containment failure  95800 / 26.61  98001 / 27.22 

 
 Pressure, Mpa                                   Hydrogen, Kg 
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Figure 23. Reactor System Pressure (Condition 1)     Figure 24. Hydrogen Quantity Produced in the 
                                                               Core (Condition 1) 
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Figure 25. Containment Pressure (Condition 1)               Figure 26. Clad Temperature in the Core Top  
                                                             (Dot line-Condition 1, Solid line-Condition 2) 

In general, in order to assure containment integrity the accident consequences mitigation can use the 
following measures: 
(1) Prevent High Pressure Melt Ejection (HPME) 
The melted core debris covered by vapor and/or hydrogen eject from reactor pressure vessel and/or 
reactor cavity into containment and break to particles, called high pressure melt ejection(HPME). The 
fast heat exchange between huge tiny particles of fission products with high energy and atmosphere in 
the containment, hydrogen burn release energy, and chemical energy induced by oxidation of 
zirconium and iron are able direct to heat the containment atmosphere. The fast increase of 
containment pressure may threaten the integrity of containment. 
(2) Heat Release and Pressure Reduction of Containment  
Drive spray and ventilation system and utilize hydrogen removal measures, including hydrogen 
ignition and so on. 
(3) Filter Release and Pressure Reduction of Containment 
After failure of heat release and pressure reduction measures, the final guarantee of containment 
functions still have the following way: pressure reduction through use of filter release. 
Containment spray is necessary for mitigating containment pressure rise induced by vapor during the 
beginning of severe accident. After station black out and failure of auxiliary feed water system occur, 
the pressure rise induced by vapor accumulation in the containment during the beginning of accident 
will be effectively controlled through use of containment spray if it is possible to be utilized. The 
melted core - concrete interaction (MCCI) produces large quantity of non-dissolved gas following 
failure of reactor pressure vessel, increasing containment pressure. The spray could not efficiently 
reduce containment pressure caused by non-dissolved gas. Therefore, containment pressure continues 
to increase, but the process is slower, reaching over-pressure failure limit of containment at about 112 
hours after accident. Figure 27 and 28 give the curves of volatile radioactive nuclide quantity (Kg) in 
the containment and maximum burn erosion thickness (m) of reactor cavity concrete versus time (hour) 
under Condition 3. 
  Mass, Kg                                       Penetration thickness, m 
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 Figure 27. Volatile Radioactive Nuclide          Figure 28. Maximum Penetration Thickness of  
      Quantity in the Containment (Condition 3)         Reactor Cavity Concrete (Condition 3) 
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It can be seen from calculation that containment pressure mainly consists of component pressure 
established by CO2, CO, H2 and vapor. The spray is very efficient for containment heat removal and 
pressure reduction. However, it should be careful to utilize spray during the end of accident because 
non-dissolved gas such as hydrogen may build up in some area and concentration become larger. 
When melted core-concrete interaction (MCCI) occurs, reactor cavity concrete will be burned and 
eroded. The radial thickness of concrete burn-erosion will reach the limit (2m) and reactor cavity be 
burned and penetrated after 43.5hours of accident. The axial thickness of concrete burn-erosion will 
reach the limit (5.5m) and reactor cavity be burned and penetrated after 109.5 hours of accident. 
Containment failure induced by reactor cavity melt penetration following SBO and failure of auxiliary 
feed water system for Qinshan-II is earlier than that induced by over-pressure under Condition 3 
accident. Besides heat removal and pressure reduction, the spray also wash and eliminate radioactive 
iodine and others such as cesium and tellurium so as to decrease leakage of radioactive materials from 
containment as shown in Table 7.   
 
          Table 7. Quantity of Radioactive Materials Releasing to Atmosphere  
                   after 5 Hours of Containment Failure (Condition 3)   

           Radioactive material, Kg    
  Condition  

   Xe    Cs    Te  CsI 
  No Spray   185.2    3.3    1.1  0.66 
   spray   185.2    0.2    0.01  0.03 

 
There are about 80t of core melt debris to enter reactor cavity when severe accident occurs for 
Qinshan-II NPP. In which around 600Kg U235 have made nuclear fission reaction so that a great 
quantity of radioactive materials produce and may release into environment. Consequently, it should 
be enough considerable to prevent reactor cavity melt and penetration caused by core melt debris and 
to prevent radioactive materials release from containment. It can be seen from above analysis that a 
catcher of core melt debris and cooling system are one of key measures to mitigate severe accident 
consequences.  
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Abstract 

Hydrogen and steam releases into a PWR containment under severe accident conditions may 
lead to gas concentrations close to flammability limits or well within them. This fact 
constitutes a threat for the containment integrity. Computational treatments of substantial 
aspects in such situations are presented in this paper. A hydrogen risk assessment 
methodology is currently being developed based on the combined application of both CFD 
and “lumped parameter” codes in a hybrid strategy. In this paper some CFD simulations with 
the CFX-4 code, as a basic part of this methodology, will be shown applied to a large-dry 
PWR containment during a severe accident. Experiments have been simulated to validate 
CFD calculations for buoyancy-driven plumes, stratification phenomena and local 
accumulation of hydrogen, steam and other light gases. Moreover, a condensation model has 
been implemented in the code and the MICOCO test has been used for benchmarking 
purposes. Besides, other tests concerning the hydrogen mixing in a multi-compartment test 
facility with mitigation devices such as Passive  Autocatalytic Recombiners (PARs) have been 
analysed. Finally, an application to an actual Spanish PWR plant is performed in two scales of 
accuracy: detailed studies in the release room and a full-scale 3D plant application. The 
studies have showed the capability of CFD codes for analysing the hydrogen behaviour within 
containments. These codes solve the short-scale inaccuracies of the simplified “lumped 
parameter” codes, which have been widely used in the nuclear safety studies. The level of risk 
arisen is assessed using the criteria from FzK for Flame Acceleration (FA) and Deflagration 
to Detonation Transition (DDT), which have been implemented in the CFX-4 code. 

1. INTRODUCTION 

Massive Zircalloy oxidation from the fuel rods and other metals in the reactor core 
during very low probability severe accidents in nuclear power plants will lead to important 
amounts of hydrogen to be discharged into the containment. Hydrogen, if enough oxygen is 
available and the mixture is not inerted by the presence of steam (also released during a 
severe accident), might reach flammable conditions in the containment atmosphere. Under 
certain circumstances the energy released by turbulent combustion or even detonation would 
threaten the structural integrity of the building. 

Treatment of the introduced problem with computational tools is not a trivial issue due 
to the following reasons (amongst other ones): 

(a) A typical severe accident sequence may last quite a long time (one day). 

(b) Competition of heat/mass transfer significant mechanisms is involved: steam 
condensation on walls, convection through a full containment free space (over 50000 
m3), turbulent transport and so forth. 
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(c) Moreover, engineering safety systems -such as droplets sprinkled by sprays and/or 
hydrogen catalytic recombiners- may or will certainly operate, thus impacting on flow 
patterns and heat transfer. 

To cope with this problem, a methodology based in the combined use of a lumped-parameter 
code (MELCOR [1]) and a CFD code (CFX-4 [2]) is currently being developed within the 
EXPRO project of the 5th EU Framework Program for Hydrogen risk in industrial 
applications. In this paper, some previous and current validation efforts performed by the 
CTN-UPM through CFX-4 simulations are introduced, and an application to an actual 
Spanish PWR plant will be shown as well. Besides the benchmarking exercises of CFX to 
check the code abilities to simulate some phenomena -i.e. jets, buoyant plumes, stratification 
etc.- some models have been implemented, using the “user FORTRAN subroutine” feature, 
for improving the capacities of the code towards hydrogen risk assessments. They are the 
condensation model and the FA and DDT criteria developed by FzK.  

2. VALIDATION EXERCISES 

 In this section some benchmarking exercises are shown to illustrate the capacities of 
the code to simulate some phenomena relevant for the hydrogen risk assessment. They are 
part of the validation effort performed so far at the CTN-UPM, task that is still on progress. 

2.1. Simulation of simplified distribution experiments. 

 Several CFX-4 simulations have been performed for validation against mixing 
processes induced by jet entrainment, buoyant plumes and stratification phenomena. The 
simulations are compared with simple effect separated tests or correlations trying to 
distinguish every phenomenon on its own. 

2.1.1. Air-air jet test 

 The test [3] was a coaxial jet of air at 12 m/s a 0.026 diameter nozzle within a air 
stream at 1 m/s (Red=2×104) . Some 2D cylindrical simulations have been done with different 
mesh sizes, boundary conditions, turbulence models (standard k-ε and RNG k-ε) and values 
of the constants in the turbulence model. The results with refined meshes (5 mm at the radial 
direction) have shown good agreement with the experimental (Fig.1). The best results have  
been found with the k-ε model, with constants modified as recommended by Martynenko [4], 
i.e. σε = 1.0 and C2 = 1.80 (instead of 1.217 and 1.92 respectively [2]). 
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Fig.1. Air-air Jet test: Comparison between experimental and CFX-4 results. a) Axial 
velocity at central line. b) Axial velocity profile at point 15 d. 
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2.1.2. Simulation of a steam buoyant plume in Air 

 The simulation consists of a buoyant vertical plume of steam within an air atmosphere. 
The parameters are those typical of a LBLOCA during the steam release phase 
(Red=2.7×106): 150 m/s, a diameter of 0.5 m within a 60 m × 20 m sized 2D cylindrical room, 
opened at the top. The results have been compared to typical Gaussian profiles using several 
constant values [5] (Fig.2). 

PLUME STEAM/AIR: Axial velocity profile at 40m
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PLUME STEAM/AIR: Steam mass fraction profile at 40m
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Fig.2. Steam-air Plume simulation: Comparison between correlations and CFX4 results. 

a) Axial velocity profile at elevation 40 m. b) Mass fraction profile at elevation 40 m. 

 The results showed good agreement with the correlation for fine enough meshes with 
minimum values of 0.5 m × 0.05 m in the axial and radial direction, for standard k-ε, and 
looked worse for RNG k-ε. Some modifications of the k-ε constants improved the results. 
Using the same as in the previous “Air-air jet” (mod1) and the recommendations of Shabbir 
[6] (mod2), i.e. σε = 1.0 and C2 = 1.886. The modifications gave results similar to the default 
model, but the plume spreading fitted better with the Shabbir’s (mod2). 

2.1.3. Simulation of helium distribution experiment in a vented cavity 

The experiment [7] consisted of a helium injection (mass flow rate: 4.6×10-3 kg/s) 
from the bottom of a cylindrical enclosure of 7m3, vented at its top. The vent opening kept it 
depressurised during the release phase (120 s). The calculation, which was performed with a 
1200-cell 2D mesh, has been compared to the experimental data provided. 

CFX-4 [8] reproduced the turbulent circulation motion of the jet and the stratification 
of helium, which was accumulated in the uppermost half of the cavity (Fig.3.a). Several 
meshes and turbulent models were checked. Finally, the k-ε turbulence model with a mesh 
refined at the lowermost part of the cavity was found to be the optimum approach to the 
experiment. The experimental results were predicted accurately, as were the stratification and 
the concentration gradients, with errors about 10%, but showing a delayed evolution in time 
(Fig.3.b). 
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Fig.3. Helium jet experiment: a) Velocity vectors and [He] at 115 s, b) Comparison 

between calculated helium molar fractions and experimental results at different times. 

2.2. Condensation model validation at the MICOCO test. 

 The CFX-4 code does not include a condensation model. In order to simulate this 
phenomenon a model has been implemented by CTN-UPM as “user FORTRAN subroutine”. 
The model, taken from Terasaka et al. [9], is based on the Nusselt equation [10] corrected by 
a degradation factor, accounting for the effect of non-condensable gases on the condensation. 
This model considers the wall condensation process but not the bulk condensation. 

 The model has been validated against the MICOCO BENCHMARK exercise [11] 
done at the MISTRA facility. It consisted of a steam release of 0.12 k/s at 271 K within a 
cylindrical 83 m3 vessel (5 bar, 413 K, 70% molar of steam) with 71.6 m2 condensers at 
constant temperature (393 K). The exercise included a vertical buoyant plume, convective 
natural circulation and condensation in turbulent regime (Re d = 4.6×104 and GrL=7.7×1013). 

 Some transient simulations were performed until steady state conditions were reached, 
i.e. release flow rate equalled the condensation flow rate. Simulations within a 2D cylindrical 
geometry, with k-ε model and compressible flow, were done for checking the spatial mesh, 
the time stepping and the differential schemes (Table 1). 

Table 1 Comparison of the CFX-4 results and the experimental data for 
MICOCO test. 

Condensation rate (kg/s) 
CASE 

Injection 
rate 

(kg/s) 
Nodes 

Time 
step 
(s) 

Pressure 
(Pa) Top Medium Bottom 

EXP 0.12 -- -- 3.6×105 0.0386-
0.0398 

0.0329-
0.0351 

0.0348-
0.0323 

M13 0.12 450 1.0 4.43×105 0.0211 0.0398 0.0372 
M14 0.1064 450 1.0 4.30×105 0.0187 0.0353 0.0329 
M15 0.1064 450 0.1 4.33×105 0.0195 0.0367 0.0343 
M16 0.1064 1140 1.0 4.32×105 0.0189 0.0356 0.0329 
M17 0.1049 4560 1.0 4.26×105 0.0166 0.0353 0.0326 
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The CFX-4 results (Table 1) shows pressures 20% higher than the experiment. 
However, the averaged temperature near the wall and the condensation rate at the upper and 
middle condensers were the closest (5%) to the experimental data. Even tough the reduction 
of time step has not an important impact on the results, the spatial resolution from 0.2 m to 
0.05 at the nodes closest to the wall have some effect on the transient temperature and 
pressure evolution. These disagreements with the experimental results, especially those for 
pressure, imply that a further validation effort is still needed. 

2.3. Simulation of the multicompartment experimental test Zx. 

Within the VOASM project [12] of the 4th EU-FWP, in cooperation with ANSALDO 
Spa and GRS mbH, a simulation methodology capable to capture containment thermal 
hydraulics (with both the mass and energy scalar equations switched off) during an accidental 
scenario and the Passive Autocatalytic Recombiners (PARs) operation as hydrogen mitigation 
strategy, has been developed and validated. 

    

Fig.4. BMC grid for CFX (built by GRS): a) Vertical cut through the main 
compartments of the test facility. b) Horizontal cut at a lower elevation showing 

compartments and flow junctions. 

The Zx experiments studied were performed at the BMC experimental facility [13,14]. 
It is a scaled model of a multi-compartment containment (600 m3), in which three PARs of 
commercial design were located: two from SIEMENS AG KWU and one from NIS 
Ingenieurgesellschaft GmbH. Hydrogen and steam were released at different locations in the 
containment, thereby reproducing different hydrogen-steam atmospheric distributions (well-
mixed vs. stratified) for the different tests. 

The CFX-4 model grid of BMC, built by GRS mbH [15], reproduced in detail the 
BMC rooms, the connections between them, the injection nozzles and the three PARs, by 
using 109000 computational cells (Fig.4). 

2.3.1. Simulation of the Zx08 Test 

The Zx08 test [13] consisted of a well-mixed dry atmosphere situation. Two short 
periods (155s each) of the test have been calculated with CFX-4. The first one, CASE 1, 
aimed to explore the containment behaviour during the phase previous to the hydrogen 
release. The atmosphere motion patterns were driven by the natural convection induced by the 
temperature differences throughout the walls (7-8ºC). Fig.5.a shows the global convective 
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loop established in the containment. The gas rose through the central compartments and fell 
down through the outermost (annular room). Also in the dome, secondary loops enhanced the 
well-mixed atmosphere motion. The global loop closed through the horizontal ducts, which 
connected the central and the annular rooms. The velocities calculated at these points showed 
good agreement with the experimental results (Table 2). 

    

Fig.5. BMC-Zx08 test: Velocity vector field and speed gradients in a) CASE 1 and b) 
CASE 2. 

During CASE 2 the recombiners were operating at steady conditions and the hydrogen 
concentration remained constant, since the recombined mass of hydrogen was compensating 
the released one. The atmosphere flow motions were changed by the hot gases released 
through the recombiner outlets (10-2 kg/s at 650 K). These hot gases rose from the PAR 
outlets forming light gas buoyant plumes, which dominated the containment flow motions 
(Fig.5.b). The global speed was therefore increased, especially at the upward streams in the 
central rooms by the effect of the buoyant plumes exiting the PAR outlets. The averaged 
velocity values calculated at the horizontal ducts increased from those of the former case 
(duplicated in several ducts). However, the comparison with the experimental results showed 
worse results (Table 2). 

Table 2. Comparison of the CFX-4 results and the experimental data for the Zx08 test. 

 DUCT U34 U49 U36E U69 U38A U89 
CASE-1 EXP. --- 0.3-0.32 --- 0.41 --- 0.42 
 CFX-4 0.26 0.27 0.17 0.33 0.20 0.28 
 Error (%)  12.9  19.5  33.3 
CASE-2 EXP. --- 0.25 --- 0.28-0.43 --- 0.3-0.4 
 CFX-4 0.46 0.47 0.38 0.62 0.09 0.34 
 Error (%)  -88.0  -44.2  0.0 
INCREASE (%) 76.9 74.1 123.5 87.9 - 55.0 25 

 

2.3.2. Simulation of a scaled real plant accidental scenario 

The last step of the VOASM project was the application of the developed 
methodology for a realistic accidental situation. For simplifying the task, the BMC reference 
configuration was used, however the accidental scenario was derived from an actual plant 
accidental sequence, and by scaling it down to the geometrical characteristics of the BMC 
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facility. A simplified lumped parameter code (GOTHIC) was used to perform a full transient 
simulation, task performed by ANSALDO Spa [12]. These calculations were used as 
boundary conditions for the CFX short-time simulations, which were done with the scalar 
equation switched off in order to perform flow field calculations with a frozen scalar field. 

The first point simulated (t=14800s of the full transient sequence) was selected before 
the recombiner operation phase, while the steam was being released at the upper part of the 
containment. The high velocity of the jets established at this area induced a strong forced 
circulation there. The CFX-4 flow patterns showed high convective velocities driven by the 
steam release location at the uppermost containment, and slow motions (stagnated atmosphere 
conditions) at the lower containment regions (Fig.6a), which remained nearly unaltered. This 
showed a characteristic stratified situation. 

    

Fig.6 Real Plant Scenario: a) Upward plume from upper steam inlet location at 14800s 
and b) Buoyant ascending plumes from the recombiners at 25400s. 

Also at the second point of verification (t=25400s) the CFX calculations showed how 
the recombiner operation induced three vertical upward streams within the containment. 
These plumes could break-up through the stratified conditions simulated previously, leading 
to a better-mixed containment atmosphere (Fig.7). 

3. APPLICATION TO PWR CONTAINMENT 

 Finally, a full-scale hydrogen risk assessment has been performed in a real plant 
scenario with CFX-4. The containment is that of a typical Spanish 3 Loop W-PWR and the 
sequence modelled was the in-vessel H2 release during a SBLOCA. Previous MELCOR [16] 
calculations helped to select the most critical scenarios to be studied with CFX-4. However, 
some parameters of the release profiles were changed trying to reproduce a family of 
SBLOCA sequences. Two different approaches were applied for the CFX study: 

(a) Detailed studies at the surroundings of the release point. 

(b) A global study throughout the full containment. 

 The FA and DDT criteria “σ” and “λ” by FzK [17] have been implemented as CFX-4 
post-processing tools through CFX “user FORTRAN subroutines”. The estimation of the 
variable σ (unburned-to-burned gas density ratio) has been taken from [17] as an iso- line map 
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(strictly valid only for T=373 K), but an extension for the temperature range typical of severe 
accident situations is planned. Critical values of σ have been derived from the following table: 

Table 3. Critical σ  values as function of T(K) for lean/rich hydrogen-steam-air mixtures. 

σcritical Temperature  
(K) Lean H2 Rich H2 

300 3.75 3.75 
400 2.80 3.75 
500 2.25 3.75 
600 2.10 3.75 

 

The “λ” criterion for DDT has been implemented into CFX-4 as well. The detonation 
cell size is calculated by means of the analytical function “B67p” which depends on 
hydrogen/steam concentrations, temperature and pressure [17]. Seven times this value is 
compared to the cloud size characterised by CFX and, should this value be large enough, the 
onset of processes leading to DDT should be accounted for. 

3.1. Detailed study at the break room. 

The geometry and grid shown in Fig.7 included the steam generator, the pump and the 
shield plate. It has 12000 nodes in a 1900 m3 room, being the minimum cell size 0.33 m and 
the maximum 1.5 m. 

A triangular H2 release profile of 126.5 kg at a maximum rate of 0.913 kg/s was 
simulated during 300s, by taking the initial and boundary conditions from previous MELCOR 
studies [16]. The steam release amounted 4.0 kg/s at a constant rate and lasted 300s more after 
the end of the H2 release.  

The results showed a non-uniform hydrogen/steam distribution from the release point 
towards the upper part of the room. The buoyant plume, travelling around the steam generator 
structure (Fig.8), reached [H2] values of 10-15% during the maximum release peak. 

The combustion risk assessment performed showed global values for the “σ” and “λ” 
criteria well below the critical: σ was 25 % lower than the critical value (Fig.8). However, the 
application of the σ criterion to local clouds showed some values above, but just during some 
few seconds and affecting a short mass of H2 : near 20 kg. No local mixture was observed to 
reach DDT conditions. 

These results yielded that mixtures will experience FA very unlikely, and the onset of 
DDT is excluded, within the loop room of a W-PWR during in-vessel SBLOCA conditions. 
Only given higher H2 release rates and/or afterwards core reflooding some mixtures could 
exceed the threshold values for  “σ” and “λ” [18]. 
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...  
Fig.7. Detailed Break Room. CFX grid of the loop room: a) Vertical cut. b) 3D view of 

the room with the steam generator, the pump and the shield plate. 

 

 

Fig.8 Detailed Break Room. Iso-surfaces of hydrogen molar fraction at release room 
during maximum release peak: white (10%) pink (14%). 

 

 
Fig.9 Detailed Break Room. Time evolution of a) maximum and minimum 

H2/steam concentrations b) global and local “σ” and “λ” criteria. 

 



 

 10

3.2. 3D Simulation within a full-scale containment. 

A full-scale 3D simulation with CFX-4 has been performed at the containment of the 
Spanish 3 Loop W-PWR of 58000 m3. The initial and boundary conditions were essentially 
those of section 3.1. 

A 3D geometry of the containment has been built, as shown on Fig.7a. The main 
rooms, free volumes and flow junctions have been inc luded (Fig7b). However, the metallic 
structures (SGs, pumps, pressuriser, pipes, etc.) were removed for saving both mesh size and 
details. The characteristic cell size was approximately 1 m3, amounting a total of 90000 cells. 

Results on Fig.11 show how the H2 and steam flows -released initially as a jet through 
the break at one of the primary system pumps- lost their inertia forces soon within the break 
room and travelled upward as a buoyancy-driven plume. A poorly-mixed distribution map of 
H2 and steam was established in this room, with the H2 richest area at the upper part and very 
few H2 underneath the release point. Moreover, the light gas mixed gradually with the air of 
the room in its upward motion. Once the plume entered the free region at the dome, the 
behaviour is similar but the plume did not mix within this full area, being the plume buoyant 
forces larger than the natural convection patterns. Finally, the plume impinged the 
containment ceiling and spread out. 

 

 

Fig.10. CFX grid for the Full-Scale Containment: a) Perspective of the containment free 
volume. b) Inner compartments: the three loops, pressurizer and relief tank rooms and 

refuelling reactor pool. 

After the H2 release, due to the low elevation of the release point and the continuous 
heating from the steam injected, the light gas accumulated at the dome top was mixed within 
this area and travelled down to the lower containment. Therefore, all rooms showed the same 
[H2] at the end of the transient (Fig.12a) and the local hydrogen accumulations and gradients 
disappeared, apart from those around the release area, Fig.12b. 

The application of the “σ” and “λ” criteria to the global containment and to local 
mixtures showed the impossibility to reach FA or DDT in regions apart from the release room 
(analysed in detail in the previous section). The very low H2 amount over the flammability 
limits (max 2.5 kg at the dome during the peak) and the averaged concentrations lower than 
these limits assessed the slow deflagration as the most likely combustion regime. 
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Fig.11. Full-Scale Containment: H2 Molar Fractions during the H2 release 
transient (cut through the break room). 
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Fig.12. Full Scale Containment: Evolution in time of the averaged [H2]. a) Global value 
and at the different containment regions. b) Maximum [H2] and minimum [steam] 

values at the different regions. 

4. CONCLUSIONS 

 In this paper several CFD simulations of gas mixing and distribution have been shown. 
The validation effort of the main phenomena such as jet, plume, stratification, condensation 
and multicompartment distribution has evidenced the capacity of the code for their proper 
prediction. However, disagreements concerning especially validation of the condensation 
model, suggested the improvement of the model currently implemented and the continuation 
of the validation procedure. 

 On the other hand, a full-scale CFD application to an actual Spanish W-PWR has been 
performed for typical in-vessel SBLOCA situations. This has illustrated the capacity of CFD 
tools to perform H2 risk assessment by using distribution results and the “σ” and “λ” criteria 
for evaluating the expected combustion regimes. The 3D approach has been twofold: a 
detailed study at the break room and a global simulation of the full-scale containment. The 
results showed the plume formation and the mixing processes, especially after the release 
peak. Combination of both results yielded the conclusion that the probability of DDT is 
negligible at any location and only small clouds within the break room might reach FA during 
some few seconds. Therefore slow deflagration regimes are to be expected within the 
geometry and the conditions studied here. 
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ABSTRACT
A detailed three-dimensional Computational Fluid
Dynamics (CFD) model of the containment of the nuclear
power plant has been prepared in order to assess possible
multidimensional phenomena. In a first code-to-code
comparison step, the CFD model has been used to
compute a reference accident scenario which has been
analysed earlier with the lumped parameter code
SPECTRA. The CFD results compare qualitatively well
with the SPECTRA results. Subsequently, the actual
steam jet from the primary system has been modelled in
the CFD code in order to determine the hydrogen
distribution for this realistically modelled source term.
Based on the computed hydrogen distributions, it has
been determined when use of lumped parameter codes is
allowed and when use of CFD codes is required.

INTRODUCTION
Hydrogen in the containment due to hypothetical severe
accidents still poses a challenge when quantifying
scenarios with probabilistic safety assessments (PSAs)
and in this respect is subject to reviews with periodic
safety evaluations. The containment considered in the
present study is equipped with 22 Passive Autocatalytic
Recombiners (PARs), which, according to present insight,
present a considerable hydrogen removal capacity and

prevent possible hydrogen burns. Lumped parameter
codes have been used to determine optimum PAR
positions and hydrogen removal efficiency. In order to
assess possible multidimensional effects, a detailed three-
dimensional Computational Fluid Dynamics model of the
containment of the nuclear power plant has been prepared
also. This paper presents the results obtained with the
CFD model up to now.

In a first code-to-code comparison step, the CFD model
has been used to compute a reference accident scenario
which has been analysed earlier with the lumped
parameter codes SPECTRA (NRG, [1]) and WAVCO
(Siemens, [2]). Modelling simplifications have been
made in the CFD model in order to facilitate a
comparison between the 3-D CFD results and the lumped
parameter code results.

In a second step, actual leak size (m2) and leak direction
have been simulated realistically in the CFD model in
order to determine:
1. The hydrogen distribution within the compartments

of the containment for a realistically modelled source
term from the primary system;

2. The importance of the application of CFD to
determine this hydrogen distribution.

The results of the second step and the conclusions drawn
from these results will also be discussed in this paper.
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REFERENCE ACCIDENT SCENARIO
The containment initial process conditions are
summarized in Table 1. In the CFD analyses, basically
the same data have been used for the mass flow rates and
corresponding temperatures of water, steam, and
hydrogen discharged from the primary system into the
containment as used in the SPECTRA and WAVCO
analyses. The total steam and hydrogen masses
discharged from the primary system are graphically
presented in respectively Figs. 4 and 7, as obtained from
[2].

Table 1: Initial containment process conditions

parameter value unit
pressure 101300 Pa
temperature gas space 293 K
temperature concrete walls 293 K
temperature components 293 K
temperature steel liner 293 K
hydrogen volume fraction 0.0 -
steam volume fraction 0.0 -
air volume fraction 1.0 -

CFD MODEL

Computer Code
The current analyses have been performed using the
commercial CFD code CFX-4.4. [3].

Geometrical Model and Mesh
An inside view of the applied geometrical model of the
containment is presented in Fig. 1. Based on this
geometrical model, a body-fitted mesh using 680000
hexahedral computational cells has been generated. This
mesh represents the actual geometry of the containment,
except that:
1. Major objects like the steam generator and main

coolant pumps have been slightly simplified;
2. The coolant pipes and crane have been omitted.
The presence of the coolant pipes and crane can be
neglected for the current purposes, because the volume of
these components can be neglected, and the condensation
on these components have a minor contribution to the
total condensation.

In the current analyses, the explosion hatches between the
installation area and the operational area are assumed to
be instantaneously opened following accident initiation.

Figure 1: Inside view of the geometrical model of the
containment as applied in the CFD analyses.

Main Fluid Dynamics Model
The options in the applied CFX-4.4 main fluid dynamics
model have been selected such that the simulated flow
corresponds to a transient turbulent compressible
non-isothermal flow of an air-steam-hydrogen gas
mixture.

Wall Condensation Model
The leak in the primary system is located in compartment
3, which is located below compartment 6 (see Fig. 2).
The mass flow rates of the steam and hydrogen Part of
the steam will condense at the walls of the containment.
Wall condensation has been modelled using the wall
condensation model that has been validated in [4] and
[5]. For the modelling of turbulence, the standard k-ε
model (see e.g. [6]) has been applied. Gravity has been
included in the model (g=9.81 m/s2).

Recombiners
As a mitigating measure, 22 PARs are positioned inside
the containment. Three types of recombiners are being
used, each type having a different capacity. The
recombiners start to recombine when the hydrogen
concentration cH2 exceeds the initial value of 2 vol%. The
recombination rate ( recombm! ) is linear between this initial
hydrogen concentration and the saturation concentration
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of the recombiners ( sat
Hc

2
=0.08). Above this

concentration, the recombination rate is constant. The
recombination rate has a pressure independent part (k0)
and a pressure dependent part (k1) and can be calculated
as follows [1,2]:

( ) ( ) [ ]sgnccpkkm wH
sat
Hrecomb /100,min

2210 ⋅⋅⋅+=!

In this equation, p presents the absolute static pressure in
bars, k0 = 0.0123g/s, k1 = 0.0103g/(s.bar), and nw is the
type number (1,3, or 13).

At the positions of the recombiners, the conversion of
hydrogen into steam is simulated using user coding for
the volumetric mass sinks and sources in the hydrogen
and steam mass transport equations. The recombination
rate as detailed in the previous paragraph has been
implemented. The corresponding heat release has also
been included in the model, since the conversion of
hydrogen into steam is an exothermal process.

Physical Properties
The modelled multi-component gas mixture consists of
air, hydrogen, and steam. The heat capacity of the
multi-component gas mixture is computed by the
CFX-4.4 CFD code based on the corresponding standard
values of the individual species.

The properties of the concrete walls have been set equal
to the corresponding properties as used in the SPECTRA
computations reported in [1]. These properties are
summarised in Table 2.

Boundary Conditions
The leak in the primary system is located in compartment
3, which is located below compartment 6 (see Fig. 2).
The mass flow rates of the steam and hydrogen
discharged from the leak into the containment
corresponding to the total injected steam and hydrogen
mass as presented in Figs. 4 and 7 have been used as inlet
boundary conditions. As a modelling simplification, all
water discharged from the leak into the containment is
assumed to be directly present as a water pool at the
bottom of the containment. The consequences of this
modelling simplification will be discussed in the next
section.

In the first code-to-code comparison step, the modelling
of the steam injection has been simplified also in order to
facilitate comparison with the SPECTRA [1] and

WAVCO [2] lumped parameter code results. Namely, the
actual steam jet has been replaced by a homogeneous
injection of steam via the entire floor of the compartment
containing the leak.

A constant temperature of 300 K has been applied at the
outer wall of the containment. The initial containment
process conditions as summarized in Table 1 have been
used.

Table 2: Properties of the concrete walls

Parameter value units
heat capacity 960 J/(kg.K)
density 2400 kg/m3

thermal conductivity 2.04 W/(m.K)

Figure 2: Numbering of the compartments within the
containment.

RESULTS

First code-to-code comparison step (CFX-4.4
homogeneous steam injection)
The comparison made in [1] between the WAVCO results
and the SPECTRA Perfect Mixing model results revealed
that both lumped parameter codes gave about the same
results. For this reason, the currently obtained CFD
results will be compared only with the SPECTRA Perfect
Mixing model results.
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In the discussion below, the computed steam and
hydrogen concentration will be presented for  the steam
generator compartment 6 and the dome 14. The
numbering of these compartments is shown in Fig. 2.

Containment Pressure
The release of water, steam, and hydrogen from the
primary system into the containment results in an
increase in the containment pressure and temperature.
The containment pressure as computed by the SPECTRA
lumped parameter code and the CFX-4.4 homogeneous
injection model are presented in Fig. 3. As can be
concluded from this figure, the same trend can be
observed in both computed pressures. However, there is a
quantitative discrepancy between the considered CFX-4.4
and SPECTRA results. The major reason for this
discrepancy is explained in the next paragraph.
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Figure 3: Average pressure in the containment.

Steam Concentration
In the current CFD model, all hot water discharged from
the primary system into the containment is assumed to be
directly present as a pool of water at the bottom of the
containment. However, part of this discharged hot water
will evaporate in reality. As can be observed in Fig. 4,
this evaporation is modelled in SPECTRA. Due to this
evaporation, the total amount of steam in the containment
as computed using SPECTRA is larger than the total
amount of steam mass discharged from the primary
system during about the first 0.3 hr. of the transient. As
already mentioned, the evaporation of the hot water
discharged from the primary system is not modelled yet
in the current CFD model. As a result, the amount of
steam in the containment is under-predicted in the CFD
simulations. This aspect is the major reason for the
quantitative discrepancy between the computed
SPECTRA and CFX-4.4 pressures.   

From Figs. 5 and 6, it can be concluded that the average
CFX-4.4 steam volume fraction compares qualitatively
well with the SPECTRA steam volume fraction. The
major reason for the quantitative discrepancy between the
computed CFX-4.4 and SPECTRA steam volume
fractions is the absence of an evaporation model in the
current CFD model.
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Figure 4: Steam mass present in the containment.
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Figure 5: Average steam volume fraction in room 6 of
the containment.

Hydrogen Concentration
The total amount of hydrogen released from the primary
system into the containment is shown in Fig. 7. Fig. 7
also presents the amounts of hydrogen present in the
containment as computed by SPECTRA and the CFX-4.4
homogenous injection model. The differences between
these two computed amounts and the total amount of
hydrogen correspond to the computed amounts of
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hydrogen being recombined. As can be concluded from
Fig. 7, more hydrogen is being recombined in the
SPECTRA model. This can be explained as follows. In
the CFD model, the hydrogen recombination by the PARs
results in a local reduction of the hydrogen concentration.
Subsequently, some time is required for transport of
hydrogen towards the PARs where the reduced local
hydrogen concentrations occur. In contrast, in the lumped
parameter approach, the hydrogen recombination results
in a reduction of the average hydrogen concentration
within the compartment, and no time is required within
this compartment for transport of hydrogen towards the
PARs.
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Figure 6: Average steam volume fraction in room 14
of the containment.
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Figure 7: Hydrogen mass present in the containment.

From Figs. 8 and 9, it can be concluded that the average
CFX-4.4 hydrogen volume fraction compares
qualitatively well with the SPECTRA hydrogen volume
fraction. The major reason for the quantitative difference
between the computed CFX-4.4 and SPECTRA hydrogen

volume fractions is the larger hydrogen recombination
rate in the SPECTRA model.
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Figure 8: Average hydrogen volume fraction in room
6 of the containment.
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Figure 9: Average hydrogen volume fraction in room
14 of the containment.

Based on the presented analysis results, it can be
concluded that the CFX-4.4 results compare qualitatively
well with the corresponding SPECTRA results. However,
a quantitative discrepancy could be observed between the
considered CFX-4.4 and SPECTRA results. The major
reason for the observed quantitative discrepancies is the
absence of an evaporation model in the current CFD
model. It is expected that the CFX-4.4 and SPECTRA
results will be in good agreement following
implementation of an evaporation model in CFX-4.4

Second step: realistically modelled break
In the current second analysis step, the actual steam jet
from the primary system is realistically modelled. As
mentioned in the introduction, the objective of this
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second analysis step is to determine the hydrogen
distribution within the compartments of the containment
for this realistically modelled source term from the
primary system. In addition, the importance of the
application of CFD to compute this hydrogen distribution
will be determined.

Figures 10 and 11 present the average and maximum
hydrogen volume fractions in compartments 6 and 14 for
a realistically modelled break in the primary system.
From the differences between the presented maximum
and average hydrogen volume fractions, it can be
concluded that large inhomogeneities take place in the
hydrogen distribution in compartment 6 which is close to
the break compartment. Further from the break, the
hydrogen distribution within the compartments becomes
more and more homogeneous. This is illustrated by the
differences between the maximum and average hydrogen
volume fractions in compartment 14, which are much
smaller.
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Figure 10: Realistically modelled break: average and
maximum hydrogen volume fraction in room 6 of the
containment.

Figure 12 presents the hydrogen volume fraction at
t=1.885 h into the transient in a 2-D vertical cross-section
through the containment. As can be observed in this
figure, large inhomogeneities take place in the hydrogen
distribution inside the compartments of the installation.

The above presented results demonstrate that it is not
possible to determine reliably the existence of flammable
gas mixtures based on compartment-based averaged
hydrogen volume fractions. Especially during the initial
phase of the transient, large deviations from the average
hydrogen concentrations occur due to partial mixing
within the compartments (Figs. 10 and 12). For the

current scenario, these large deviations occur during
about 0.5 h. Following this initial phase of incomplete
mixing, mixing within the compartments becomes
gradually complete. As a result, the deviations from the
average values become negligible (Fig. 10). Based on
these observations, it is concluded that 3-D CFD is
required to determine the existence of flammable gas
mixtures during the initial phase of the accident scenario,
since partial mixing within the compartments of the
containment results in large inhomogeneities in the
hydrogen distributions during this initial phase.

0.00

0.02

0.04

0.06

0.08

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (h)

Hy
dr

og
en

 v
ol

um
e 

fra
ct

io
n 

fo
r r

ea
lis

tic
 in

je
ct

io
n 

(-)
Average concentration

Maximum concentration

Figure 11: Realistically modelled break: average and
maximum hydrogen volume fraction in room 14 of the
containment.

Figure 12: Realistically modelled break: hydrogen
volume fraction at t=1.885 h into the transient.
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SUMMARY AND CONCLUSIONS
In a first code-to-code comparison step, the actual steam
jet from the primary system was modelled in CFX-4.4 as
a homogeneous injection of steam in order to facilitate
comparison with the SPECTRA lumped parameter code
results. Based on the presented analysis results, it could
be concluded that the presented CFX-4.4 results compare
qualitatively very well with the SPECTRA results.
However, a quantitative discrepancy was observed
between the CFX-4.4 and SPECTRA results. The major
reason for this discrepancy is the absence of an
evaporation model in the current CFD model. It is
expected that the CFX-4.4 and SPECTRA results will be
in good agreement following implementation of an
evaporation model in CFX-4.4.

Subsequently, the actual steam jet from the primary
system was realistically modelled in the CFX-4.4 CFD
code in order to determine the hydrogen distribution
within the compartments of the containment for this
realistically modelled source term. Based on the
computed hydrogen distributions, it was concluded that
3-D CFD is required to determine the existence of
flammable gas mixtures during the initial phase of the
accident scenario (0.5-1.0 hr), since partial mixing within
the compartments of the containment results in large
inhomogeneities in the hydrogen distributions during this
initial phase.
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Abstract 

The CREBCOM combustion model, developed at the Kurchatov Institute (Russia), is 
devoted to the simulation of combustion in large geometries with respect to the characteristic 
dimensions of the physical phenomena involved. Thermal conduction and species diffusion, 
which are responsible for the propagation of a deflagration, are not directly modeled. Instead, 
their action is taken into account by introducing a source term based on correlations into the 
Euler equations. This model has been implemented in the CEA-IRSN code TONUS. The 
purpose is the evaluation, in the case of a severe accident with hydrogen formation, of the 
pressure loads due the combustion of hydrogen-air-steam mixtures in the containment of a 
nuclear power plant. The purpose of this paper is to describe the CREBCOM model 
implemented  in TONUS. Several small-scale and large-scale validation tests are presented to 
demonstrate that the code gives a satisfactory estimation of the pressure load on the walls. 
Finally, a simplified reactor application performed in the frame of the HYCOM project is 
shown. 

 

 

1. INTRODUCTION 

Under severe accidents conditions in PWR reactors, hydrogen risk is an important issue 
regarding safety. A flammable hydrogen-air-steam mixture can arise and the possible 
subsequent gaseous explosion could represent a major threat to the containment integrity. 
Different tools and methodologies are available to assess this risk, including semi-empirical 
criteria and lumped parameter codes, but CFD analysis is necessary for situations where the 
premixed flame can potentially accelerate in complex and densely obstructed geometries. The 
problem is then to build a predictive multidimensional model, in order to calculate the 
pressure load on the containment walls due to the different existing combustion regimes (slow 
and fast deflagrations, detonations) in sub-stoechiometric non-uniform hydrogen-air-steam 
mixtures. This article summarizes the approach followed in TONUS : a simplified modeling 
is privileged, to obtain a fast running code allowing sensitivity studies concerning ignition 
location or initial gaseous distribution.  

This paper is divided into four sections. In Section 2, we describe the physical and 
mathematical model. In Section 3, we present the cell-centered unstructured finite volume 



approach we use to solve the governing equations. In the fourth section several validation 
tests on small-scale and large-scale are presented, in tube and multi-compartment geometries. 
Slow deflagrations, fast deflagrations and detonation waves have been investigated in the case 
of hydrogen-air mixtures. These calculations demonstrate that the code gives a satisfactory 
estimation of the pressure load on the walls.  Finally, in Section 5, a simplified reactor 
application performed in the frame of the HYCOM European project is shown. 

2. PHYSICAL AND MATHEMATICAL MODEL 

In this section, we describe the class of combustion problems we want to solve and the 
governing equations of the CREBCOM model developed at the Kurchatov Institute (Russia). 

We restrict our attention to “initially homogeneous” ideal gases mixtures containing H2, 
O2, H2O,and N2 (initially non-homogeneous mixtures can also be treated [1]). The chemical 
evolution is supposed to be governed by the global chemical reaction 

OHO2
1H 222 →+  

We neglect the thermal conduction and diffusion. In particular, we suppose that the 
mass center of each gas species has the same velocity. Under these hypotheses, we can define 
the progress variable as: 
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where Y is the mass fraction of H
2H 2 and the indices i and f respectively refer to the unburned 

and burned mixture (i stands for initial and f for final). Moreover the equation of state (EOS) 
can be expressed in the form: 
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where P is the pressure of the mixture, R* the universal gas constant, T the temperature, e the 
specific internal energy, Mj, cv,j and Yj the molar weight, the constant volume specific heat and 
the mass fraction of the species j. Thus, we are dealing with a mixture of two virtual gases : 
the unburned mixture and the burned mixture; ξ represents the mass fraction of the burned 
mixture. 

The system of equations we have to solve are the Euler equations for a mixture of two 
gases with a source term: 
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w being the velocity, et (ht) the specific total energy (enthalpy), hi
0 (hf

0) the formation 
enthalpy at 0K for the unburned (burned) mixture and Ti the initial temperature of the 
unburned  mixture. H is an energy dissipation coefficient (W/m3/K) controlling the volumetric 
heat sink H(T-Ti). P, e and ξ are linked to each other by the already described EOS. 

The CREBCOM source term has been developed for 3D regular Cartesian meshes [2,3]. 
The mesh dimension (∆x) appears in the source term: 

{ functioncriterion
x

K
dt
d

CREBCOM
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 ξ }     (2) 

K0 has the dimension of a speed. Its correct estimation is a central point of the model, 
especially in the case of deflagrations. K0 can be related to the turbulent burning velocity, 
which is proportional to the laminar burning velocity in the “flamelets” regime of the Borghi 
diagram [4]. For this purpose, measurements of the laminar flame speeds SL performed at 
CNRS Orléans [5] were used: the effects of the mixture composition and the initial 
temperature in the range of values relevant for severe accident conditions are accounted for, 
giving a complete picture of the contribution of chemistry. Different correlations, involving 
initial conditions and geometry of the system, have been developed at the Kurchatov Institute 
[2] to estimate the ratio between turbulent and laminar burning rate. These correlations give 
an over estimated a priori assessment of this ratio. 

As far as the criterion function is concerned, it indicates whether the combustion arrives 
in the cell or not. Let us call V(l,m,n) the set of cells which share one side with the cell named 
(l,m,n). In this cell, the criterion function is equal to 1 if the condition : 
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is verified; otherwise, it is equal to 0. In (3), a numerical parameter ε appears. Its choice is not 
straight-forward. Indeed, if ε is too small, the criterion is too weak and the computed flame 
velocity could be too fast with respect to the exact one. In fact, the numerical diffusion linked 
to the upwind solver spreads the region where ξ is non zero. A weak criterion could mean a 
non-zero source term in one region only because of the numerical diffusion. Conversely, if ε 
is too high , the criterion function is too strong, i.e. the computed flam velocity could be too 
slow with respect to the exact one. 

 



3. NUMERICAL APPROACH 

The solution of the problem is approximated using an operator splitting technique [6]. 
During each time step, we separately compute the homogeneous Euler equations and the 
CREBCOM source term contribution. 

The description of the algorithm used to solve the homogeneous Euler equations is 
presented in [7]. Summarizing, it uses: 

- a cell-centered finite volume approach on unstructured grids; 

- the Barth-Jespersen space reconstruction; 

- the Euler explicit algorithm for time integration; 

- the van Leer-Hänel Flux Vector splitting scheme or the shock-shock Flux Difference 
Splitting scheme. 

The source term contribution is taken into account solving the ODE system in t: 
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via the Euler explicit algorithm [8]. 

4. VALIDATION OF THE MODEL ON THE DIFFERENT COMBUSTION REGIMES 

The CREBCOM combustion model, presented in the previous section, was tested in 
several configurations and with different initial gaseous compositions. The relevant 
combustion regimes under severe accident conditions are : 

- Slow subsonic deflagrations: flame acceleration is limited and maximal flame speed 
remains lower than the speed of sound in the reactants, typically 300 to 400 meters per 
second. Resulting pressure load is fundamentally static. 

- Fast choked deflagrations: a strong flame acceleration leads to speeds of the order of 
magnitude of the speed of sound in the products (700-1000 meters per second) and 
strong dynamic effects on the structures appear. Propagation of the flame is still driven 
by species and heat diffusion, which is not the case for detonation. 

- Detonations : flame is fully coupled to a shock wave and propagates at very high 
speed (more than 1000 meters per second). Very high pressure peaks (several 
megaPascals) are generated. 

Occurrence of these regimes and transition between them depends on the reactive mixture 
richness and on the geometrical conditions. In the following paragraphs, the calculations 
achieved for each regime are briefly described. Table 1 summarizes the main characteristics 
of the test cases considered in this paper: initial conditions, facility and combustion regime. 



Table 1 : Main characteristics of the test cases 

Test case 
Initial H2 

molar 
fraction 

Initial air 
molar 

fraction 

Initial H2O 
molar 

fraction 
Pi (Pa) Ti (K) Facility Regime 

HYC01 0.1 0.9 0. 100200 290.7 RUT Slow 
deflagration 

mc012 0.13 0.87 0. 100000 285 tube Fast 
deflagration 

sth06 0.162 0.388 0.45 100150 373 RUT Fast 
deflagration 

Detonation 
test case 

0.3 0.7 0. 99700 285 tube Detonation 

 
 

4.1. Slow deflagrations 

Test HYC01 [9] illustrates how a “slow” deflagration develops in a complex three-
dimensional geometry of large dimensions (more than 300 cubic meters). It was carried out in 
the RUT installation (Russia), consisting in this configuration of a 12 meters long curved 
channel and of a 15 meters long “canyon”. Some schematic views of the facility are given on 
Figure 1 . Various obstacles were introduced in the facility : five of them along the curved 
channel and two large ones in the down part of the canyon. The molar fraction of hydrogen in 
this experiment is uniform and equal to 10%. No steam is present and the initial conditions 
are ambient temperature and atmospheric pressure. Ignition takes places near the end of the 
curved channel, in point I1 shown in Figure 1. 

 
Figure 1 : Scheme of the RUT facility for test HYC01- side and top view 

 

The experiment was simulated using a grid size of 16 cm, with a constant value for K0 
equal to 11 m/s in equation (2) and a parameter ε set to 0.5 in equation (3). The flame 
accelerates along the curved channel reaching a maximal speed of approximately 100 meters 
per second in the experiment. The comparison between measured and calculated pressure 
transients at several locations of the facility is presented in Figure 2. Two different values for 
the completeness of the reaction (parameter csimax) were tested. The slope of the pressure 



rise and maximal overpressure are correctly calculated by the model. It should be mentioned 
that all the curves corresponding to the calculations were shifted in time by 1.1 second: the 
high value of K0 does not allow to describe the initial stage of the flame acceleration close to 
ignition point, which explains why the process is much faster in the simulation than in the 
experiment. The coefficient H from section 1, controlling energy dissipation, can be fitted to 
reproduce the post-combustion depressurization of the gas. 

The computed temperature and pressure profiles in the canyon are displayed in Figure 
3. It can be observed that due to the structure of the gaseous flow, the flame propagation is 
faster in the upper part of the facility. The advantage of multi-dimensional calculations is 
clearly shown by the 3D effects causing local overpressures, such as near the corner of the 
first obstacle in the canyon on Figure 3. For slow deflagrations, these effects remain relatively 
moderate, but the situation is different for the fast deflagrations treated in the next subsection. 
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igure 2 : Pressure transients for test HYC01, with 100% hydrogen burned (black) and 83% 
hydrogen burned (blue), versus experimental results (red) 

2. Fast deflagrations 

Test mc012 [9] is a small-scale tube experiment carried out in the DRIVER facility 
ussia). The tube is 12.2m long and its diameter is 0.174m : 70 obstacles are introduced in it, 

ith a constant blockage ratio of 0.6. The mixture introduced consists of 13% hydrogen and 
% air. This mixture satisfies the flame acceleration “σ” criterion [10], and the tube 
nfiguration with equidistant obstacles spaced by one diameter is considered as optimal to 
celerate the flame by producing turbulence and increasing flame surface. 



 

 

 

 

 

 

 

 

 

 

 

Figure 3 : Temperature, pressure and gas velocity (horizontal component) cuts at t=128ms 

The flame first accelerates due to the increase of its surface and then stabilizes to 
propagate at a quasi-constant speed (575 meters per second in average) along the tube. The 
simulation of this test shows that a strong precursor shock wave develops in the tube, pre-
heating and pre-compressing the fresh gases before the flame arrival. Once the stable 
propagation regime is reached, the model gives a good reproduction of the flame speed along 
the tube, as can be noticed in Figure 4. 

 

 

 

 

 

 

 

 

 

Figure 4 : Flame position versus time during test mc012 



Test sth06 [11] is an example of the generation of a fast deflagration in a large-scale 
geometry. The RUT facility is not in the same configuration as for test HYCOM01 : ignition 
takes places at the end of a 35 meter-long channel containing 12 obstacles, and then the flame 
propagates in the canyon and curved channel described previously. Differently from the 
former test cases, steam is present in this experiment (see Table 1). 

 
Figure 5 : Side view of the RUT facility for test sth06 

This test was treated in 2 dimensions with two different grid sizes: a “coarse” mesh 
(15cm) and a finer one (7.5cm). Here again, we observe a shock wave expanding ahead of the 
flame, as can be seen in Figure 6. Strong reflections and focalizations of this shock wave on 
the corners of the canyon produce high pressure peaks visible on the pressure gauges records. 
Simulated and recorded pressure transients in the canyons are compared for a gauge located in 
the canyon in Figure 7. The model shows relatively little sensitivity to the grid size, except for 
the peaks that seem to be captured in a better way with the finer mesh, even if they are still 
under-estimated in comparison with the experiment. Another limitation is the two-
dimensional grid, which excludes the shock reflections in the horizontal direction. 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Pressure (top) and temperature (bottom) iso-values for test sth06 
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Figure 7 : Pressure transients for test sth06 

efit of the CFD approach can be clearly perceived in these two test cases. The 
the flame surface and the assessment of the wave reflections are fundamental to 
ctly the combustion regime and the pressure load, and they both require a 
imensional analysis. 

ns 

erical simulation of detonation waves is usually performed using the reactive 
s. If the mesh dimension is much larger than the characteristic length of the 

ves (the size of the detonation cell), a detailed chemical model is not necessary 
odels involving the global reaction give acceptable results in terms of pressure 

me propagation speeds [12]. One could argue that the pressure profile is 
 respect to the exact solution. However, this would happen even if one used a 
cal model with the mesh dimension much larger than the induction region. As 
BCOM combustion model is concerned, we underline that the solution is not 

to the choice of the K0 constant. In fact, if K0 is larger than a critical value, its 
only the dimension of the reaction region. 

ompute the detonation propagation in a tube filled with gas. Initial conditions 
able 2. The specific heats are computed as 4-th degree polynomial regressions 
a. We chose K0 = 500m/s, ε =0.8, the shock-shock FDS scheme and a mesh 
25mm. Moreover, we suppose that the combustion is complete. In Figure 8, we 
1D numerical solution (once the stable unsupported detonation wave is 
th the ZND solution for this mixture. In this figure, the state 1 is the state ahead 
, VN the Von Neumann state, CJ the Chapman-Jouguet state and 0 the state 
ylor wave (i.e. the rarefaction wave connecting the reaction region and the 
 can see, there is a good agreement between the numerical and the exact 
lready mentioned, the pressure profile numerically computed is smoother than 



Table 2 : Hydrogen air-detonation : initial conditions and some mixture properties after the 
complete combustion 

Initial conditions 

 H2 O2 H2O N2 

Molar fraction Xj,i 0.3 0.147 0.0 0.553 

Mass fraction Yj,i 0.0291 0.2262 0.0 0.7447 

Ri (J/kg/K) 399.8 

p1 (mixture, Pa) 99700 

T1 (K) 285 

⇓    Final conditions     ⇓ 
Molar fraction Xj,f 0.0070 0.0 0.3447 0.6483 

Mass fraction Yj,f 0.00058 0.0 0.2547 0.7447 

Rf (J/kg/K) 341.1 
 

 

Figure 8 : Hydrogen-air detonation : comparison between numerical results and the ZND 
solution 



5. REACTOR APPLICATION 

This demonstration exercise is proposed in the frame of the EC HYCOM project 
devoted to the turbulent deflagrations in hydrogen-air mixtures [13]. The first results are 
available, and further analysis, especially concerning the influence of grid size, is underway. 

5.1. Description of the reactor containment geometry 

The geometry corresponds to a simplified EPR containment : total volume is 66000 
cubic meters. In the radial direction, there are three concentric cylinders (inner cylinder, outer 
cylinder and annular space). The inner cylinder is empty. In the outer cylinder, 
only two opposite steam generator (SG) rooms and pump rooms, connected by a channel that 
crosses the inner cylinder, are modeled explicitly. Finally, the annular space is also empty. 
Above elevation 40 m, a large dome area occupies all the volume (see Figure 9). A possible 
acceleration of the flame in the equipment rooms is due to the presence of obstructions: the 
steam generator itself and grids at various elevations. The top of the pump rooms is closed, 
whereas the steam generator rooms are opened into the dome area. 

5.2. Initial conditions 

The total amount of hydrogen introduced in the containment is approximately 230 kg. It 
is distributed in 4 zones : 

- in the SG and pump rooms, from elevation 13 m to elevation 32 m, 12% hydrogen; 

- in the SG and pump rooms, above elevation 32 m, 10% hydrogen; 

- in the dome area, above elevation 40 m, 8% hydrogen; 

- in the rest of the volume, no hydrogen. 

The ignition point is located at elevation 13 m, in the middle between a steam generator 
and a pump room. The temperature before ignition is 353K, and the pressure is 1.18 105 Pa. 
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Figure 9 : Horizontal and vertical cuts of the containment; figures extracted from [13] 



5.3. Simulation with the CREBCOM model  

For this application, the non-homogeneous version of the CREBCOM model is 
necessary. The K0 coefficient is evaluated in the several domains at 353K, as shown in Table 
3. The grid size in the simulation is 1 meter. 

The total duration of the combustion process is 1.1 s, as can be seen in Figure 10 
representing total hydrogen mass in the facility versus time. The maximal flame velocity is 
reached in the SG room and is approximately equal to 230m/s, which characterizes a slow 
deflagration, and no important dynamic effect seems to affect the structures. Figure 11 shows 
temperature distribution in the facility when 50% of the hydrogen is burned. 

The analysis and the inter-comparison of the calculations carried out by the partners of 
the HYCOM project using different combustion codes are underway. 

Table 3 : K0 coefficients for reactor exercise 

Hydrogen molar fraction K0 value (m/s) 
8% 7.5 
10% 12 
12% 19 

 

 
Figure 10 : Total hydrogen mass (in kg) versus time during reactor exercise 

  
Figure 11 : Temperatures in SG (left) and pump rooms (right) at t=0.542s 



6. CONCLUSION 

This article describes the multi-dimensional combustion model implemented in the 
CEA-IRSN code TONUS to calculate possible hydrogen explosions in the PWR reactor 
containment. The physical model and the numerical methods are exposed. Some validation 
cases in the main combustion regimes of interest are presented. A plant-size application is 
described. A comparison of the partners’ numerical results for this application is ongoing in 
the frame of the HYCOM project, and the results are planned to be presented at the 
NURETH-10 conference. 

Further developments are foreseen keeping in mind that low computational efforts are 
required. The focus will be set on the correct evaluation of the parameter K0 in a wide range 
of geometries and mixture compositions : the most challenging situations seem to be those 
including steep hydrogen concentration gradients. 
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Abstract 
 
The present paper deals with CFD-computations of two phenomena related to containment 
and environment safety: Containment thermal hydraulics including wall condensation and 
hydrogen deflagration in multiple-room containment geometries. Turbulent transient flow of 
air-steam mixture in the ThAI vessel (60 m3) at Becker Technologies is computed with 
STAR-CD. Conjugate heat transfer and wall condensation including liquid film dynamics are 
simulated. Physical models employed are discussed. Simulation requires extensive  user 
coding to incorporate these models. Based on this experience and the status of some of the 
lumped parameter containment codes some features to be desired in commercial CFD-codes 
from a user point of view are presented. This work is part of a benchmark exercise where 
different CFD-codes are applied to a scenario which is measured in the ThAI vessel.  
Premixed combustion of hydrogen-air mixture in presence of steam in geometries with 1 to 4 
rooms is simulated with own CFD-code BASSIM. Combustion model employed has been 
optimised based on comparison of calculation results with data from over 30 different 
experiments performed in Battelle Model Containment and other facilities of different sizes. 
Typical results of calculations are presented including the influence of scaling.  
 
1. Introduction 
 
Even though CFD-calculation procedures have been more popular in the automotive, 
aeronautical and chemical industries, they are being employed in the nuclear power industry 
as well particularly for studying reactor safety issues. Author and colleagues at Becker 
Technologies GmbH ( previously Battelle Ingenieurtechnik GmbH) have long years 
experience with CFD as well as LP ( lumped parameter)-Codes as applied to reactor safety 
problems. Two containment-safety related phenomena as computed with CFD-codes are 
presented here. Significance, benefits and drawbacks of each methodology become apparent 
while computing these phenomena. Some of these are mentioned related to each calculation. 
  
Computation of containment thermal hydraulics including wall condensation, presented in the 
next section is part of an ongoing work at Becker Technologies. Although the present paper is 
restricted to CFD-computations, Becker Technologies is dedicated also to produce reliable 
data on containment thermal hydraulics using non-intrusive measurement techniques in order 
to validate the CFD-codes. Details of the numerical model employed, physical models used 
and some results of computations are presented. Some comments on the application of user 
coding to implement physical phenomena such as condensation are provided. 
 
Some previous work on premixed hydrogen combustion in containment geometries is 
presented in section 3 as the second phenomenon. Numerical treatment of long banana rooms 
is presented. The combustion model as optimised based on measurements with geometries at 
different scales is presented followed by some results of calculations. Hydrogen deflagration 
presents an ideal case for coupling CFD-codes with LP-codes in order to simulate the full 
containment most economically without compromising for the important physical effects.  
Paper ends with some concluding remarks on the application of commercial CFD-codes for 
containment-safety related issues. 
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2. Containment thermal hydraulics with condensation 
 
ThAI (Thermal hydraulics Aerosol Iodine) facility (see Fig. 1) at Becker Technologies 
consists of a cylindrical vessel with internals designed to study thermal hydraulics and aerosol 
transport in containment geometries. One of the aims of  the research programme under way 
in ThAI [1] is to provide reliable data in sufficient detail to verify CFD computations. 
Different CFD as well as LP-codes are taking part in the ThAI benchmark [2] where 
calculation results are to be compared  with each other  and with the measurements being 
performed in the ThAI facility. Calculations performed with STAR-CD [3] are presented 
here. 
 

 
 Fig. 1: Layout of ThAI Facility                                               Fig.2: ThAI Vessel & internals 
 
2.1 Numerical Model 
 
As shown in Fig. 2 the main internals in the ThAI vessel are the inner cylinder and the 4 trays 
of finite thickness placed horizontally. Middle part of the vessel has an oil jacket to provide 
different thermal boundary conditions at the vessel wall. For the calculations presented here 
the oil jacket was not in operation and acts simply as an insulating layer. On the vessel outside 
there is a 12 cm. thick layer of insulation rock wool held with a mm thin Aluminium sheet. 
This construction makes it a case of conjugate heat transfer. Steam is injected at two locations 
(see Fig. 2)  through tubes of small diameters. Clearly it is a case that  needs nonorhogonal 
nonuniform grid distribution with local refinement at the injection ports. In addition the 
measurement locations are specified which should also be considered at the preprocessing 
stage for an efficient comparison of calculation results with the measurements. The geometry 
and the flow are 3-dimensional. Injection locations and directions make the vertical mid-plane 
a plane of symmetry so that only half the vessel need be simulated. Fig. 3 shows the 
numerical grid employed for the calculations. This grid was generated with the STAR-CD 
pre-processor PROSTAR. The body fitted grid consists of about 9000 hexahederal cells. This 
is a coarse grid by all CFD standards. Considering the available hardware and the fact that a 
transient calculation had to be performed, this grid was favoured for starts. The injection 
locations were modelled faithfully employing local grid refinement. Material properties and 
the boundary conditions are conveniently prescribed within PROSTAR [4]. 
A transient of 8000 s was simulated with 80000 time steps and required about 170 hrs. 
computing time on a Pentium III PC even for this coarse grid.  
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Fig. 3: Numerical grid employed 
 
2.2 Physical Models 
     
Flow to be simulated is unsteady, 3-dimensional, turbulent, multicomponent, bouyant and 
compressible with steam condensation at walls and possibly also volume condensation. Other 
than condensation all the features mentioned here belong to standard code features and are 
activated in PROSTAR. High Reynold’s number k-eps turbulence model is chosen for 
modelling turbulence. Uchida’s correlation [5] is used to specify wall condensation as 
follows:  
 
 Qc =   αc  A ∆T        with  ∆T = Min(Tv, Tsat) –Tw                                                             (1) 
 αc  =  Const. (ρv / ρa)0.8             

 mc = Qc / hfg 
 
This is implemented via. user coding. The condensed mass is specified as a sink for the steam 
concentration and the mass continuity equations. Heat released by condensation is specified as 
an energy source in the wall near cells. This heat is transported to the wall via a condensation 
heat transfer coefficient. This all has to be implemented in a consistent manner along with the 
liquid films on the walls. A preliminary version of a wall film model was made available [6,7] 
to the author which has been used in this work. The film model as provided is related to 
droplet deposition at walls and so the condensed mass specified above is deposited to the wall 
via. droplets. This requires activating the two phase Lagrangian model in the calculation. This 
is of no physical consequence to the gas flow as the droplets are introduced right at the wall. 
The film model is valid for thin laminar films providing film thickness as well as velocity and 
temperature averaged over the film thickness. The beta version of the film model was 
originally valid only for non-conjugate walls and hence the numerical model described above 
had to be modified accordingly for the film calculation to function. In the mean time the film 
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model has been updated [7] to compute films on conjugate and internal walls. This has 
however not yet been tested and employed in the present work. The film quantities computed 
so far therefore are not quite consistent with the problem specification. Volume condensation 
has been neglected in the present work. In comparison with the lumped parameter 
containment codes where condensation is included as a standard feature, significant effort had 
to be made in implementing and testing the above mentioned condensation modelling via user 
subroutines. This seems to be the case also with other commercial CFD-codes.  
 
2.3 Results of Computations 
 
Results presented here correspond to the following transient boundary conditions: 
t=0 ; vessel pressure = 1 bar, temperature every where = 25°C, no flow, air in vessel. 
0 < t < 2000 s; steam injection (35 g/s) at the upper injection port 
2000 < t < 4000 s; steam injection (35 g/s) at the lower injection port 
4000 < t < 6000 s; steam injection (5 g/s) at the lower injection port 
6000 < t < 8000 s; no injection 
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Fig. 4: Computed pressure in the vessel as a function of steam condensation rate  
 
Computed development of vessel pressure with time for two different condensation rates is 
shown in fig. 4. This indicates the significance of condensation modelling in such 
calculations. Vessel pressure, temperature and steam distributions are linked with the 
condensation rates at walls as well as in the vessel volume.  
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Fig. 5: Filmthickness  and velocity computed in upper plenum 
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 Fig. 6: Computed velocities and temperatures in the symmetry plane at 3900 s 
 
Computed film of condensate in the upper plenum stays below 1 mm ( see fig. 5). Fig. 6 
shows velocity distribution and temperatures in the symmetry plane before the end of the 
second injection period. A flow loop in the outer ring is to be observed. Thermal stratification 
is more distinct after the first injection period. After the second injection period shown above 
flow is more mixed. The results obtained so far are preliminary. Further calculations are 
planned in the near future.  
 
2.4 Conclusions   
 
Containment thermal hydraulics as simulated with STAR-CD has been presented. Results of 
computations are plausible. Comparison with other computations and measurements are in 
progress and outside the scope of this paper. For containment thermal hydraulics modelling of 
condensation is an important issue and it is worth implementing it as a standard feature in 
CFD codes. Considering the coarse grid used in the present work, a semi-empirical approach   
for modelling condensation  as used here may be acceptable. Further work is required to 
improve condensation modelling including the possibility of volume condensation. This is 
true also for modelling the dynamics of liquid films as a result of condensation in a general 
manner.     
 
3. Hydrogen Deflagration in Containment Geometries 
 
Deliberate ignition of hydrogen in the containment building in a severe accident scenario is 
one of the methods to keep hydrogen concentrations low. This however, leads to dynamic 
loading on the containment structures as a result of slow and fast deflagrations. Extensive 
research has been performed to obtain this loading under different geometrical and physical 
conditions. A large number of experiments have been performed [8] in Battelle Model 
Containment and other facilities of different scales. CFD computations have been performed 
[9,10] in order to provide a predictive model for calculating the above mentioned loads as a 
result of hydrogen deflagrations in multiple room containment geometries. This work is 
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briefly presented in this section. These computations are performed with own CFD-code 
BASSIM. 
 
3.1 Numerical Model 
 
An easy to use preprocessor was written to generate bodyfitted numerical grids for muliple 
room containment geometries. In many cases these are long stretched rooms and significant 
variations of thermal hydraulic parameters take place only in a vertical plane along the room. 
With this assumption a 2.5-D formulation was used for a majority of cases. A 2-D grid was 
generated for the computational plane where a width was defined for each room. The internals 
in the geometry such as room connections, obstructions, distributed resistances, ignitor 
location and the openings to the containment remaining volume could be defined via a simple 
input file to the preprocessor. A typical mesh for a 4-room configuration generated with this 
preprocessor is shown in fig.7. This is a configuration (164 m3) used in the Hx4-experiment in 
BMC (Battelle Model Containment). Finer grid spacing is employed in regions of room 
connections and the ignitor. The code employs structured grids. Fig. 8 shows the numerical 
grid employed for the 3 room geometry (535 m3) of the HDR (Heißdampf Reaktor) 
experiment-E12.3.3. Computational results are presented for this case here. More results will 
be presented at the meeting. 

 
 
 Fig. 7: Numerical grid BMC-Hx4                                     Fig. 8: Numerical grid HDR-E12.3.3  
 
3.2 Physical Models  
 
A pragmatic approach was used to develop a combustion model for premixed combustion of 
hydrogen-air-steam mixtures. In most cases investigated initial conditions are quiescent. 
Combustion is modelled in three stages: laminar ignition phase, quasi-laminar initial phase 
and the fully turbulent phase.  
In the ignition phase hydrogen mass in an assumed ignition volume is consumed and the 
flamefront moves with the laminar flame velocity specified for the initial mixture 
composition. Ignition region is taken to be 3 grid cells in each direction ie., a sphere in 3D and 
a cylinder in 2.5D formulation. Only energy and species conservation equations are solved in 
this phase. Based on the prescribed ignition region and the laminar flame velocity the ignition 
time is predefined.  
Quasi-laminar flame propagation takes place in the early post ignition phase. An empirical 
relation is used for the burn velocity in this phase [11] which depends upon the Karlowitz 
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stretch factor and an additional scaling factor determined based on experimental observations 
and calculations with geometries of different scales. Scaling factor increases with the 
geometrical scale providing faster burning rates in larger geometries. Burning rate is given by 
 
Sb = Sl + 0.88 F K-0.3 √(2k)   where  Karlowitz factor , K = 0.314 k/Sl.2 √(µl/µt)               (2) 
 
Scaling factor F in Eq.(2) varies [10] between 1 and 14 depending upon the geometrical scale 
normal to the flame propagation. Eq.(2) with an assumption regarding the flame thickness 
provides the reaction rate for the species equations. For flame thickness, twice the cell size ( 
smallest cell dimension) normal to the flame propagation is used in the present work. 
In the third phase fully turbulent combustion with thick flames takes place and is modelled by 
the Eddy-Dissipation model [12]. Burn rate given by the Eddy-Dissipation model is optimised 
via an empirical constant which varies with initial hydrogen concentration [9]. It is assumed 
in the present work that this phase begins at Karlowitz factor of 0.42. 
This semi-empirical model provided reasonable calculations for premixed combustion of 
hydrogen in air-steam mixtures in facilities from 0.022 m3 to 2100 m3, single and multiple 
room configurations with obstructions, volume concentrations of hydrogen from 7 to 12% and 
steam concentrations of 25 vol. % or no steam. Same empirical functions could be used for 
flames spreading horizontally, vertically upwards and downwards and a combination there of 
as is the case in the HDR experiment presented in this paper. 
 
 
3.3 Results of Computations 
 

Fig. 9: Computed and measured pressures in the ignition room and the following room. 
 
HDR was a large scale facility with a total volume of 11000 m3. The rooms used for hydrogen 
burn experiments (see Fig. 8) had a volume of 535 m3. The experiment E12.3.3 had 11.6 vol. 
% hydrogen and 25 vol. % steam in all the rooms. Ignitor was placed at the end of the 
horizontal room. In the ignition room the flame propagates horizontally towards the opening 
to the next room. Pressure rise in the ignition room leads to a jet flow in the following room 
followed by highly turbulent combustion in the next room. Jet striking the opposite wall 
moves both upwards and downwards and so does the flame in the vertical room. Peak 
pressure in both rooms reaches similar values and also at the same time. Pressure 
development with time is computed rather well as shown in fig. 9. Similar quality is also 
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obtained in calculations performed for other HDR experiments. Some computed flame 
propagations will be presented at the meeting. 
 
3.4 Conclusions 
 
A semi-empirical combustion model for hydrogen deflagration in multiple rooms is presented. 
The model parameters are optimised based on measurements with facilities of vastly different 
scales. Ignition and post ignition stages play an important role  and are strongly dependent on 
the geometrical scale. For large scale geometries these initial stages are short and the turbulent 
phase determines the major effects. 
Implementation of the model in a state of the art CFD calculation procedure for compressible 
flows has provided encouraging results. 
 
4. Concluding Remarks 
 
- CFD computations of two containment phenomena – thermal hydraulics with 

condensation and hydrogen deflagration in multiple rooms are presented.  
- Preliminary results presented for the first phenomenon are plausible and will be validated 

and improved based on the comparison with measurements. 
- Deflagration model presented is validated and can be used for multiple room geometries 

of different sizes and under different initial conditions. 
- From the view point of reactor safety some important phenomena of interest have to be 

incorporated by the user via user routines in the commercial CFD codes. Condensation 
and  hydrogen combustion are two of many more examples of such phenomena. This is 
viewed as a short coming in the CFD codes in the reactor safety research community and 
indeed in the nuclear power industry.  

- Inspite of the user instruction manuals and valuable and ready support of the code vendors 
it is often considerable amount of work even for experienced users before they obtains any 
results. This to some extent jeopardises the strength of CFD tools in comparison with the 
lumped parameter codes in reactor safety applications. 

- Along with the generality offered by the CFD commercial codes more effort needs to be 
devoted by the code vendors in cooperation with the users to develop the necessary user 
routines, validate them and make them available to the user community.  

 
5. Nomenclature 
 
 A            - wall face area of  a cell 
 Tv, ρv     - vapour temperature, vapour density 
 ρa                 - air density 
 Tsat         - saturation temperature 
 Tw          - wall temperature 
            hfg          - latent heat    
 Qc          - condensation heat  
 αc          - condensation heat transfer coefficient 
 mc          - condensed mass rate 
 Sl, Sb      - laminar flame velocity, burning rate 
 F            - empirical scaling factor 
 K, k       - Karlowitz factor, turbulent kinetic energy  
 µl, µt      - laminar viscosity, turbulent viscosity 
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Abstract 

Numerical methodology for sodium combustion has been developed for the 
safety evaluation of a liquid metal cooled fast reactor. Sodium reactions with 
oxygen and water vapor are complicated phenomena of reacting fluid flow and the 
physical and chemical processes are not well understood in detail.  The 
phenomenological scale in sodium fire varies in wide range.  It is not practical to 
consider all the scales in one simulation.  Hence in computer codes, empirical 
parameters are often utilized in a conservative manner.  From the viewpoint of 
safety analysis, use of the parameters are to be avoided otherwise verified based 
on appropriate experiments.  In this paper multi-level or multi-scale simulation 
technique of the sodium fire is presented.  Detailed-level analysis can develop 
numerical correlations useful in macroscopic safety analysis.  Experimental 
validation of the computer codes is also given by comparing the results with 
experimental data. 

1. Introduction 

Computational fluid dynamics (CFD) codes play an important role in the 
safety evaluation of a liquid metal reactor (LMR).  Liquid sodium is an excellent 
heat transfer medium while it is noted that the sodium is chemically active and 
combustible under oxygen and/or water vapor existence.  The consequence of 
sodium leakage and fire is to be quantified in the safety evaluation of LMRs.  
Chemical species that were observed in the past sodium combustion experiments 
are taken into account in the evaluation.  The present analyses involve Na, O2 
and H2O for reactants, Na2O, Na2O2, NaOH, Na2 and H2 for products and N2 for 
diluent gas. 

Since the sodium combustion is a complicated phenomenon of reacting fluid 
flow, the physical and chemical processes are not well understood in detail.  
Empirical modeling was occasionally employed and conservative assumptions are 
made in the safety evaluation.  The empirical modeling is based on past 
experimental observations and was validated as by limited experimental data 
that simulate reactor situations.  However, it is unavoidable that large safety 
margins exist in this procedure of the empirical modeling and conservative 
assumptions.  The conservatism implies occasionally economical disadvantage, 
i.e., excessive margins and more costly designs.   

In the empirical modeling, parameters are often utilized in a conservative 
manner.  From the viewpoint of safety analysis, usage of such parameters is to be 
avoided otherwise they need to be verified based on appropriate experiments.   
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2. Phenomenological Scale of Sodium Fire and Computer Codes 

Let us compare geometrical and phenomenological scales of sodium thermal- 
hydraulics and chemical reaction (see Fig. 1).  The largest scale is tens of meters 
that represents the size of a reactor building and rooms.  In the sodium pool fire, 
the burning pool size ranges from 10 cm to 10 m depending on the magnitude of 
leakage.  In the sodium spray fire, the size of sodium spray cloud is a few meters 
and the sodium liquid droplet size is a few millimeters.  Counter flow 
non-premixed diffusion flame is formed above the sodium pool surface.  The 
reaction products are emitted to atmospheric gas in the form of aerosols.  The 
boundary layer thickness of the diffusion flame is an order of a few millimeters 
because sodium saturated vapor pressure is low and the flame is close to the 
liquid surface.  It is known that the reaction products are sodium oxide and 
sodium hydroxide aerosols.  The initial aerosol size is measured to be 0.1µm to 
0.5µm.  They are floating in the air with 0.1µm to 10µm diameter. 
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Fig. 1  Phenomenological scale in sodium combustion. 

 
As can be seen from Fig. 1, the phenomenological scale in sodium fire varies in 

wide range.  One needs to quantify chemical reaction of sodium and oxygen, 
aerosols dynamics, heat and mass transfer during combustion, hydraulics of 
leaked sodium, convection and heat transfer in the cell or room, heat and mass 
transfer among adjacent rooms by convection at the same time.  However, it is 
not practical to consider all the scales in a single simulation.  Multi-level 
numerical simulation is useful for this kind of complex phenomena.  Numerical 
methodology for sodium combustion has been developed for the safety evaluation 
of an LMR.[1]  The methodology includes several computer codes. 

1) Chemical reaction analysis program BISHOP[2] is based on chemical 
equilibrium theory.  The BISHOP code is designed fast-running enough to be 
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referred from the combustion model of other computer programs.  Accurate 
evaluation of the chemical reaction is important in every aspect of the 
phenomenology and safety of the sodium combustion.  Composition of the 
reaction products varies with environmental conditions such as a temperature 
and reactant concentrations.  It deals with multi-phase chemical system 
composed of sodium, oxygen and hydrogen.  

2) A fast-running, zone model program SPHINCS[3] deals with the largest 
scale in Fig. 1 and mainly used for safety evaluation.  It models arbitrary number 
of rooms each of which is connected mutually by doorway and penetrations.  
Hence a nuclear reactor building can be modeled and consequence of sodium fire 
is analyzed.  With regard to the combustion phenomena, flame sheet model and 
liquid droplet combustion model are used for pool and spray fire, respectively, 
with the chemical equilibrium model BISHOP.  Chemical reaction is being 
quantified corresponding to the environmental conditions such as temperature 
and the concentration of oxygen, water vapor and sodium vapor.  Sodium oxide 
and sodium hydroxide are treated as aerosol.  As to the aerosol dynamics, the 
distribution of diameter (median and standard deviation) is assumed based on 
empirical observations.  The chemical reaction, heat transfer and mass transfer 
of multi-component gas and aerosols are solved interactively.   

3) AQUA-SF[4] is a field model program for multi-dimensional thermal- 
hydraulics.  Importance of the spatial dependency is easily understood by 
considering the local temperature and oxidizer concentration influence the 
combustion rate.  Multi-dimensional treatment of the thermal-hydraulics is 
required for evaluating these variables.  Therefore, so-called field model program 
AQUA-SF has been developed to investigate the multi-dimensional thermal 
hydraulic behavior.  The same chemical reaction model BISHOP is used for 
AQUA-SF as well.  The six-flux gas radiation model is added for radiation heat 
transfer.  Mass transfer and diffusion of multi-component gases are considered.  
Mass transfer of chemical reaction product is also calculated.  The same aerosol 
model as that used in SPHINCS program is applied on computational mesh basis.   

4) Direct simulation codes[5] of combustion flame and aerosol dynamics are 
based on boundary layer equations or Navier-Stokes equations coupled with the 
aerosol dynamic equation.  The simulation codes employ fewest empirical 
correlations.   

Multi-level or multi-scale modeling and simulations is a useful approach for 
better understanding of the coupled thermal-hydraulics and chemical reactions.  
From a detailed-level simulation, one can develop numerical correlations that is 
used in the zone model or field model codes. It is also useful for applying the CFD 
code to the safety analysis in practical way.   

3. Analysis of Sodium Pool Combustion Experiment 

As a numerical example, the authors analyzed sodium pool combustion 
experiment using SPHINCS and AQUA-SF.  Futagami et al [6] performed a 
sodium combustion experiment in a cylindrical vessel of 2200 mm height and 1300 
mm diameter.  The floor of the vessel is covered with a steel liner.  Liquid 
sodium flows out of a nozzle placed 100 mm above the liner.  The sodium nozzle 
elevation is low enough for the sodium not to burn as it falls down.  The sodium 
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flow rate is very small (i.e., 3.3 g/sec) with its temperature 777 K and it continues 
for 25 minutes.  Air is provided to the vessel by forced circulation at flow rate of 3 
m3/min.  The experimental apparatus is shown in Fig. 2.  It is noted that air 
intake is placed on the lower part of the sidewall.  In front of the air intake pipe 
is a barrier plate as shown in Fig. 2 so that the air does not blow directly against 
the sodium pool surface.  In this experiment, fifty thermocouples are placed on 
rear-surface of the steel liner in every 5 cm interval to measure the transient liner 
temperature profile.  In the experiment, sodium stays on the floor and spreads 
out gradually.  The sodium pool turns to the mixture of sodium and sodium oxide 
in the process of the pool combustion.  The size of the resultant pool at the end of 
the experiment was approximately 30 cm in radius.   
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Fig. 2  Experimental apparatus of sodium pool experiment. 

First, the computational results by SPHINCS are described.  It has been 
found that the temperature histories of the floor liner are in excellent agreement 
with the experiment.[3]  The analytical results of gas temperatures are compared 
with the experimental data in Fig. 3.  Thin solid lines are the measured 
temperatures at plane A of 0.5m from the floor, planes B (1.2m) and C (1.9m) (see 
Fig. 2).  The thick line is the computational result.  In Fig.3, two curves with 
symbol ● are measured at location close to the air intake and two curves with ▲ 
are measured at immediately above the burning zone.  It seems the measured 
temperatures vary considerably.  Excluding the four lines, the temperature 
variation in space is small and they are almost uniform.  Average temperature is 
in accordance with the calculated temperature with SPHINCS code.  

Comparing the calculation and measurements, one notices that the calculated 
gas temperature is higher than the measurement after 2000 sec.  The analyzed 
gas temperatures do not decline after the sodium leakage terminated as observed 
in the experimental data.  This is explained as follows.  In the experiment, the 
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inflow of air extrudes the in-vessel high temperature air out of the outlet nozzle.  
On the other hand, in the analysis the inflow air with low temperature firstly 
mixed up with the in-vessel gas completely.  Hence, the complete mixing 
assumption results in lower outlet air temperature than actual situations.   
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Fig. 3  Gas temperature measurements and analysis of the test.  

AQUA-SF calculates multi-dimensional behavior of the experiment.  Figure 
4 shows the vertical sectional view of the gas temperature and airflow velocity 
contour at 1200 sec.   Non-symmetric temperature profile has been found in the 
experiment, which is predicted by the analysis as well.  This is caused by the air 
intake nozzle flow.  The cold airflow is circulating along with the vessel wall.  
This is seen from the flow pattern shown in Fig. 4.  However, this temperature 
variation disappears at elevation A (500 mm above the liner as in Fig. 2) or above 
and the temperature is mostly uniform (=100°C) in the vessel.  It suggests the 
appropriateness of the one-point thermal hydraulic model of SPHINCS in these 
situations.  In general, the multi-dimensional analysis will provide information 
to define the computational zones in the zone model code SPHICNS. 
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Air InflowAir InflowAir Inflow

Air outlet

Burning pool  
Fig. 4  Spatial distribution of gas temperature in the test. 
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4. Direct Numerical Simulation of Non-premixed Diffusion Flame 

The SPHINCS and AQUA-SF codes require an aerosol release fraction and 
emissivity of the flame as user-input parameters.  If one performs direct 
numerical simulation of the flame, aerosol release fraction and flame emissivity 
can be quantitatively evaluated.  It is numerical derivation of the correlations 
considering influential parameters in a systematic manner.   

It seems there is few experimental data of the flame emissivity as far as the 
authors know.  Hashiguchi et al.[7] reported that the emissivity of liquid sodium 
pool surface was measured to be 0.65 when the sodium surface is oxidized and 
0.05 when no reaction product exists on the surface.  However it is not the value 
for the flame but the liquid sodium surface.  To evaluate the radiation heat 
transfer between the flame and gas, one needs to know the emissivity of the 
sodium burning flame. 

The aerosol release fraction is defined as a fraction of sodium mass that is 
transferred upward to the atmosphere to the total burning mass.  In 
conventional safety analysis of sodium fire, the aerosol release fraction is assumed 
based on empirical knowledge.  For example, Ramsdale and Dunbar[8] assumed 
25.5 percent for dry and 22.1 percent for moisture air conditions, respectively 
based on experimental data by Hiliard et. al.[9] with a large size vessel of 850 m3 
volume.  Yung[10] mentioned 30 to 40 percent of sodium combustion products are 
released based on worldwide.  Newman [11] indicates the fraction ranges 11.5 
percent at 700K and 30 percent at 1000K.   

Current practice is to assume a representative single value that is used in 
analytical codes.  The reason that the fraction estimates vary so widely seems to 
be attributed to its dependency on experimental conditions of sodium combustion.  
The point estimate on aerosol release fraction may not be valid in diverse 
conditions of sodium fires.  The aerosol release fraction has not been numerically 
evaluated ever as a function of pool temperature and oxygen molar fraction.  
Hence, behavior of aerosols is to be quantified based on physics of mass and heat 
transfer and the rate process.   
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Fig. 5  Numerical modeling of combustion flames. 
 

A schematic of the sodium fire phenomena is shown in Fig. 5.  The 
temperature and chemical species distributions are shown in Fig. 6 for a pool 
temperature of 1000K as a function of distance from the pool surface.  The flame 
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temperature reaches approximately 1300K at 1 mm from the pool surface where 
the convection is almost negligible and diffusion is dominant.  Beyond the region, 
convection becomes more important in mass and heat transport process.  It is 
seen that the oxygen and sodium vapor decrease gradually toward the flame 
where they disappear.  One sees a minimal dent in the mass concentration of 
Na2O at the flame region.  The aerosol moves upward by the thermophoresis 
mechanism.  At the same time, the aerosol falls downward by thermophoresis 
and gravity sedimentation.  Above the flame where the temperature is low and 
there are oxygen-rich conditions, the Na2O is easily oxidized to form Na2O2.  
Therefore, 1.6mm above the pool surface, Na2O2 mass concentration reaches its 
peak value.  Between the pool surface and the flame, where the temperature is 
no less than 1000K and there is a sodium-rich situation, Na2O does not have a 
subsequent secondary reaction. 
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Fig. 6  Temperature and mass distribution around the flame. 
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Fig. 7 Burning rate in sodium pool combustion as a function of pool temperature 

and oxygen molar fraction. 
 

Figure 7 shows the comparison of burning rates between calculations and 
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experiments at oxygen molar fractions of 4%, 9.5% and 21%.  The closed symbols 
with solid lines indicate the calculated results.  It is seen that the numerical 
results are in good agreement with the experimental data.  The burning rate 
increases as the pool temperature is elevated and/or oxygen molar fraction 
augments.  Newman[11] measured the flame temperature and location by visual 
examination and thermocouple probing.  It has been confirmed that those values 
are also in agreement with the present computation.[5] 
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Fig. 8  Combustion energy transfer process. 

 
Combustion heat transfer characteristics are shown in Fig. 8, being evaluated 

using the present numerical simulations with 21% oxygen molar fraction.  The 
heat transfer to the pool by conduction is dominant in low pool temperature range, 
i.e., 800 - 900 K.  The reason is that the flame height is only 0.1 - 0.3 mm and the 
flame is very close to the pool surface.  As the pool temperature increases, the 
flame temperature becomes higher and the flame moves away from the pool 
surface.  Hence, the heat conduction is no longer dominant and the radiation 
heat transfer to the atmospheric gas increases.  It is seen that the total heat 
transfer to the pool shown by the solid line in Fig. 8, i.e., sum of conduction and 
radiation heat transfers, decreases as the pool temperature although the total 
heat generation increases.  In other words, even if the burning rate increases, the 
heat increase is transferred not to the pool but to the atmospheric gas.  Therefore, 
no additional heat is provided for the vaporization of liquid sodium at the pool 
surface.  Sodium evaporation heat is approximately one third of the combustion 
heat.  Therefore, about 30% of the combustion heat needs to be supplied to the 
sodium pool at least to sustain the combustion.  In other words, the sodium pool 
temperature cannot exceed 1000K where one third of combustion heat is supplied 
to the pool as seen from Fig. 8.  

Next, Navier-Stokes equation coupled with the aerosol dynamics equation 
and chemical reaction is solved for pool combustion of 5 cm radius.  Figure 9 
shows temperature contour.  One can see a highest temperature line exists at a 
few millimeters above the pool surface.  It suggests the boundary layer 
approximation and Navier-Stokes equations are in good agreement in terms of 
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temperature distribution.  The burning rate evaluated by the present 
two-dimensional analysis is also shown in Fig. 7 for 21% oxygen molar fraction 
and 950K pool temperature.  The result is in good agreement with the 
experimental data and the boundary layer equation calculations. 

Pool edgePool center

 
 

Fig. 9  Typical temperature contour in sodium pool combustion. 
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Fig. 10   Aerosol release fraction as a function of pool temperature and oxygen 

molar fraction. 
 

Concerning reaction product aerosol behavior, computed aerosol release 
fractions are compared with the experiments.  Figure 10 shows the aerosol 
release fraction for the same calculations and experiments as in Fig. 7.  The 
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aerosol release fractions are also in good agreement with the measurements.  
They increase as the pool temperature increases and the oxygen molar fraction 
decreases.  In other words, the aerosol release fraction augments as the 
combustion flame moves away from the pool surface.   

5. Response Surface Model for Aerosol Release Fraction 

A response surface model (RSM) is a polynomial expression of a variable 
quantity as a function of related parameters.  In this section, an RSM for the 
aerosol release fraction is developed based on numerical experiments.  Variables 
could be selected to represent the pool and atmospheric gas characteristics.  
Those are pool temperature, pool diameter, gas temperature, oxygen molar 
fraction and airflow velocity, for example.   

Aerosol release fraction is found to be dependent on the pool temperature and 
oxygen molar fraction.  The gas temperature is related to oxygen molar.  The 
temperature difference between the pool and gas is the driving force of natural 
convection.  In addition, as the gas temperature decreases, the mass 
concentration of oxygen increases even though the molar fraction is constant.  
Based on the consideration, three parameters, i.e., pool temperature Tp, 
atmospheric gas temperature Tg, and oxygen molar fraction Yo, are selected as 
parameters for the numerical experiments.   

The aerosol release fraction is evaluated for various conditions of the three 
parameters.  Based on the numerical results, mass transfer and heat transfer 
can be evaluated.  Using statistical t-test, an RSM can be derived.  Aerosol 
release fraction Φ is numerically modeled and the RSM is expresses as:  
 m n

g pmn OY T TxF = å l
l  (1) 

where Tp is sodium pool temperature, Tg is gas temperature and Yo is oxygen 
molar fraction.  The superscripts l , m , n are exponents of the RSM. 

The parameter set is evaluated by the t-test as shown in Table 1 that shows 
the coefficient of Eq. (1).  Also the t-value is given in the tables.  Larger absolute 
number of the t-value indicates more likelihood of accepting a hypothesis. 

 
Table 1  Quadratic RSM for aerosol release fraction and t-value when Φ<0.5. 

Parameter Coefficient, mna l  t-value l  m  n  
1 1.62E+00 7.32 0 0 0 
oY  -4.68E+00 -13.87 1 0 0 
gT  6.15E-04 6.73 0 1 0 
pT  -4.20E-03 -8.24 0 0 1 
2

oY  1.40E+01 14.45 2 0 0 
o gY T×  -1.72E-03 -2.88 1 1 0 

2
pT  1.62E+00 11.06 0 0 2 

 
Interrelation between the RSM and the numerical results are shown in Fig. 

11.  It is seen that the RSM well predicts the aerosol release fraction and is 
accurate enough to be used in the safety analysis of sodium fire in LMFRs.   
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Fig. 11  Interrelation between the RSM and the numerical results. 

6. Conclusions 

 Computer code system for sodium combustion has been developed.  The 
phenomenological scale of the sodium combustion varies widely and 
multi-level/multi-scale modeling is effective to depict the whole spectrum of the 
phenomena.  It has been confirmed that correlations for aerosol release fraction 
and flame emissivity can be derived numerically with direct simulation of 
boundary layer equations or Navier-Stokes equations.  The correlation can be 
used in the macroscopic computer code even if there exists few experimental data.   
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ABSTRACT 

The need to investigate low-pressure subcooled boiling has recently appeared in reactor safety 
analyses. The topic of the present work is a multi-dimensional modeling of vertical upward subcooled 
boiling flow with the CFX-4.3 code and calculation of local two-phase flow parameters (void fraction 
and bubble size). Phase-change and hydrodynamic mechanisms are modeled. A new model for the 
bubble diameter has been introduced, where the local bubble diameter in the flow field is modeled as a 
function of bubble departure diameter generated on the wall. The evolutions of two-phase flow 
parameters in the radial and axial directions are calculated for experimental conditions from the 
literature [1] and compared to experimental results. 

1. INTRODUCTION 

The phenomenon of subcooled flow boiling is important in water-cooled nuclear reactors, since the 
presence of vapor influences the system reactivity. Models for subcooled nucleate boiling have been 
developed and tested mainly for high-pressure applications, e.g. for power reactor analyses [2]. In 
recent years, there has been an increased interest in reactor safety analyses to investigate low-pressure 
subcooled boiling (between 1 and 10 bar), pursued by the need to perform safety analyses of low-
pressure research reactors and to investigate the sump cooling concept for Advanced Light Water 
Reactors. At low pressure, the saturation temperature is lower and the difference between liquid and 
vapor densities is much higher than at high pressure, leading to increased size of generated bubbles 
and to farther lateral movements of bubbles from the heated wall towards the core of the subcooled 
liquid. The extrapolation of high-pressure correlations to low-pressure conditions usually leads to 
erroneous results [3,4]. 
 
The objective of the present work is to adequately model the phase-change and hydrodynamic 
mechanisms within a multidimensional two-fluid model to predict subcooled flow boiling at low-
pressure conditions. Particular emphasis is placed on the modeling of local bubble diameter. The 
present model is validated against subcooled boiling experimental data in a vertical annulus at near- 
atmospheric pressure and moderate heat fluxes.  

2. TWO-FLUID MODEL OF SUBCOOLED NUCLEATE FLOW BOILING 

To model a two-phase flow with phase change, a two-fluid model based on averaged transport 
equations for mass, momentum and energy has been implemented into the CFX-4.3 code [5]. 
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Interaction terms that couple the transport of mass, momentum and energy of each phase across the 
interface are included as source terms in transport equations. 
 
Turbulence in the liquid phase is modeled using a k–ε model with an additional term describing the 
bubble-induced turbulence. Shear and bubble-induced turbulence are linearly superimposed, according 
to an assumption from Sato et al. [6], where the effective viscosity of the continuous liquid phase is 
expressed as: 
 

b
l

turb
ll

eff
l µµµµ ++=  (1) 

 
The bubble-induced turbulence viscosity µl

b in the liquid phase depends on the vapor phase volume 
fraction α, the local bubble diameter db and the relative velocity between the phases: 
 

lgblb
b
l vvdC vv −= αρµ µ , (2) 

 
where the coefficient Cµb is set to the value 0.6. 

2.1 Interphase momentum transfer 

The interphase transfer of momentum is modeled with the interfacial forces, which include drag, lift, 
turbulent dispersion and wall lubrication forces [5]. The interphase drag force is flow-regime 
dependent and is modeled according to a correlation by Ishii and Zuber (1979, from [5]). To describe 
the radial void fraction profiles, so-called “non-drag” forces, which act normally to the flow direction, 
have to be modeled. The lift force on the liquid phase can be calculated as [5]: 
 

( ) ( llglLL uuuCF vvvv
×∇×−= ρα ), (3) 

 
where CL is the lift force coefficient and is set to the value 0.1 for weakly turbulent bubbly flow. This 
force is shear-induced and pushes the bubbles towards the wall (towards the lower velocity region). 
The effect of diffusion of the vapor phase, caused by liquid phase turbulence, is described with the 
turbulent dispersion force: 
 

αρ ∇−= llTDTD kCF
v

, (4) 

where kl is the turbulent kinetic energy of the liquid phase and CTD is the turbulent dispersion 
coefficient, which is set to 0.1 according to Kurul and Podowski [7]. Since the drainage rate of liquid 
is restrained by the no-slip condition at the wall, the wall lubrication force acts in the radial direction 
away from the wall and is necessary to avoid the accumulation of bubbles near the wall. The wall 
lubrication force is modeled with a correlation from Antal et al. [8]: 
 

( )
n

y
d

CC
d

uu
F

w

b

b

lgl
W

v
vv

v








+⋅

−
= 0,max 21

2αρ
, (5) 

 
where yw is the distance from the wall. The coefficient values are set as C1= –0.04 and C2= 0.08 to 
obtain a good agreement between calculated and experimental void fraction data. With this set of 
coefficients, the wall lubrication force acts within the region of two bubble diameters away from the 
heated wall. According to Eq. (5), the wall lubrication force strongly depends on the model for local 
bubble diameter db. 
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2.2 Heat and mass transfer between the phases 

When the liquid surrounding a bubble is subcooled, the vapor inside the bubble and the bubble 
interface are assumed to be at saturation temperature. The interphase condensation rate Γcond  across the 
phase boundary is defined as: 
 

( )
fg

lsatifif
cond h

TTAh −
=Γ , (6) 

 
where Aif is the interfacial area per unit volume, hfg is the latent heat and hif is the interphase heat 
transfer coefficient, defined by the bubble Nusselt number Nub:  
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where Nub is calculated from the Ranz-Marshall correlation (from [5]). The bubbles in the subcooled 
flow are assumed to have a spherical shape, so that the interfacial area Aif is expressed as 6α/db, α 
being the vapor volume fraction.  
 
The wall evaporation rate per unit volume Γw is applied to the near-wall cell and modeled in a 
mechanistic way, taking into account the total mass of bubbles departing from the heated wall: 
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where dbw is the bubble departure diameter, f is the bubble detachment frequency and Na is the 
nucleation site density. Aw,i and Vi denote the heated area and volume of the i-th near-wall cell. The 
boundary conditions for the energy equation at the wall require a model for wall heat flux partitioning, 
which splits the total heat flux into the heat flux transferred to the liquid phase and the heat flux used 
to generate vapor. The total wall heat flux consists of three different modes of heat transfer: 
 

eQw qqqq ++= Φ1 , (9) 
 
where q1φ is the heat flux transferred to the liquid phase near the wall outside the zone of nucleating 
bubbles (single-phase convection heat flux), qQ is the heat flux transferred to the relatively cold liquid 
from the core of the subcooled flow that fills the volume vacated by departing bubbles (so-called 
quenching heat flux) and qe is the fraction of the wall heat flux, that is directly used to generate vapor. 
In the CFX-4 code, the mechanistic model of Kurul and Podowski [7] is used to describe these 
different modes of wall heat transfer. 

2.3 New models introduced by authors 

The bubble-induced turbulence model, the interfacial forces and the basic heat transfer models can be 
introduced into the CFX-4.3 code via the Command Language (CL) data file. The CL data file 
requires the specification of closure models and model coefficients. In this section, some new closure 
models that cannot be implemented via the CL data file, but were included by the authors in existing 
or user-defined routines of the CFX-4.3 code, are presented. 

Saturation temperature 

The saturation temperature is modeled in a user-defined routine USRSAT as a function of local static 
pressure (according to steam tables). This is especially important at near-atmospheric pressure, where 
the saturation temperature may vary substantially along the flow (for about 5 K in a 2 m long vertical 
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tube) due to relatively high pressure drop. In the original CFX-4.3 code, the saturation temperature can 
be defined only as a constant value over the entire flow domain.  

Bubble departure diameter at the wall 

The bubble departure diameter dbw, which affects the wall evaporation rate, is calculated as a function 
of local pressure, liquid subcooling, heat flux and liquid velocity based on the Unal correlation [9]:  
 

φb
apCd bwbw

709.051042.2 ⋅⋅
=

−

, (10) 

 
where a, b and Φ denote factors, which depend on flow variables. To obtain a good agreement with 
low-pressure experiments, the coefficient Cbw was added in Eq. (10) as the only adjustable parameter 
in the proposed two-fluid model of subcooled flow boiling. Although the default value of Cbw is 2, it 
needs to be adjusted in some cases, depending on the mass flow rate. The model for dbw is introduced 
via the user-defined routine USRUNAL. 

Modeling of local bubble diameter 

Bubble size determines the interphase momentum transfer (drag force, wall lubrication force) and 
interphase heat and mass transfer (condensation). The bubbles generated at the heated wall slide along 
the wall, eventually depart and travel further with the subcooled flow, where they are subjected to 
condensation and to the turbulent liquid velocity field. Since the maximum liquid temperature occurs 
near the heated wall, one would expect that the maximum value of local bubble diameter would also 
occur there. However, the experimental data of Bartel [1] indicate that the maximum value of local 
bubble Sauter diameter is somewhat shifted away from the heated wall. 
 
A simple model of radial distribution of bubble diameter is proposed in the present paper. The shift of 
the maximum local bubble diameter away from the heated wall is modeled by a linear evolution in the 
radial direction as: 
 

( max,
* ,min bwbwb dydd += )  (11) 

 
where the bubble departure diameter dbw is imposed in the near-wall cell. The radial distance from the 
near-wall cell is denoted as yw. The maximum allowed bubble diameter db,max in the subcooled flow is 
determined as 2dbw. Equation (11) is then multiplied by a relation describing the decrease of the bubble 
diameter due to condensation in the subcooled flow field: 
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where ∆Tsub,w is the local subcooling in the near-wall cell. The main advantage of the proposed model 
is that the local bubble diameter db in the flow field is coupled with the bubble departure diameter dbw 
generated in the near-wall cell (in the original code, both diameters are treated independently, as 
adjustable parameters). The model for local bubble diameter db was included in the code routine 
CDPDIA. 

3. RESULTS AND DISCUSSION 

The proposed model was applied to subcooled flow boiling in a vertical annulus with a heated inner 
rod. The annular test section, with inner and outer diameters of 19.1 mm and 38.1 mm, corresponds to 
the test section used by Bartel [1], who performed experiments of subcooled boiling at atmospheric 
pressure and moderate heat fluxes. Experimental conditions are shown in Table 1. The length of the 
heated part of the annulus is 1.5 m, while the inlet part of the test section (0.635 m) is not heated. The 
numerical calculation was carried out on a two-dimensional cylindrical computational domain divided 
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into 20 radial and 200 axial cells. A free slip boundary condition for the vapor phase was used at the 
walls, taking into account the sliding of the bubbles in the laminar sublayer. A logarithmic wall 
function was used as a wall boundary condition for the liquid phase, thus the dimension of the near-
wall computational cell must satisfy the condition y+ > 11.23. A constant heat flux boundary condition 
was applied at the inner wall of the annulus. At the inlet, uniform velocity and temperature profiles 
were set according to Table 1. At the outlet of the annulus, a pressure boundary condition was applied. 
The results were obtained by running the code in the “steady-state” mode. Due to strong coupling 
between the phases, a heavy under-relaxation of governing equations and mass source terms was 
required to obtain a convergent solution. The solution was considered to converge when relative errors 
of enthalpy flow (relative to the added heat) were lower than 3% [10]. 
 

 
Table 1. Experimental conditions [1] 

 
Case No. poutlet (bar) qw (kW/m2) G (kg/m2s) uinlet (m/s) Tsub(in) (K) 

1 1 105 470 0.49 8.9 
2 1 147 922 0.96 3.6 
3 1 128 701 0.73 6.1 
4 1 128 701 0.73 4.8 
5 1 145 700 0.73 5.2 

 

3.1 Sensitivity analyses of closure models 
A series of parametric tests was performed to evaluate the effect of the most important closure 
relations on the radial distribution of local flow parameters. The tests were carried out on Bartel’s 
experimental case 4. 

Influence of bubble-induced turbulence 

The influence of the bubble-induced turbulence model is shown on Figure 1. Two different 
calculations were performed. In both calculations, the model from Sato et al. [6] for bubble-induced 
turbulence was implemented, with the coefficient Cµb modified from 0.6 to 0.01. All other closure 
relations were kept unchanged. In the case of a very small value of Cµb=0.01, the effect of shear-
induced turbulence prevails over the effect of bubble-induced turbulence. Figure 1a shows the radial 
distribution of the effective viscosity of the liquid, where higher liquid viscosity means higher amount 
of turbulent mixing. In the case of prevailing shear-induced turbulence (Cµb=0.01), the liquid viscosity 
is the highest in the central region of the annular gap, while it is very small near both walls. In the case 
of significant bubble induced turbulence (Cµb=0.6), the turbulent mixing of the liquid is the highest 
near the heated wall, where the bubbles are generated. Bubble-induced turbulence significantly 
enhances the transverse transport of mass, momentum and heat in the wall region, causing a flattening 
of the variable gradients (e.g. liquid temperature, as shown in Figure 1b).  
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Figure 1. Influence of bubble-induced turbulence (at axial location z/Dh = 98.7) 
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Influence of non-drag forces 

The effect of the non-drag forces for experimental case 4 is presented on Figure 2. Four different 
calculations were performed to evaluate the effect of each non-drag force on the flow parameters. The 
forces were gradually added to the two-fluid model, whereas the other closures remained unchanged. 
Thus, the curve “None” indicates the calculation, where none of the non-drag forces is included in the 
model, whereas the curve  “TD+LF+WL” represents the calculation with all non-drag forces (turbulent 
dispersion, lift force and wall lubrication) implemented in the two-fluid model. As shown on Figure 
2a, the inclusion of turbulent dispersion force (TD) acts to flatten the radial void fraction profile. 
Similarly, the gradient of the liquid temperature (Figure 2b) also decreases. The inclusion of the wall 
lubrication force (TD+LF+WL) turns out to be beneficial for lateral void fraction prediction, since a 
good agreement with experimental data was achieved. The wall lubrication force acts to push the 
vapor bubbles away from the wall and successfully reproduces the maximum void fraction located a 
little apart from the wall. The influence of the wall lubrication force on liquid temperature is not 
significant. One can see that the calculation without non-drag forces (None) gives the poorest 
prediction of distributions of local variables. 
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Figure 2. Influence of non-drag forces (at axial location z/Dh = 98.7) 
 

Influence of bubble size 

Bubbles in boiling flow are subjected to complex physical phenomena (coalescence, condensation 
etc.) that affect their size. The bubble size changes significantly along the flow, as well as in the radial 
direction to the flow. Four different calculations with different models of local bubble diameter were 
performed (Figure 3). The experimental values represent the bubble Sauter diameter. In the first two 
calculations, constant values for bubble diameters were used (1 mm and 4 mm). The calculation 
denoted as “linear” means that the bubble diameter db is modeled as a linear function of local liquid 
subcooling (details of this model are given in [11]). The “increasing profile” model, calculated 
according to Eq. (12), successfully reproduces the radial evolution of experimental bubble Sauter 
diameter (Figure 3a), but does not show a significant influence on the radial void fraction profile 
(Figure 3b). The constant bubble diameter model of 1 mm significantly underpredicts the experimental 
void fraction, since the void fraction maximum is too high and located near the wall. Due to small 
bubble diameter, the wall lubrication force is too weak to transport the bubbles away from the wall. A 
small bubble diameter also increases the condensation rate, so that the two-phase region is much 
narrower. 
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Figure 3. Influence of bubble diameter modeling (at axial location z/Dh = 98.7) 
 
 

Influence of heat flux partitioning 

The partitioning of the wall heat flux along the heated channel for two of Bartel’s experiments is 
shown on Figure 4. The abscissa on the figure is z/Dh, which indicates a non-dimensional distance 
from the test section inlet with Dh denoting the hydraulic diameter of the annular channel. The single-
phase convection heat flux gradually decreases, while quenching and evaporation heat fluxes increase. 
In both cases, most of the heat flux is transferred to the liquid phase. The evaporation heat flux 
fraction does not exceed 0.5 of the wall heat flux, even near the end of the heated length. Due to the 
relatively low inlet subcooling, boiling is initiated already at the beginning of the heated section in 
both cases. For the experimental case 4, a fully developed boiling region (q1φ=0) may be observed at 
the end of the heated section.   
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Figure 4. Heat flux partitioning along the heated channel 

 

3.2 Calculation results 

Calculations of experiments [1], given in Table 1, are presented on Figure 5. The results of two-
dimensional two-fluid calculations show good agreement against the radial profiles, obtained in 
experiments of subcooled boiling in a vertical annulus. The radial evolutions of void fraction and 
bubble diameter (experimental values represent the bubble Sauter diameter) are successfully 
reproduced, indicating that the proposed modeling approach captures basic mechanisms that control 
low-pressure subcooled boiling in vertical upward flow. Although the two-fluid model adequately 
responds to the change of inlet subcooling and wall heat flux, it experiences some difficulties when the 
mass flow rate varies (cases 1 and 2). Therefore, the coefficient Cbw in the correlation for bubble 
departure diameter dbw was adjusted to the values 3 and 1.5 for the experimental cases 1 and 2, 
respectively. A dependence of bubble diameter on mass flow rate in subcooled flow boiling has also 
been reported in the work of Kljenak et al. [12].  
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Figure 5. Radial distributions of void fraction and local bubble diameter 
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4. CONCLUSIONS 

• A reasonable agreement between experiments and calculations was achieved, showing that basic 
hydrodynamic and heat transfer mechanisms of subcooled boiling have been successfully 
modeled within a two-fluid model. 

• Lateral hydrodynamic mechanisms have to be considered for modeling of subcooled boiling at 
low pressure. The experiments show the presence of void fraction maximum located apart from 
the heated wall, which can only be reproduced by inclusion of the wall lubrication force, which 
pushes the bubbles away from the wall. 

• The dependence of the saturation temperature on local pressure is especially important at near-
atmospheric pressure, where it varies substantially along the flow due to relatively high pressure 
drop. The saturation temperature affects heat flux partitioning and condensation. 

• Adequate modeling of local bubble diameter db is especially important in the wall region, since db 
appears in correlations for wall lubrication force, bubble-induced turbulence and condensation. A 
newly proposed model for bubble diameter successfully reproduced the measured radial 
evolution of local bubble Sauter diameter. 
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ABSTRACT 
 

The Idaho National Engineering & Environmen-
tal Laboratory (INEEL), in conjunction with 
Fluent Corporation, has developed a new 
analysis tool by coupling the Fluent 
computational fluid dynamics (CFD) code to the 
RELAP5-3D©/ATHENA advanced thermal-hy-
draulic analysis code.   This tool enables 
researchers to perform detailed, three-
dimensional analyses using Fluent’s CFD 
capability while the boundary conditions 
required by the Fluent calculation are provided 
by the balance-of-system model created using 
RELAP5-3D©/ATHENA.  Both steady-state and 
transient calculations can be performed using 
many working fluids and also point to three-
dimensional neutronics. 
 
The Fluent/RELAP5-3D coupled code is 
intended as a state-of-the-art tool to study the 
behavior of systems with single-phase working 
fluids, such as advanced gas-cooled reactors.  
For systems with two-phase working fluids, 
particularly during loss-of-coolant accident 
(LOCA) scenarios where a multitude of flow 
regimes, heat transfer regimes, and phenomena 
are present, the Fluent-RELAP5-3D coupling 
will have less general applicability since Fluent’s 
capabilities to analyze global two-phase 
problems are limited.  Consequently, for two-
phase advanced reactor analysis, INEEL plans to 
employ not only the Fluent-RELAP5-3D 

coupling, but also to make use of state-of-the-art 
experimental CFD tools such as CFDLib 
(available from the Los Alamos National 
Laboratory). 
 

A general description of the techniques used 
to couple the codes is given.   A summary of the 
process used to checkout the coupled 
configuration is given.  Finally, future tasks and 
plans are outlined. 

 
INTRODUCTION 

 
INEEL, in conjunction with Fluent Corporation, 
has created a new thermal-hydraulic analysis tool 
that offers the best of the Fluent computational 
fluid dynamics (CFD) code (Fluent Corporation) 
and the RELAP5-3D©/ATHENA (RELAP5-3D 
Development Team) advanced thermal-hydraulic 
analysis code.  Fluent and RELAP5-
3D©/ATHENA have been coupled so that 
detailed, three-dimensional analyses can be 
performed using Fluent’s CFD capability while 
the boundary conditions required by the Fluent 
calculation are provided by the balance-of-
system model created using RELAP5-
3D©/ATHENA.  This work was motivated by a 
need to have an advanced analysis tool to enable 
Generation IV nuclear gas reactor systems to be 
modeled and studied in detail. 
 
Fluent and RELAP5-3D©/ATHENA are coupled 
using a technique that permits implicit inter-
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actions between them using an Executive 
Program (Weaver, Tomlinson, & Aumiller, 
2002).  Hence, if necessary, the Executive will 
allow Fluent and RELAP5-3D©/ATHENA to 
move forward in calculation space on a time-
step-by-time step basis.  In addition, the point to 
three-dimension neutronics/reactor kinetics 
subroutine in RELAP5-3D©/ATHENA (based on 
NESTLE) can be used, by itself, together with 
Fluent so a three-dimensional fluids model can 
be coupled with a three-dimensional neutronics 
model while the balance of the RELAP5-
3D©/ATHENA subroutines are used to model the 
system piping and other system components*. 
 

This paper gives a short description of: (a) 
the capabilities of Fluent and RELAP5-
3D©/ATHENA, (b) how the two codes are 
coupled, (c) the status of the Fluent-RELAP5-3D 
coupling V&V effort, and (d) future plans and 
capabilities. 

 
SOFTWARE CAPABILITIES 

 
The Executive Program uses the Parallel Virtual 
Machine (PVM) as the control medium.  The 
Executive Program interacts with Fluent and 
RELAP5-3D©/ATHENA as illustrated in Figure 
1.  Consequently, particulars regarding the Fluent 
CFD code and RELAP5-3D are summarized first 
followed by a summary of the coupling 
methodology. 
 
Fluent CFD:  Fluent is a state-of-the-art 
computer program for modeling fluid flow and 
heat transfer in complex geometries.  It provides 
complete mesh flexibility so flow problems with 
complex geometries can be nodalized with 
relative ease.  Supported mesh types include two-
dimensional triangular/quadrilateral, three-
dimensional tetrahedral/hexahedral/pyramid/ 
wedge, and mixed (hybrid) meshes.  Also, Fluent 
allows the grid to be either refined or coarsened 
based on the flow solution.  The solution-
adaptive grid capability is particularly useful for 
accurately predicting flow fields in regions with 
large gradients, such as free shear layers and 
boundary layers.  
 
Comprehensive modeling capabilities are 
available in Fluent to cover a wide range of 
incompressible and compressible, laminar and 
turbulent fluid flow problems.  The code contains 
                                                           

* This capability is still under development. 

a broad range of mathematical models for 
transport phenomena (like heat transfer and 
chemical reactions). 
 
Fluent includes the capabilities to model fluid 
flow and related transport phenomena in porous 
media, lumped parameters (fan and heat 
exchangers), streamwise-periodic flow and heat 
transfer, swirl, and moving reference frame 
models.  In addition, it includes a set of discrete 
phase models designed to analyze sprays and 
particle-laden flows and selected multiphase 
flows such as jet breakup, cavitation, sedi-
mentation, and separation. 
 
Finally, Fluent includes a suite of turbulence 
models; the ability to model natural, forced ,and 
mixed convection heat transfer; and a set of 
radiation models that include the effects of 
participating media.   
 
RELAP5-3D©/ATHENA:  The RELAP5 series 
of codes is a product of the Idaho National 
Engineering and Environmental Laboratory.  
Funding was provided by the U.S. Nuclear 
Regulatory Commission, the U.S. Department of 
Energy, and a consortium of several countries 
and domestic organizations that were members of 
the International Code Assessment and 
Applications Program (ICAP) and its successor, 
the Code Applications and Maintenance Program 
(CAMP).  Specific applications of the code have 
included simulations of a full spectrum of 
transients in reactor systems using light water as 
a working fluid†—including the steam supply 
system, transients in various power system 
facilities, pipe transients, and numerous 
fundamental phenomena. 
 
RELAP5-3D©/ATHENA uses a nonhomo-
geneous and nonequilibrium six equation model 
to describe the vapor-liquid mixture (i.e., mass 
conservation, energy conservation, and 
momentum conservation for each phase).  
Constitutive relations, in the form of algebraic 
expressions, are used to model wall heat transfer, 
wall friction, interfacial drag, and interfacial heat 
and mass transfer.  The conservation equations  

                                                           
† Although light water is the most commonly used 

working fluid, RELAP5-3D©/ATHENA can be used to model 
systems that have other working fluids including: ammonia, 
blood, carbon dioxide, glycerol,  heavy water,  helium, 
hydrogen, lead-bismuth, lithium, lithium-lead, nitrogen, 
potassium, sodium, and sodium-potassium. 
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Figure 1.  RELAP5-3D©/ATHENA, Fluent, & Executive Program Flow Path and Interactions 
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are solved using a partially implicit numerical 
scheme to permit fast execution speeds. 
 
THE COUPLED SOFTWARE 
 
Fluent and RELAP5-3D©/ATHENA were linked 
using an Executive Program (see Figure 1) that 
(a) monitors the calculational progression in each 
code, (b) determines when each code has 
converged, (c) governs the information 
interchanges between the codes, and (d) issues 
permission to allow each code to progress to the 
next time step.  The Executive Program was 
interfaced with Fluent and RELAP5-3D©/ 
ATHENA using user-defined functions.  User-
defined functions were also used to ensure the 
fluid properties used by Fluent and RELAP5-
3D©/ATHENA are equivalent.   
 
The Executive Program uses the Parallel Virtual 
Machine (PVM) as the control medium.  The 
Executive Program interacts with Fluent and 
RELAP5-3D©/ATHENA and governs the 
interactions between Fluent and RELAP5-
3D©/ATHENA since the two codes are each 
independent domains (see Figure 2).  As noted in 
Weaver, Tomlinson, and Aumiller, 2001: “.. 
volume 1 is adjacent to and connected to volume 
I, and volume 2 is adjacent to and connected to 
volume II. The boundary volumes in one of the 
domains (i.e., 1 and 2) represent normal volumes 
in the interior of the other computational domain 
(i.e., I and II). Information about these volumes 
must be passed between the domains at the 
coupling boundary to achieve an integrated 
solution.” 
 
 
 

 
 
 
 
 
 

 
Using the above approach, the domains can be 
coupled explicitly or semi-implicitly depending 
on the problem type (Weaver, Tomlinson, & 
Aumiller, 2002). 
 
STATUS OF COUPLED CODES 
 
The Fluent/RELAP5-3D  coupled software has 
been validated and verified by modeling a 
portion of a simple system using Fluent while the 
balance of the system was modeled using 
RELAP5-3D .  The system is shown in Figure 
3—and a blowup of the portion modeled using 
Fluent is shown in Figure 4.    
 
The  integrity of the coupling was validated by 
inspecting the boundary conditions for both the 
RELAP5-3D model and the Fluent at the 
boundaries (labeled zones 2 and 3 in Figures 3 
and 4) to establish that  the pressures and fluid 
flow conditions were correct. 
 
Following completion of the Fluent/RELAP5-3D 
coupling checkout, the authors have proceeded to 
initiate a set of calculations with the new tool to: 
(a) isolate bugs, (b) define user’s guidelines, (c) 
establish the operational characteristics of the 
new tool, and (d) obtain useful results.  Several 
calculations will be completed this fiscal year. 
 
CFD ANALYSES:  TWO-PHASE FLOW 
 
While the coupling task described in the previous 
paragraphs was aimed at providing an analysis 
tool for advanced reactor systems with a single-
phase working fluid, e.g., gases such as helium; 
single-phase liquids such as lead-bismuth or 
liquid-sodium, etc; the analysis tool is also 
applicable to light water reactor (LWR) systems, 
even in the two-phase thermodynamic state, for a 
number of scenarios.   
 
There are a number of phenomena included in 
the above design characteristics, that require the 
use of computational fluid dynamics (CFD) 
codes (see Table 1).  That realization has led the 
International Atomic Energy Agency (IAEA) to 
recently announce the need for a meeting to 
discuss the use of CFD codes for the safety 
analysis of reactor systems (IAEA, 2002).  The 
stimulus for the meeting, scheduled for 
November, 2002, is: 

 

Figure 2.  Schematic of Coupled Problem 
Solution Domain 



 5 

 

PIPE Component 1:  lrcore 

TMDPVOL Component 15:  coretop 

Fluent model 

Zone 2 of 
Fluent model 

SNGLJUN Component 105: 
lcrout 

TMDPVOL Component 6: 
corebtm 

PIPE Component 16:  upcore 

Zone 3 of 
Fluent model 

SNGLJUN 
Component 115: 
upcrin 

TMDPVOL Component 210:  contain 

SNGLJUN Component 200:  outlet 

SNGLJUN Component 180: 
cortoup 

SNGLJUN 
Component 115: 
upcrin 

SNGLVOL 
Compt 190: 
upperp 

SNGLJUN 
Component 910: 
bytoup 

PIPE Component 
2:  bypass 

TMDPVOL Component 110: 
contain 

SNGLVOL 
Compt 120: 
upperp 

SNGLJUN 
Compt 100: 
inlet 

SNGLJUN Component 130: 
cortolp 

Fluent model 

Zone 2 of Fluent 
model 

Zone 3 of 
Fluent model 

Figure 3.  System model with Fluent 3-D component 

Figure 4.  Blow-up of Fluent component 
in system model 



 6 

“In the nuclear area there are issues for 
which traditional treatment using 1-
dimensional systems codes is considered as 
inadequate for modeling local flow and 
heat transfer phenomena.  There is 
therefore increasing interest in the 
application of 3-dimensional CFD software 
as a supplement to or in combination with 
system codes, which provide the boundary 
conditions for CFD codes.  CFD codes are 
typically used to model multi-component 
distribution and mixing phenomena.  
Several examples of the use of CFD codes 
are: 
• Evaluation of performance of 

passive safety features; 
• Investigation of local 

phenomena leading to cladding 
ruptures;  

• Multidimensional thermal-
hydraulics in various 
components; 

• Liquid/gas stratification and 
interface tracking; and 

• Bubble dynamics in 
suppression pools.” 

 
All of the above examples will likely be present 
in the advanced supercritical water reactor, the 
one LWR Generation IV system (Bennett, 2002) 
and the other advanced LWRs  for potential 
accident conditions.  These phenomena, the 
events leading to their presence, and a concise 
summary of the concerns that stem from their 
presence, are given in Table 1.

 
Table 1. Phenomena, Common in Advanced Reactor Systems Undergoing Transients, that Require CFD Analysis 
No Required Study Description of Phenomena Typical Concerns 

1 Multidimensional 
thermal-hydraulics 
in various 
components 

Examples:  (i) thermal stratification in suppression 
tanks during system depressurization, (ii) thermal 
stratification in inventory makeup tanks, (iii) 
thermal stratification in  movement of fluid plumes 
in reactor vessel as cold water is injected into warm 
water in the presence of free surface. 

Studies in thermal stratification 
and fluid mixing are required to 
determine whether the fluid 
adjacent to high temperature 
components  result in 
unacceptably large thermal 
stresses, are adequate to prevent 
thermal failure, etc. 

2 Liquid/gas 
stratification and 
interface tracking 

Horizontally-stratified free-surface flow—a 
common flow regime following depressurization in 
an advanced reactor system that has both passive 
injection systems and horizontal pipe runs.   Passive 
injection systems lead to free surface flows since 
the injection flow rates are not sufficiently large to 
fill the pipe.  Consequently, partially-filled 
horizontal pipes lead to large free surfaces, 
hydraulic jumps, condensation on a free surface, 
bore-flows, stratified countercurrent flow with 
steam (possibly superheated) moving cocurrent 
with saturated liquid moving countercurrent to 
subcooled flow. 

Local overheating or local 
overcooling. 

3 Performance 
evaluation of 
passive safety 
features 

Combinations of phenomena, described in previous 
sections, that together define the performance of 
various passive safety systems, i.e., integral system 
behavior. 

Local overheating or local 
overcooling. 

Although there is a well-defined need to perform CFD studies 
on a number of two-phase flow scenarios, whether commercial 
CFD codes can be used to perform such studies is open to 
question.  For example, although the Fluent CFD code is 

commonly used to analyze flows with free-surfaces, Fluent’s 
capability to accurately predict flow at critical Froude numbers, 
and the presence of hydraulic jumps, has not been 
demonstrated.  Furthermore, Fluent, in its out-of-the-box form, 
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cannot be used to analyze the presence of condensation on the 
liquid/steam interface—including the distortion of the free 
surface resulting from condensation.  The same is in general 
true for CFX and STAR-CD, Fluent’s largest competitors.   
 
In addition to the commercial CFD codes, there also exist state-
of-the-art CFD codes at the national laboratories.  For example, 
extensive two-phase flow CFD tool development has been 
ongoing at the Los Alamos National Laboratory (LANL) since 
the 60s (Baumgardner, et al, 1990; Johnson, 1996; Kashiwa, et 
al, 1993; Padial, et al, 1994).  LANL’s CFD work, funded for 
the most part by the Department of Defense (with some 
occasional funding from the Department of Energy) has resulted 
in a cadre of two-phase CFD tools that are available for our use 
and modification to our needs. One of the leading candidates 
for such analysis is CFDLib.  
CFDLib is a CFD code Library that permits researchers to 
access a variety of "physics packages," which are models for 
different flow regimes.  Any particular package is accessed at 
compile time by means of a specification file that is read by the 
UNIX make utility.  For the proposed project, the physics 
package for compressible, multiphase flow is the best candidate.  
In this software up to four interacting fluid fields can be 
considered, and each field can be solved in either an Eulerian or 
a Lagrangian frame of reference.  Initially, it is expected that a 
fully Eulerian representation will be adequate; the Lagrangian 
representation is available if needed at any stage of the project. 
 
SUMMARY 
 
The Fluent CFD code and the advanced thermal-hydraulic 
systems analysis code RELAP5-3D©/ATHENA have been 
coupled and the integrity of this work has been verified and 
validated.  The coupled codes will be applied to analyzing a gas 
reactor system this fiscal year. 
 
While the Fluent/RELAP5-3D coupled code can be used for 
selected LWR LOCA scenarios, it is considered prudent to 
expand the CFD tool analysis capability to include advanced 
CFD tools such as LANL’s CFDLib for systems such as the 
supercritical water reactor. 
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Abstract 

 
The NEPTUNE software is a common project developed by EDF (Electricité de France) and 

CEA (Commissariat à l’Energie Atomique) and supported by Framatome-ANP and IRSN for 
modelling two-phase flow in water cooled nuclear reactors. Several modules will be developed 
covering all modelling scales and the first version of the “local 3D” module will be delivered at the 
end of 2003. It differs from 3D modules of system codes by a much finer space resolution, basic 
equations being filtered over a scale much smaller than the hydraulic diameter. At present a two-fluid 
6-equation model is used with addition of transport equations for interfacial areas of droplets and 
bubbles and for k- ε of each phase.  

Two first applications of this module are in progress: 
• Boiling flows for investigations of CHF occurence 
• Two-phase pressurized thermal shock (PTS) due to safety injection 

For boiling flows attention was paid to the modelling of forces exerted on bubbles including 
virtual mass, lift, dispersion forces, to the sources and sink of the interfacial area density i.e. 
nucleation, break up, coalescence, vaporization and condensation, and to the sources and sinks of k 
and ε related to interfaces. Models are validated against adiabatic air-water bubbly flow data of the 
DEDALE experiment and boiling freon bubbly flow data of the DEBORA experiment. 

Two-phase pressurized thermal shock may occur when safety injections are injecting cold 
water in a partially uncovered cold leg. Data of the COSI test facility are used for the model 
development and validation for stratified flows: interfacial friction, interfacial heat and mass transfers 
and turbulent diffusion within the liquid.  

A review of the main difficulties encountered in developing 2-phase CFD is made including 
theoretical aspects, modelling problems, numerics and experimental data for validation. 
Recommendations are made to focus future R&D efforts on some important open issues.  
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1 INTRODUCTION 

The NEPTUNE software is a common project developed by EDF (Electricité de France) and 
CEA (Commissariat à l’Energie Atomique) and supported by Framatome-ANP and IRSN for 
modelling two-phase flow in water cooled nuclear reactors. After long reflections [1] [2] between 
partners it was decided to develop several interoperable modules covering all modeling scales from 0-
D lumped parameter models to 3-D two-phase CFD.  

The first version of the 3-D two-phase CFD module also called “local 3D” module will be 
delivered at the end of 2003. It will inherit physical models and numerical schemes from several codes 
such as ASTRID and SATURNE from EDF or CATHARE and TRIO-U from CEA and also from the 
SIMMER code [18]. It differs from 3D modules of system codes by a much finer space resolution. 
Whereas in system codes equations are space averaged over a scale larger than (or equal to) the 
hydraulic diameter, in this “local 3D” module basic equations are time averaged and possibly space 
averaged over a scale smaller than the hydraulic diameter. Considering the large number of meshes 
required by such a model, it can only model one or a few components of a reactor and a coupling with 
other more macroscopic modules will be necessary. 

2 THE NEEDS OF A TWO-PHASE CFD TOOL IN NUCLEAR SAFETY 

In order to build a long term R&D program in two-phase thermal-hydraulics, CEA had the 
FASTNET initiative [3] which was followed by the EUROFASTNET project, a Concerted Action 
made within the 5th Framework program of the EC. Starting by an exhaustive review of the industrial 
needs for the next ten years, and after a state of the art in the relevant fields, new avenues of research 
in physical modelling, numerical techniques, and experimental investigations, were defined. A list of 
44 needs was established [4] covering problems related to safety, plant performance, ageing, and 
design for present reactors and innovative water reactors. After analyzing the needs, and considering 
the state of the art, it appeared that for having better answers to the needs a new generation of 2-phase 
flow of simulation tools have to be developed including “local 3D codes” since many of the present 
shortcomings are associated to the lack of space resolution of present codes. Today such tools are 
commonly used for single phase flow simulations and for some two-phase disperse flows, but no such 
tool exist for two-phase flow with the capacity to simulate all flow regimes, which is the objective of 
NEPTUNE Local 3D Module.  

Here are some examples where a 2-Phase Local 3D model may allow finer and better 
investigations than present tools: 

• Mechanisms of Departure from Nucleate Boiling (DNB) and Dry-Out for Fuel 
performance evaluation  

• Thermal Shocks due to Safety Injection  
• Corrosion and deposition problems for Fuel Claddings and Steam Generator Tubes 
• Two-phase thermal stratification in circuits  
• Passive reactors: gravity driven flows in primary circuit 
• Water-hammer condensation 
• Direct Contact Condensation : steam injection in water pool 

3 THE SYSTEM OF EQUATIONS AND THE MAIN CLOSURE PROBLEMS 

3.1 Selecting a system of equations 
Looking to the applications of a Local 3D model to nuclear reactor applications, a first 

requirement is the capacity to simulate all the void fraction range and all flow regimes:  

• Investigations of DNB involve mainly bubbly flow but when the critical heat flux is 
reached, there is a local void fraction equal to one 
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• Two-phase thermal shocks due to Safety Injection involve mainly stratified flows in cold 

legs and downcomer of a Pressurized Water Reactor but one may also investigate bubble 
entrainment below the free surface by the liquid jet of the safety injection and there might 
also be situations with a liquid jet impingement in a dry cold leg 

• All problems associated with Direct Contact Condensation possibly associated with 
Water-hammer induce also complex flows covering the whole void fraction range and 
various flow regimes. 

Considering the state of the art, no such Local 3D model with the capacity to simulate all the 
void fraction range exist but some models based on the two-fluid model exist for dispersed flows, 
which have already a certain maturity.  

For addressing a larger variety of flows, a more complex system of equations can be 
envisaged: 

• A four-field model with each phase separated into a continuous field and a dispersed field 
has more capabilities to separate the flow phenomena in complex flows where bubbles 
and droplets co-exist with a free surface between a continuous liquid and a continuous 
gas.  

• Some attempts to combine a two-fluid model with interface tracking techniques such as 
Volume Of Fluid (VOF) may be found in the literature. In regions of a two-phase flow 
with only gas + droplets or liquid + small bubbles, the standard two-fluid model is used 
whereas in regions where both a continuous liquid and a continuous gas co-exist such as a 
free surface, an interface tracking technique is used to predict the “phase transition”. 

In the selection of a system of equations one must consider both the capabilities to model the 
physics and the experimental assessment possibilities which depend on the available instrumentation 
techniques. At present, a simple two-fluid model is first implemented in NEPTUNE but multi-field 
capabilities exist in the solver for future developments.  

A very preliminary issue should be addressed when using a system of equations: what time 
and space averaging or filtering is used? Unfortunately in two-phase flow studies the question is 
seldom asked and never answered. From the answer depends the way closure terms of the equations 
must be modeled. Is there a possibility to define a filter scale separating flow processes into the 
modeled phenomena and the simulated phenomena as the Large Eddy Simulation does in single phase 
turbulence? From our capacity to give clear answers to these two-questions depends the future success 
of two-phase CFD. 

3.2 Main closure problems 
Classical flow pattern maps were developed for 1D models in ideal geometry for steady and 

established flows. Transition criteria were formulated as relations between area averaged quantities. 
Using such relations between local quantities would be nonsense. Even the concept of flow regime or 
flow pattern is no more relevant for a local 3D modeling. However modeling  wall and interfacial 
transfers in a Local 3D model first requires the knowledge of the local interfacial structure. At least 
three local interfacial structures have to be recognized: dispersed bubbly, dispersed droplets and 
separated phases. One of the biggest difficulties is to build appropriate criteria to identify the various 
local flow structures. Simple maps depending on the local void fraction exist but it is obvious that at 
least the local interfacial area should also be used in such maps to better identify the geometrical 
structure of the flow.  

Information on turbulent scales is also necessary to model the turbulent diffusion of heat and 
momentum. Classical k-ε models are now rather commonly used for the continuous phase in dispersed 
(bubbly or droplet) flows. Although they have known limitations, using more advanced models such 
as Rij-ε would not be compatible with available experimental information for validation. More simple 
models such as algebraic expressions of turbulent scales would not be able to describe even 
qualitatively transport and relaxation phenomena, which influence the two-phase flow. 
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4 THE NUMERICAL SCHEME 

Several numerical schemes which have different degree of maturity will be implemented in 
the NEPTUNE Local 3D module.  

CEA-Grenoble used to work with CATHARE 3D module solver, a semi-implicit scheme 
which might be seen as an extension of the ICE method [5] [6]. It is based on a standard staggered grid 
donor spatial discretization. The method is robust, but rather diffusive and is limited to structured 
meshing, with either Cartesian or cylindrical coordinates. 

EDF has been developing since the beginning of the year 2000 a new 3D multiphase flow 
solver based on an extended « pressure correction » approach using a cell-centered collocated finite 
volume approach on unstructured meshes allowing cells of arbitrary shapes (tetrahedron, hexahedron, 
prisms, or pyramids) including non conforming meshes (hanging nodes). A mass, momentum, energy 
coupling algorithm is used as an extension to multiphase flows of the classical SIMPLE_C algorithm 
[7]. Numerical consistency and second order accuracy for non orthogonal and irregular cells are taken 
into account through a Gradient Reconstruction Technique [8]. This solver is implemented in the 
NEPTUNE code as the basic numerical scheme and its robustness is currently being evaluated for a 
large range of flow regimes. 

Significant progress has been obtained in the application to two-phase flows of Godunov-type 
methods which have become a standard in single phase gas dynamics CFD codes. They include for 
example the methods based on the Approximate Riemann Solver developed at the CEA-Saclay 
applied in the TRIO-U code [9] using the extension of the “Roe matrix” formulation for 
inhomogeneous two-phase flow, the Finite Volume Characteristic Flux method developed at EDF 
Chatou [10], the Flux Vector Splitting Technique, extended for two-phase flow at the JRC-Ispra [11]. 
The preservation of wave propagation processes along the characteristic directions, the conservation 
property for mass, momentum and energy, a generally low numerical diffusion together with the 
capability to capture shocks and sharp contact discontinuities make these techniques very attractive for 
the prediction of complex two-phase flows. Such methods are being evaluated in the ASTAR project 
[12], a Shared Cost Action partially funded by the European Commission within the 5th Framework 
Program using various numerical benchmark test cases. 

5 APPLICATION TO ADIABATIC AND BOILING BUBBLY FLOWS 

Some recent modeling work about adiabatic and boiling bubbly flows performed at EDF and 
CEA using preliminary versions of NEPTUNE Local 3D module is summarized here. 

5.1 Main achievements in modeling bubbly flows 
A first step in modeling bubbly flows was to investigate phenomena in adiabatic flows [13]. 

Air-water tests in pipes were used to develop appropriate modeling of interfacial forces, interfacial 
area density and turbulence in the continuous liquid phase. The main results of these investigations 
are: 

• The void fraction profiles with a peak near the pipe wall in upward bubbly flows can be 
correctly predicted with an appropriate modeling of both the lift force and a turbulent 
dispersion force.  

• A transport equation for the local volumetric interfacial area was derived [14]. The prediction 
of the interfacial area density or Sauter mean diameter are rather good when coalescence, 
break up and gas expansion effects are modeled.  

• The k-ε turbulence model can be applied to bubbly flows. Equations can be mathematically 
derived and simplified after an order of magnitude analysis [15].  

• Wall functions can be extrapolated from single phase models to be used as boundary 
conditions for momentum equations, energy equation and k-ε equations 
Boiling flows in pipes were then investigated [16] to extend the model assessment to more 

complex flows with interfacial heat transfer and wall heat transfer including bubble nucleation, bubble 
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growing, bubble detachment, bubble dispersion in the liquid and possibly bubble collapse by 
condensation. The main results of these investigations are: 

• In sub-cooled boiling the void fraction profile is very sensitive to the turbulent dispersion 
force and to the condensation, the lift force playing a lower role than in adiabatic flows.  

• In the k-ε turbulence model, the modeling of the interfacial source of k and ε have a very high 
influence on the turbulent eddy viscosity and then on liquid temperature profiles.  

5.2 Main difficulties encountered in modeling bubbly flows and boiling flows 
• Some of the available models developed for closure terms of the equations are only valid 

when the bubble size is small compared to the large turbulent eddies. They have to be 
reconsidered for large bubbles and for slug flows. The turbulent dispersion models often 
assume that bubbles are smaller than the large eddies. The lift force seems to disappear when 
bubbles grow up to the size of the boundary layer.  

• In boiling flows, the bubbles are created at the wall, they grow, detach and may collapse if the 
core liquid is sub-cooled. The result is that the population of bubbles may cover a rather wide 
size spectrum. Having only the transport equation of interfacial area to characterize this 
population of bubbles may be not sufficient. When a bubble diameter or a number of bubbles 
is used in the expression of interfacial heat transfer or interfacial friction, a mono-dispersed 
size flow assumption is made which can seriously affect the validity of the predicted transfers. 

• It is difficult to use a unique k-ε model for all situations. There is a liquid turbulence created 
by the wall shear and applied to a dispersed bubbly field with bubbles much smaller than the 
largest eddies. There is also a second liquid turbulence field created in bubble wakes with 
other length and velocity scales. Depending on the flow conditions, the relative importance of 
the two turbulence fields may be very different: in high speed flows in pipes, wall turbulence 
is dominant and the bubble size remains small whereas in quasi-stagnant liquid, bubble 
induced turbulence is dominant and the large eddies have the same order of magnitude as the 
bubble diameter. It appears that each turbulence field has its own relaxation time scale and 
using a single k-ε model cannot take it correctly into account. Writing k and ε equations for 
each turbulence field could be a better alternative.  

6 APPLICATIONS TO PRESSURISED THERMAL SHOCK 

First attempts to model the two-phase flow in a cold leg with safety injection of sub-cooled 
water is in progress at EDF and CEA using preliminary versions of NEPTUNE Local 3D module. 
Experimental data from the COSI Test facility [17] are used to develop and validate the models. A 
cold water jet enters the free surface of a stratified flow in the horizontal cold leg simulator. 
Condensation takes place on the jet itself and on the free surface. Pressurized Thermal Shock (PTS) 
investigations require to predict the liquid temperature field which is mainly dependent on the 
condensation. 

6.1 Main achievements in modeling PTS 
The main results of these investigations are: 

• A non-structured grid is better adapted to such problems 
• The turbulent diffusion within the liquid phase controls the condensation efficiency and a k-ε 

model seems to be a reasonable approach for this situation. The high turbulent mixing due to 
the jet impingement is the main source of turbulence and a sufficiently fine meshing is 
required for the turbulence being correctly described. 

• Interfacial transfers of heat and momentum (friction force) on the free surface require a 
specific modeling taking into account the space filter scale imposed by the meshing: the 
transfer coefficients depend on the distance to the interface in the same way as the distance to 
the wall is used in wall functions. 
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6.2 Main difficulties encountered in modeling PTS 

• More information on both the liquid velocity and temperature field is required to better assess 
the models 

• A clear definition of a filter scale would be necessary for such a situation to identify which 
phenomenon should be simulated and which one should be modeled. As an example, a 
possible entrainment by the jet of bubbles below the free surface may contribute to the 
condensation and it was found that this entrainment can be simulated when very small meshes 
are used but it is not predicted with coarser meshing. In the latter case a specific interfacial 
friction could be implemented for modeling the effects of this entrainment. 

• The modeling of the turbulence field below the free surface especially close to the jet zone, 
and the interactions of turbulence with the interfacial waves remain an open issue. 

7 CONCLUSIONS AND RECOMMANDATIONS 

Although a huge amount of modeling and assessment work has still to be done, a local 3D 
model seems to be the only way to investigate, understand, and simulate two-phase flow processes 
with small scale 3D effects, which is necessary to answer industrial needs. 

Several numerical schemes are available for such a two-phase CFD tool having different 
degree of maturity; further work is still required to improve together their robustness and accuracy. As 
it is carried out in the NEPTUNE project,an adequate matrix of numerical benchmarks should be used 
to evaluate their performances. 

A fundamental work is still necessary to address a very preliminary issue: what time and space 
averaging or filtering should be used? Is it possible to define a filter scale separating modeled 
phenomena and simulated phenomena for a “Large Scale Simulation”?  

Further developments of instrumentation techniques and new experimental programs are 
required to provide data for validation of models. Experiments should not be restricted to bubbly flows 
and should consider complex flows with droplets, liquid films and free surface. 

An extensive physical benchmarking covering a wide variety of flow situations is 
recommended in view of confronting several systems of equations and closure relations. 
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ABSTRACT

A new approach for solving of heat and mass transfer compressible/incompressible problems for
research of 3D thermal hydraulic phenomena is discussed. Results of validation and applications of
developed approach are presented. Also perspectives of the further development are considered.

1. INTRODUCTION
The development urgency of models and methods for 3D thermalhydraulic was marked in [1] and
OECD proceedings[2], where a need of multidimensional description of thermalhydraulic processes
for various emergency regimes was established and numerical methods of raised accuracy for
modeling of two-phase processes were analysed.
During ten years in IBRAE a 3D unified thermalhydraulic technique for simulation of two-phase
processes is developing, which includes:
•  methods, algorithms and software for automatic generation of computing grids with local

refinement near body borders,
•  methods and algorithms for solving of heat and mass transfer compressible/incompressible

problems for research of 3D thermal hydraulic phenomena,
•  approaches for modeling of turbulence.
Briefly we shall stop on details of developed approach.
For grid construction an automatic technology using CAD systems for designing of calculated domain
is developed. A generation of structured orthogonal/cartesian grids with a local refinement near
boundaries is incorporated into specially developed program, which is supplied by a friendly interface
and can be utilised on parallel computers.
A computing technique is based on the developed algorithms with small scheme diffusion, for which
the discrete approximations are constructed with use of finite-volume methods and fully staggered
grids.
For modeling of 3D turbulent single-phase flows LES approach (commutative filters) is used. For
simulation of 3D turbulent two-phase flows by means DNS the enough detailed grids and effective
numerical methods developed in IBRAE for solving of CFD problems are applied. For observation of
an interface of two-phase flow the modified VOF methods and multidimensional transfer schemas of
TVD-type with small scheme diffusion with use of subgrid simulation are used.
Algorithms, methods and software, created on their base, were validated on a wide class of test
problems, and were successfully utilized for numerical support of 3D experiments which researched a
corium retaining in reactor vessel’s bottom and were conducted in frames of projects RASPLAV and
MASCA financed by OECD.
The technique has a high degree of efficiency and now allows on PC (1.3GHz and 1.5Gb-RAM) to
carry out CFD calculations on a grid with 710 nodes. For simulating single-phase flows possible fast
action equals 510− second per node and time step.
In section 2 and 4 governing equations and solution method for incompressible and compressible CFD
problems correspondingly are considered. Application approach for experimental facility and reactor
case is presented in section 3. Further development of codes is discussed in section 5.
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2. GOVERNING EQUATIONS AND SOLUTION METHOD INCOMPRESSIBLE CFD
To simulate heat and fluid flows, the time-dependent incompressible Navier-Stokes equations in the
primitive variables with the Boussinesq approximation for buoyancy are used in orthogonal curvilinear
coordinates [3] coupled with the convection/diffusion equation for the temperature:

( ) ( ) ,, 0vdivgradvgraddivvvv ==+−+
∂
∂ fpvC

t
 (2.1)
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where latent heat evolution is incorporated via apparent heat capacity effc :
( )

 
alloys.

materials pure







−Φ+

−−+
=

∗

dT
dLc

TTLc
ceff

,δ

Here p  is the pressure normalized by the density, L  — latent heat of fusion, δ  — delta-function,
∗T — melting temperature, Φ— solid fraction and operators C , C~ stand for one or another form of

convective terms.
Basic features of the developed algorithm discussed in [4]-[6] and incorporated in the present
approach are the followings:

Discrete approximations are constructed using finite-difference methods and the MAC-type
staggered grid. Moreover, matching and non-matching grids are used;

Fictitious region method with a continuation of coefficients at lower-order derivatives is used
to handle irregular complex computational domains [7] which in physical sense can be treated as
incorporation into the initial Navier-Stokes equations (2.1) the model of a porous medium;

So, the scheme provide the second order in space and the first one in time. The algorithm is
stable at large enough steps of time-integration.
New approach is implemented in CONV2D&3D codes [8]. The applicability of which was proved by
the extensive validation against the results of water and molten-salt tests to ensure that the phenomena
of interest are modelled reasonably (see table 2.1 and 2.2).

Table 2.1: Validation Matrix of CONV2D code
Test Geometry Ra Objective
Davis'
Benchmark
Problem

Square 64 1010 − Boundary layer heat transfer (Laminar regime)

Jacob' test  Square 127 1010 − Boundary layer heat transfer (Laminar and
turbulent regime)

Benard
Convection

 Flat 105 1010 −

Melting of
gallium

 Square    6.7⋅105 Melting  and solidification

'Ra
Mini-ACOPO
Experiments

Hemispheric
al

 up to 1014  Turbulence

T − Isothermal boundary conditions; A − Adiabatic boundary conditions

By means of CONV2D&3D codes the calculations for RASPLAV international project financed by
NEA OECD (Nuclear Energy Agency under the Organization of Economic Cooperation and
Development) were carried out. In the framework of the indicated project self codes were developed.
Moreover, the computing support corium and salt experiments conducted on the RASPLAV facility
was carried out [8,12].
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Table 2.2: Validation Matrix of CONV3D code
Test Geometry Boundaries

Top:
Bottom:

Side

Ra' range Objective

Rectangular T:T:A 104 10104 −⋅ Laminar flowsMayinger
Experiments Semicircular T:T 104 10104 −⋅ Laminar flows
RASPLAV
Salt

Slice
semicircular

A:T 1312 1018210333 ⋅−⋅ ..
1312 1029110631 ⋅−⋅ ..
1212 1066810451 ⋅−⋅ ..
1212 1061410061 ⋅−⋅ ..

SWH
SWH+crust formation

DEH
DEH+crust formation

T − Isothermal boundary conditions;A − Adiabatic boundary conditions; SWH − sidewall heating;
DEH – direct electic heating.

3. APPLICATION CONV CODES TO EXPERIMENTAL FACILITY AND REACTORS
3.1 RASPALV experimental facility

Application of CONV codes to the RASPLAV-AW facility design [9,13] provided valuable
information that was used in preparing and performing the experiments. The codes successfully
predicted the qualitative behaviour of the melt, in particular the form of the melted area (see figure
3.1), and allowed optimisation of the test procedures.

Figure 3.1: 3D temperature fields in the RASPLAV facility

To illustrate this statement, we shall stop on simulation of experiment AW-4, which is last and
best in a series of large-scale experiments at the RASPLAV facility. Before experiment a series of
computations with usage of the program CONV3D was carried out. The purpose of such analysis was
the developing of the practical guidelines concerning conditions of realization of experiment:

Definition of the script of realization of experiment including the characteristic temporary
script of put in power;

Definition of the temporary characteristics of approach of those or other events, which would
allow qualitatively to estimate a corium state;

Accounting of the temperature characteristics of units of a construction, which comparing
with data of experiment would allow to correct the script of its realization.
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On the basis of qualitative behaviour features of corium temperature the control scheme by experiment
was defined. Observations of this or that feature allowed to correct conditions of realization of
experiment, in particular of script of power input. It is possible to see, that the computational results
are in the good consent with the experimental data.
The experimental diagram of power input on the Figure 3.2 differs a little from offered, that
substantially and defines some difference in times.
A good match for the corium temperatures has been obtained also (Figure 3.3). At initial stage of
power rise the computational results surpass an experimental curve a little. However in the whole the
temperature characteristics fit well to experimental data. All this confirms adequate simulation of the
thermophysics processes in facility and proves choice and efficiency of the numerical technique,
which developed specially for the purposes of the RASPLAV project.

Figure 3.2: Comparison of Pretest and Experimental Scenario of Power Input

Figure 3.3: Pretest Calculations of Corium Temperature for AW-4 Test vs Experimental Data
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3.2 VVER –440 reactor
There are simulation of stratification by means of the updated code CONV2D for geometry

similar VVER-440 reactor.
In calculations for the such geometry the properties like [9] were used. The integral residual

heat generation in a upper layer made 10 % from common power input. The common power input was
equal 15е+6 W. The solidifying point was set equal 1770К. Initial vessel temperature was 400К,
temperature of lower and upper layers - 1700К.

Two variants differed by boundary conditions were considered [10]. In both cases the main
attention was given to distribution of heat fluxes on height, depending on thickness of a metal layer.
In the first case the following boundary conditions were set:

On vessel - constant temperature 400К;
Reradiation at the upper boundary as )( 4

0
4 TT −σε  with ε =0.4, 0T =1000К;

On interface boundary between layers the impermeability was put.
The figure 3.4 demonstrates distribution of fluxes for different thickness of a metal layer in first
variant. As it is visible from a figure, the value of heat flux depends on a thickness of a metal layer. If
to assume, that the given statement is fair, then maximum value of heat flux and its space location will
allow to define the place of the most probable break of reactor vessel.

Figure 3.4: Heat flux distribution vs height for different thickness of metalic layer

In the second case the following boundary conditions were used:
On vessel is constant temperature 400К;
At the upper boundary - constant temperature 400К;
On interface boundary between layers the boundary condition of impermeability was put.

In a figure 3.5 the heat flux distribution vs different thickness of metal layer for second variant is
represented. The influence of thickness of a metal layer on the value of heat flux in this case is
especially appreciable.
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Figure 3.5: Heat flux distribution vs height for different thickness of metalic layer

In figure 3.6 the isotherms are given at different variants under thickness of a metal layer h=0.2:
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Figure 3.6: VVER-440: Variant1 & VVER-440: Variant 2

The obtained results are allow to speak about adequate simulation of the stratification by means of the
offered model. And the updated version CONV2D of the code can be used for predictions of
corrupting and melting of an reactor active zone.

3.3 BREST - liquid metal reactor
By means of updated code CONV3D the preliminary calculations of the heat-mass transfer and
physics-chemical processes in a first contour of a liquid metal reactor BREST [11] were carried out. In
particular, the model (2.1)-(2.2) was complemented by the equation of conduction of impurity in an
atmosphere of the following kind:

( ) ( )
ii SiSi

i QSS
t

S
+∇∇=∇⋅+

∂
∂

κu! ,

where unknown designate accordingly:
iS  - concentration i of i impurity, where 1=i  for hydrogen and 2=i  for oxygen,

iSκ  - diffusivity of i impurity,

iSQ - source of impurity.
The preliminary calculations are showing an possibility of definition three-dimensional fields of
temperature(see figure 3.7), pressure, velocity both distribution of impurity of hydrogen and oxygen.
Last parameters are important for correct calculating, in aggregate with a velocity distribution, for the
further description of physics-chemical interactions in the leaden heat-transfer medium.
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Figure 3.7: 3D temperature fields in the I contur of BREST reactor

4. GOVERNING EQUATIONS AND SOLUTION METHOD OF COMPRESSIBLE CFD
During the course of severe accident in water-cooled nuclear power plant, large amounts of hydrogen
could be generated and released into containment. The integrity of the containment could be
challenged by certain hydrogen combustion modes. International consensus is that a detailed
knowledge of containment thermal-hydraulics is necessary to predict the local distribution of
hydrogen, steam, and air inside the containment.
In this connection one of the main objectives are strengths and weaknesses of analytical methods
realized in codes that are in use to predict the effectiveness of a chosen mitigation technique (e.g.
lumped parameter codes or three-dimensional (3D) field codes) or both taking into account important
simulation uncertainties.
With respect to the actual codes OECD-CSNI notes that these are provide solutions of the Navier-
Stokes equations for multi-component gas flow and allow fine grid discretization of the free
containment volume. Various physical subroutines must been added, e.g. improved routines for heat
exchange with confining structures including condensation film models, combustion models for
hydrogen burns etc.
We go on the same path and developed code for simulation of incompressible CFD problems add by
means the specialized modules, which allow to solve the tasks for compressible flows.
So, to simulate of compressible CFD problems under low Mach number the following equations are
used:
The continuity equation looks like

0div =+
∂
∂

v)(ρρ
t

(4.1)

The momentum equation is written as
( ) ( ) ( ) 321divgrad

3
2div2graddiv ,,,vv)( =+−=++
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i µµρυρυ " (4.2)

The following energy equation take place
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Finally, the equation of a state is written as

( )( ) ( ) 




 −=+== 22 div
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12gradgrad
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1

v,vv; SJS
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dis
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where the following notation are used

( ) e;;, gFKS
ST
STTT ρµ ==

+
+= 110051 . (4.5)

The set of equations (4.1)-(4.4) are solved in dimensionless statement:
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For dimensionless quantity we leave the same designations, as for dimensional. In this case the
dimensionless continuity equation looks like (4.1).
The dimensionless momentum equation is written as
( ) ( ) ( ) 321divgrad

3
1div
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2graddiv i ,,,vv)( =+
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The following dimensionless energy equation take place
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Moreover the following expression take place
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In the dimensionless equation system the following dimensionless parameters are used:
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Basic features of the solution algorithm developed in [12] and incorporated in the present approach are
the following:
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The developed approach was validated on a benchmark problem for low Mach number. Modelling of
natural convection were conducted in a square cavity with walls at the different temperatures.
Preliminary numerical prediction by means of advanced technique is shown at the figure 4.1.

Figure 4.1: Numerical prediction for the benchmark problem for low Mach number

It has allowed to utilize the developed approach for modeling international standard problem on
containment thermal-hydraulics (ISP 47). There is specification is presented in figure 4.2. Numerical
simulation of the specified problem now is carried out and results will be received by the end of this
year.

Figure 4.2: Specification of problem on containment thermal-hydraulics (ISP 47)
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5. FUTURE DEVELOPMENT OF CODES
5.1 Model of a two-phase Navier-Stokes flows usage of diffuse interface models
Diffuse interface models provide a way of modeling interfacial forces as continuum forces, the effect
being that delta-function forces and discontinuities at an interface are smoothed by distributing them
over thin but numerically resolvable layers. Such models have attracted much interest recently because
of their advantages for making numerical calculations. Diffuse-interface models for multiphase
Navier–Stokes flow are much easier to solve than the exact equations because calculations can be
done on fixed grids—diffuse interfaces simply propagate through the grids—while calculations of the
exact sharp-interface equations generally require adaptive, interface fitting grids. Interface fitting grids
are im-practical for flows involving coalescing or splitting phases or, in general, for 3D flows.

Now are selected three main types of diffuse-interface models [13], a tracking/distributed
force model introduced by Unverdi and Tryggvason, the continuum surface force method (Brackbill et
al.), and phase-field (or mean-field) based models (Jacqmin).

In order to simulate of two-phase flows by means of phase field method we will be restricted
to a Boussinesq fluid with the two phases having the same viscosity and mobility. In this case Navier-
Stokes equations with the corresponding boundary conditions look like as:
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Here 0ρ  is the mean density and ( )Cρ~  is the perturbation from 0ρ .
The given technique was successfully applied for modeling bubble flows, in particular, for modeling
of coalescence of two drops and 3D fall of drops on the surface (Fig.5.1 and 5.2).

Figure 5.1: Four fragments. Coalescence of two drops
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Figure 5.2: Four fragments. 3d fall of drops on the surface

5.2 Prediction of three-dimensional and unsteady effects in turbulence
Future trends of code development are directed on a prediction of three-dimensional and unsteady
effects in turbulence. A large eddy simulation (LES) seems a promising approach for the analysis of
the high Rayleigh number turbulence which contains three-dimensional and unsteady characteristics.
The governing equations for the grid scale quantities are derived by a spatial average or a filter
procedure which removes subgrid scale fluctuations from Navier-Stokes equation. A Smagorinski’s
model based on a viscous eddy concept is used in a quality of subgrid scale model [14]. An orthogonal
boundary fitted grids which connected with the fictitious domain method (FDM) are applied too [15].

CONCLUSIONS
•  To solve computational fluid dynamics problems in domain of arbitrary shapes the effective finite-

volume numerical algorithm is developed, which based on using the orthogonal matching and/or
non-matching grids constructed for a multi-block decomposition of a complex computational
domain.

•  The developed algorithm is applied to the heat and fluid flow equations (i.e. Navier-Stokes
equations with energy equation) in the primitive variables formulation both incompressible and
compressible at low Mach cases.

•  Validation of the developed approach is carried out on the set of test problems a good agreement is
obtained between numerical predictions and experimental data.

•  New approach is implemented in CONV2D&3D codes.
•  Two phases Navier-Stokes flows using of diffusive interface models is under development and

validation now.
•  For analysis of the melt behaviour from the point of view of multiphase flows a local

nonequilibrium model diffusion of dissolved component is offered.
•  A large eddy simulation (LES) is considered for the analysis of the high Rayleigh number

turbulence which contains three-dimensional and unsteady characteristics.
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Abstract  
 

The use of Heavy Liquid Metals (HLMs) is rapidly diffusing in different research and 
industrial fields. The development of Spallation Neutron Sources is a typical example. The 
main application of the HLM spallation process can be found in the Accelerator Driven 
Systems (ADS) aimed, on one hand, at energy production and, on the other hand, at 
transmutation of radioactive waste. Different projects of ADS make also use of lead-bismuth 
eutectic coolants for both accelerator target and core cooling, and several new fast reactor 
designs like BREST 600 in Russia adopt lead or lead-bismuth as primary coolant.  

The detailed knowledge of the basic thermal hydraulic phenomena associated with their 
use is a necessary step for the development of CFD tools to be used in the engineering of 
HLM components. Within the 5th FP of the European Commission, the ASCHLIM project 
(ASsessment of Computational fluid dynamics codes for Heavy LIquid Metals), co-ordinated 
by SCK•CEN, has been set up to make an assessment of the state of the art in these fields 
with the creation of an international collaboration of experts and to evaluate the CFD tools on 
the basis of existing experiments. Three main fields, where the knowledge is limited, are 
investigated: i) turbulence modelling: standard turbulence models, which are used in 
commercial codes, are unsuitable for the proper simulation of HLM flows: the models using 
the turbulent Prandtl number to describe the turbulent heat transport, assume the Reynolds 
analogy, which is not valid for liquid metal; ii) free surface treatment: for the spallation 
neutron source, an alternative solution is represented by the so-called windowless design, 
where the physical separation of the beam transport line and the target material is represented 
by the free surface of the HLM; iii) two-phase modelling: the technique of gas injection in 
HLMs is implemented in current projects either as a pumping mechanism or to prevent 
stationary pressure waves in pulsed targets that induce stress concentrations in the structures. 
The ASCHLIM project should conclude with a final assessment of the main shortcomings and 
a proposal of future research activities in both numerical and experimental fields. 

 Finally, two examples of CFD applications studied at SCK•CEN are presented: the first 
one concerns the modelling of the windowless design for the spallation target involving a free 
surface; the second one relates to the analysis of the Pb-Bi flow pattern in the lower part of 
the vessel of the MYRRHA research facility. 
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1. INTRODUCTION 
 

The use of Heavy Liquid Metals (HLMs) is rapidly diffusing in different research and 
industrial fields. The detailed knowledge of the basic thermal hydraulic phenomena associated 
with their use is a necessary step for the development of tools to be used in the engineering of 
HLM components. This is particularly true in the case of high power particle beam targets, 
where the use of Computational Fluid Dynamic (CFD) tools for the design is mandatory. 

In these devices, a high-energy proton beam interacts with the HLM. The resulting 
spallation process frees a large quantity of high energy neutrons. These so-called Spallation 
Neutron Sources can be an important tool in many fields of physical, material and biological 
sciences. The spallation process is also at the basis of new techniques for replacing the use of 
reactors in the production of radioisotopes for medical applications (diagnostic and therapy). 
The main application of the HLM spallation process can be found in the Accelerator Driven 
Systems aimed, on one hand, at energy production and, on the other hand, on transmutation of 
radioactive waste. 

Development of lead or lead-bismuth cooled reactors is one of the options considered for 
the Generation IV Nuclear Energy Systems. In Russia a fast reactor design using Pb (BREST 
600) is currently under evaluation and is the only R&D project in the field of Nuclear Energy 
production supported by the ministry of Atomic Energy. 
 

2. THE ASCHLIM PROJECT 
 

There is a general consensus in the research institutes and industries working in the field 
of Heavy Liquid Metals on the need to join the effort towards a more comprehensive 
knowledge of the basic thermal hydraulic phenomena. This issue is especially true in the case 
of CFD codes, which are in most cases a unique tool for the design of HLM components such 
as high power spallation targets.  

The spallation process produces a large quantity of heat in a very small volume. The best 
spallation material has been identified by the leading projects in this field (ESS, MEGAPIE) 
to be a HLM. Power densities can easily overcome 1000 W/cm3 not only in the liquid metal, 
but also in critical structures such as the beam window. Structural materials work at very high 
temperatures and have to dissipate large quantities of heat. It is fundamental to have a tool 
capable of simulating the critical phenomena occurring. The physics associated with the 
spallation can be simulated with the help of a Montecarlo code that, given the complexity of 
the resulting heat distributions, has to be necessarily coupled with a CFD numerical tool in 
order to calculate reliable operating conditions for the engineering of these devices.  

Turbulence models play a fundamental role in the prediction of temperatures in the 
structures. In principle, the modelling of a liquid metal flow does not differ from that of any 
other Newtonian fluid, provided the correct physical properties are used in the governing 
equations. However, standard turbulence models, which are used in commercial codes, are 
unsuitable for the proper simulation of HLM flows: the models using the turbulent Prandtl 
number to describe the turbulent heat transport, assume the Reynolds analogy, which is not 
valid for liquid metal; the models having a distinct description of the turbulent heat transport 
contain many parameters whose values, which are determined through both dimensional and 
empirical analysis, depend both on the type of fluid and on the type of flow. Standard values 
of these parameters are available for common fluids like gases and water but not for HLMs. 
Moreover, new model relationships are necessary to extend the validity of the modelled 
equations to low Peclet numbers. Preliminary benchmarks on experiments using HLMs show 
that the turbulent parameters contained in CFD codes could be unsuitable for liquid metals. 
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Therefore, measurements of the turbulent quantities in liquid metal flows are needed in order 
to ‘tune’ the parameters of the turbulence models and direct numerical simulation data are 
required to extend the models in an adequate manner.  

The principal unknown linked to the engineering of High Power Spallation Targets is 
represented by the lifetime of the beam window that is a component subject to an intense 
irradiation by both neutron and high energy protons that may cause embrittlement of the steel. 
An alternative solution is represented by the so-called windowless design, where the physical 
separation of the beam transport line and the target material is represented by the free surface 
of the HLM. In this case a detailed knowledge of the free surface shape and flow is necessary: 
due to the high power generated by the spallation process, stagnating regions would cause the 
boiling of the fluid and must be carefully avoided. Free surface instabilities should also be 
prevented. 

A final shortcoming in the field of HLMs is represented by the limited knowledge in the 
field of two-phase flows, as far as gas injection in the HLMs is considered. This methodology 
is implemented in current projects either as a pumping mechanism or to prevent stationary 
pressure waves in pulsed targets that induce stress concentrations in the structures.  
 
A so-called accompanying measure of the European Fifth Framework Programme has been 
set up and is aimed at joining different experiences in the field of HLMs both in the 
experimental and numerical fields and creating an international collaboration to (1) make an 
assessment of the main technological problems in the fields of turbulence, free surface and 
bubbly flow and (2) co-ordinate future research activities. This accompanying measure named 
ASCHLIM (ASsessment of Computational fluid dynamics codes for Heavy LIquid Metals) 
regroups 15 European partners:  CEA (Fr), CRS4 (I), ENEA (I), FZJ (D), FZK (D), FZR (D), 
CeCoTech (LV), IPUL(LV), NRG (NL), PSI (CH), SCK�CEN (B) (co-ordinator), UPV/EHU 
(E), AEA-Tech (GB-D), CD (GB), FEL (GB), and one US partner (ANL). 

Where possible the assessment is made on the basis of existing experiments whose basic 
physical phenomena are analysed through the execution of computational benchmarks. 
Selected commercial codes are used (CFX, FLUENT, STAR-CD, FLOW-3D) given their 
robustness and flexibility. It has to be pointed out that the companies developing the codes 
CFX, FLUENT and STAR-CD are directly involved in the activity as project partners. 
Research codes belonging to the research institutes are also considered given the fact that they 
often implement state-of-the-art numerical schemes and models. This activity covering the 
whole year 2002 will be concluded with a final assessment of the main shortcomings and a 
proposal of future research activities in both numerical and experimental fields. 

The work programme is organised in 12 work-packages:  
§ 7 WPs relate to the turbulence modelling, with 6 benchmark exercises and 1 WP for the 

model assessment. The 6 benchmarks are executed using different fluids: Hg, Na, Water 
and Pb-Bi. They are aimed at studying different aspects of turbulence and heat exchange in 
different flow configurations, included a prototype beam target cooled by Pb-Bi built in 
FZK on the model of the one proposed by Ansaldo, ENEA, CRS4, INFN in Italy for the 80 
MW Energy Amplifier Demonstration Facility and prototype target configurations of the 
SINQ target of PSI. 

§ 2 WPs are intended to the study of the free surface flow.  In this field no useful 
experiments using HLM have been done in the past. One benchmark is then executed using 
water, in order to assess the shortcomings of current CFD models and to prepare next 
experiments that will make use of Pb-Bi. The other WP is devoted to the assessment of the 
models. 
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§ The 3 last WPs concern the field of bubbly flow. Two new experiments and the related 
benchmarks are executed: the first studies gas injection methods in stagnant Pb-Bi and the 
second investigates the effects of gas injection on the thermal-hydraulic characteristics of 
Hg flow. As for the turbulence and free surface modelling, one WP examines the model 
assessment. 
The final results will be released and published by the end of 2002. Nevertheless the first 

results confirm the early trend that the commercial codes generally are not able to simulate 
satisfactory the proposed benchmark exercises and that future R&D work will be necessary to 
update the codes accordingly. 

 
 
3. APPLICATIONS AT SCK•CEN 
 

SCK•CEN, the Belgian Nuclear Research Centre, works on the conceptual design and 
basic engineering of a multipurpose ADS for R&D, dubbed MYRRHA, a small high-
performance irradiation facility with fast neutron fluxes up to 1.1015 n/cm2/s. It is to serve for 
demonstrating the ADS concept and to be used for research on structural materials and 
nuclear fuel, liquid metals and associated aspects, reactor physics and subsequently on 
applications such as waste transmutation, radio- isotope production and safety of sub-critical 
systems. Design details of the MYRRHA facility are out of scope in the framework of the 
present report and can be found in [1, 2] for instance. A general sketch is shown on figure 1. 

 
 

 

 

 

Figure 1. General sketch of the MYRRHA facility  
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At the heart of an Accelerator Driven System is the spallation target. It is the neutron 

source providing primary neutrons that are multiplied by the surrounding sub-critical core. The 
primary neutrons are produced by the spallation reaction of heavy target nuclei under impinging 
high-energy protons generated by a suitable particle accelerator. Due to the high atomic number 
efficiency, a heavy metal is the most appropriate solution for the target. Moreover, because of the 
very high power density one arrives at due to space limitations when optimising the sub-critical 
core performance, a liquid metal remains the only option permitting to remove the heat by forced 
convection. Specific to the MYRRHA ADS system is the choice for a windowless spallation 
target at the centre of the sub-critical core (see figure 2). Apart from the space limitations and 
material property short-comings, the current and power density figures makes the design of a solid 
window for the spallation source very difficult: the chosen 5 mA at the relative low energy of 350 
MeV leads to a current density of order 150 µA/cm2 (as far as we know at least a factor of 3 
higher than any window design that has been attempted to meet). This is the main reason for 
adopting the windowless design for MYRRHA, which has as a consequence that the free surface 
ultimately has to be compatible with the vacuum requirements of the beam transport system of the 
accelerator. The total beam energy will be dumped into a volume of ca 0.5 l leading to a heating 
power density of ca 3 kW/cm3. In order to remove this heat from the LM with an average 
temperature increase of 100°C on top of the temperature of the inlet flow of  240°C a total flow 
rate of 10 l/s at an average flow speed of 2.5 m/s is required. It is suggested from estimates that 
the evaporation from 'hot spots' with elevated temperatures beyond the average 340°C  - close to 
the free surface in the re-circulation zone (and these are the only ones of interest for the vacuum 
compatibility problem) – is then still acceptable. The design investigations are therefore directed 
to assess and minimise the re-circulation zone inherent in the free surface formation under the 
geometry and flow requirements. 

 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

Figure 2. MYRRHA spallation target 
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To gain insight in the characteristics and expertise in the creation of an adequate free 
surface flow, SCK•CEN has developed a roadmap of experiments with increasing 
correspondence to the real situation [3, 4]. This roadmap is supported and guided by CFD 
calculations. The CFD calculations are also used to investigate the flow pattern and temperature 
profile in the presence of beam heating which cannot be simulated experimentally at this stage. 
All free surface simulations are performed using the VOF-mode of the FLOW-3D code [5]. 
Figure 3 shows typical pressure and velocity fields obtained from CFD simulations with 
FLOW-3D. 

 The main shortcoming of the CFD codes in general is their inability to reliably predict the 
height (and corresponding fluid velocities) of the free surface dome. In FLOW-3D the 
overestimation of this height is limited in comparison with other CFD codes, but still it is 
unacceptable for the reliable prediction of the heat removal capabilities of the free surface flow. 
Currently, we are conducting in collaboration with NRG (The Netherlands) a large program to 
assess and improve the capability of different existing CFD codes to correctly predict the flow 
field at the free surface. FLOW-3D is the most promising and our efforts are focussed on this 
code. These efforts are already far developed but not yet conclusive. If it will appear that the 
current CFD codes are not sufficiently reliable in predicting the flow field at the free surface, 
an elaborate measurement program will be necessary to determine the fluid velocities in the 
re-circulation region. These velocities will then serve as input to the CFD code for subsequent 
heat transfer calculations. Here CFD simulations are indispensable since experimental 
simulations are not yet possible due to the absence of an adequate proton beam. 
       

 
 
 

     
 
 

Figure 3: Typical pressure and velocity fields (units: g-cm-s) 
 

Another application of CFD in the MYRRHA project is the modelling of the flow pattern 
in the lower plenum of the vessel. The MYRRHA primary system is separated into 2 regions 
by a diaphragm: the upper region contains the hot lead-bismuth (400 °C) coming from the 
sub-critical core and the lower region receiving the cold lead-bismuth (200 °C) cooled by the 
heat exchangers and pumped to the lower plenum. As it is generally the case for pool type 
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designs, this lower plenum of the MYRRHA primary system is a relatively large room, where 
three dimensional flow patterns typically take place. Two main reasons justified the 
simulation of these flow patterns by means of CFD: 
§ The first one concerns the analysis of the thermal-hydraulic behaviour of the primary 

system in accidental conditions, such as loss of flow or loss of heat sink accidents.  
Whereas loop type systems are relatively well simulated by means of 1-D tools like 
RELAP or TRAC for instance, the situation is completely different in pool type systems 
for which such codes are not able to take satisfactorily into account multidimensional 
effects. However at the present stage the full simulation of these pool type systems by 
means of multidimensional CFD codes is unrealistic, especially in transient situations, and  
recourse to 'classical' thermal-hydraulic tools is mandatory. At SCK•CEN we work with a 
RELAP version developed by ANSALDO (Italy) for dealing with lead-bismuth. In order 
to turn out the difficulties inherent to 3-D effects, which are mostly acute in the lower 
plenum of the vessel, 2-D (axisymmetric) and 3-D thermal-hydraulic simulations are 
being performed with FLOW-3D. The results will be exploited to derive global 
parameters characterising heat and mass transfers and to be introduced in the RELAP 
model.    

§ The second reason rela tes to the risk of freezing along the walls of the vessel in its lower 
part. Insulating materials strongly limiting the heat losses from the primary system to the 
external medium surrounds the vessel. Nevertheless these heat losses cannot be 
completely avo ided and superficial cooling along the vessel walls – even moderated – 
could lead to the lead-bismuth freezing within possible stagnant zones. The identification 
of such stagnant zones also requires 3-D (or 2-D) simulations.  
 

 Figure 4 here below provides the temperature field (2-D axisymmetric model) in the 
lower plenum at t = 100 s during a transient consisting of injecting lead-bismuth at 200°C in 
the lower plenum initially at 150 °C. The difference of temperature is mainly used as 'marker' 
to exhibit the flow streamlines.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4: example of temperature field (°C) in the lower plenum of the MYRRHA vessel 
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4. CONCLUSIONS 
 

The application of CFD to HLM problems becomes a growing activity, mainly in the 
framework of R&D projects devoted to the development of ADS and Generation IV Energy 
Systems cooled by lead or lead-bismuth .  

The European ASCHLIM project constitutes an essential step to assess the capability of 
the commercial codes to handle HLM applications. The first results confirm the early trend 
that the commercial codes generally are not able to simulate satisfactory the proposed 
benchmark exercises and that future R&D work will be necessary to update the codes 
accordingly. 

At SCK•CEN the design of the MYRRHA spallation target is very challenging: a Pb-Bi 
flow pattern with a free surface needs to be established within the geometrical constraints, 
adequate to remove the very concentrated heat deposition of the proton beam so that the 
thermal and vacuum requirements are met. A number of the design activities including CFD 
calculations have been and are being performed to study the flow behaviour and to obtain an 
adequate design. CFD calculations are also very important for the assessment of the safety of 
the MYRRHA primary cooling system. Obviously experimental programmes will also reveal 
necessary to validate the computational simulations.  
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Abstract

Constitutive models for the interaction between the gaseous and the liquid phase are needed
for application of CFD codes to two-phase flow phenomena as they occur in many scenarios
concerning safety analysis of nuclear reactor systems. For the bubble flow and slug flow
regime this especially concerns the forces acting on a bubble in the liquid flow field and
bubble coalescence and break-up. Vertical pipe flow is an appropriate situation to investigate
these effects. This is done experimentally by using new measuring techniques, which allow
measurements with a high resolution in space an time. The experimental results show that,
besides local effects, also the bubble size distribution has an important influence of the
development of the flow. A simplified model was developed to test and improve the
constitutive laws. To ensure the transferability of the models, experiments for vertical pipes
with an inner diameter of up to 200 mm are planned at the new test facility TOPFLOW.

1. INTRODUCTION

Two-phase flow phenomena play an important role in many scenarios concerning safety
analysis of nuclear reactor systems. To qualify CFD codes for two-phase flows, they have to
be equipped with constitutive laws describing the interaction between the gaseous and the
liquid phase. In a bubble flow this particularly concerns the forces acting on the bubbles and
bubble coalescence and break-up. Gas-liquid flow in vertical pipes is a very good object for
studying the corresponding phenomena. Here, the bubbles move under simple boundary
conditions, resulting in a shear field of nearly constant structure where the bubbles rise for a
comparatively long time. This allows to study the lateral motion of the bubbles in a shear flow
by comparing distributions measured at different heights.

It can be shown, that especially the radial profile of the flow parameters is important for
the description of the flow state and has an essential influence on the development of the flow
regime:
• Upward flow in a vertical pipe has the distinct radial profile of the liquid velocity with a

maximum value at the center and zero at the wall.
• The dissipation of turbulent energy, which is one of the basic mechanisms for bubble

fragmentation, proceeds in a vertical flow mainly near the walls. In the centre of the tube
the turbulent dissipation is much lower.

• Bubble coalescence is enhanced with higher bubble density. Bubble density shows a distinct
radial profile.

• In experiments it was shown that the radial distribution of bubbles strongly depends on their
diameter. For a vertical upflow smaller bubbles tend to move towards the wall, while large
bubbles are preferably found in the centre. This was initially observed for single bubbles
[1]. In an air-water system at ambient conditions the change of the direction of the lift
force in the shear field occurred at a bubble diameter of about 5 - 6 mm. We could
confirm this also for multi-disperse flow [2].



Models which are based on averaged values over the cross section (1D system codes)
loose important information about the flow. But also multi-dimensional models, which do not
consider the structure of the dispersed phase in an appropriate way, fail because of the
influence of the bubble size distribution on the flow. It is not sufficient to consider only an
averaged bubble number density (or bubble diameter or interfacial area) because of the
dependency of the forces acting on the bubble on the bubble diameter. Instead, a large number
of bubble classes, let’s say about 10 … 25, have to be considered. It is an interesting and
important challenge to find an appropriate way to implement such a possibility into a CFD-
code by keeping CPU-times in an acceptable limit for practical applications.

As a first step it is necessary to find constitutive laws for the forces acting on a bubble in
the liquid shear field in dependence on the bubble size and for the source terms of the balance
equations for the single bubble classes. These source terms are determined by bubble
coalescence and break-up. Rates for bubble coalescence and frequencies for bubble break-up
are determined as local quantities. That means, they depend on local parameters of turbulence
as well as on the local bubble size distribution.

For this reason detailed investigations of gas-liquid flows in vertical tubes including the
transition from bubble flow to slug flow along the flow path were made. The change of the
bubble size distribution along the pipe as well as the changing radial profiles of the gas
fraction represented by bubbles of different size were measured by fast wire-mesh sensors
developed in Forschungszentrum Rossendorf. A model was elaborated to simulate the
evolution of the flow along the flow path for the special case of vertical pipe flow. This model
allows to test the assumptions for the forces acting on a bubble perpendicularly to the flow
path as well as models for bubble coalescence and break-up and to adjust them according to
the experimental data.

2. EXPERIMENTS

2.1. Experimental set-up and instrumentation

The evolution of the bubble size distribution was studied in a vertical tube of 51.2 mm
inner diameter supplied with air-water mixture at 30°C. Different gas injection devices were
used. The distance between sensor and air injection was varied from 0.03 m to 3.03 m (inlet
lengths 0.6 - 60 L/D). Stationary flow rates of air and water were used. Gas and liquid
superficial velocities were varied in a wide range (0.0025 m/s – 10 m/s and 0 m/s – 4 m/s).
About 150 combinations of the superficial velocities were considered. They include stable
bubble flow, finely dispersed bubble flow, slug flow and annular flow at the upper end of the
pipe. Transitions between the flow regimes were observed within the pipe.

Data were obtained by an electrode wire-mesh sensor (Fig. 1) performing measurements
of the instantaneous conductivity distributions [3]. Two electrode grids with 16 or 24
electrode wires each (diameter 120 µm) are placed at an axial distance of 1.5 mm behind each
other. During signal acquisition, the electrodes of the first grid (transmitter wires) are supplied
with short voltage pulses in a successive order. The currents arriving at the second grid
(receiver wires) are digitalized by ADCs and stored in a data acquisition computer. A time
resolution of up to 2500 frames per second was used. The spatial resolution is given by the
pitch of the electrodes and equals 2 mm in case of the sensor with 24 wires.

The sensor delivers a sequence of two-dimensional distributions of the local instantaneous
conductivity, measured in each mesh formed by two crossing wires i and j. Local
instantaneous gas fractions are calculated assuming a linear dependence between gas fraction
and conductivity. The result is a three-dimensional data array i,j,k where k is the number of



the instantaneous gas fraction distribution in the time sequence. A special procedure,
described in [4] allows the identification of single bubbles and the determination of their
volume and the equivalent bubble diameter. Using this procedure, bubble size distributions as
well as gas fraction profiles for bubbles within a predefined interval of bubble sizes can be
calculated, the latter by using the method described in [2].

Fig. 1 Scheme of the wire-mesh sensor

2.2. Experimental results

A correlation for the bubble lift force was found by Tomiyama [1] by investigations of the
behaviour of single bubbles within a well defined shear field. That force changes its sign at a
bubble diameter of about 5.5 mm in air-water flow at ambient conditions. This was
confirmed by our own experiments in a multi-dispersed flow ([2], figure 2).

Stable bubble flow was observed only for high water superficial velocities and low air
superficial velocities. In this case a stable sharp wall peak of the gas fraction was found. In all
cases with a core peak, the development of the bubble size distributions along the pipe
indicates that the coalescence rate exceeds the break-up rate. Although at L/D ≅ 60 the
transition to slug flow is not yet completed in many cases, it can be expected at larger
distances. This is also evident by the comparison of experiments for the same superficial
velocities, but different gas injection devices. If the initially generated bubbles are larger than
the critical bubble diameter of about 5.5 mm, slug flow is established for many combinations
of superficial velocities, for which we still found bubble flow in case of an initial bubble
diameter less than 5.5 mm. The experiments clearly show that the transition from wall to core
peak leads to a transition to slug flow somewhere upwards in the pipe, if the length is
sufficient. In pipes of a larger diameter the effects have still to be investigated, since there is a
maximum pipe diameter for the establishment of slug flow [5].
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Fig. 2 Radial volume fraction profiles decomposed for different bubbles sizes. Superficial
velocities: jl = 0.64 m/s, jg = 0.09 m/s.

Figure 3 gives an example for the transition from bubble to slug flow. The process of
transition is very fast, if a sufficient fraction of bubbles with a diameter between 10 mm and
15 mm is generated by coalescence. The figure shows a typical evolution of the bubble size
distribution and the radial gas fraction profiles in case of the transition. Bubbles larger than
10 mm in diameter coalesce with an high rate and form slugs. Consequently, a transition to a
bi-modal bubble size distribution is observed.

The experiments clearly show that the development of the flow is strongly determined by
spatial redistributions, which depend on the bubble sizes. That means, an appropriate
modelling requires the consideration of local effects as well as the consideration of the local
bubble size distribution.

3. MODELLING

According to the importance of the local bubble size distributions and the dependence of
the parameter on the radial position, an analytical model, which considers a large number of
bubble classes and resolves the parameter on the radial position was developed [6].

The radial profiles of the bubble density are the result of the non drag forces, acting
perpendicularly to the flow direction. They are caused by the liquid shear flow (lift force),
turbulence (turbulent dispersion force) and no-slip boundary at the tube wall (lubrication
force). The radial profiles of the liquid velocity, of the turbulent energy and of the dissipation
rate of turbulent energy are calculated on basis of the Sato model [7] and the balance equation
for the turbulent energy [8]. Using these data, the radial gas fraction profiles for each bubble
class on the basis of a balance of the non drag forces are determined. In the result, local
bubble size distributions for all radial positions are available. Based on these data, bubble
coalescence and break-up rates for each bubble class and each radial position are obtained
using simple physical models.

The analytical model does not resolve the parameters over the height of the pipe. Instead a
bubble velocity, which is equal for all bubble sizes and radial positions is assumed. This
allows the approximate evaluation of the flow pattern over the height of the pipe in case of
stationary flows by introducing a dependence on time. Because of the assumed uniform



bubble velocity the time corresponds to a height position within the pipe. Starting from an
initial bubble size distribution for each time step radial profiles and new bubble size
distributions are calculated.
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Fig. 3 Bubble size distributions (upper picture) and radial gas volume fraction profiles (lower
picture) for different distances from the gas inlet. Superficial velocities: jl = 0.4 m/s,
jg = 0.34 m/s.

For the non drag forces, equilibrium is assumed. The transient behaviour of the radial gas
fraction profiles is modelled by a relaxation assumption. For situations with stable flow
conditions a good agreement between predicted and measured radial gas fraction profiles is
observed, but deviations occur especially in the region of the transition from bubble to slug
flow. The analytical model is up to now not able to simulate the correct time-dependence of
the shift of the large bubbles, generated by coalescence in the near wall region, to the centre
of the pipe. For this reason it is planned to consider the velocity of the bubble migration in
future versions of the model.

First calculations were made using simplified assumptions for coalescence and break-up
rates. Starting with the bubble size distribution and the radial profile of the gas fraction meas-



ured at the inlet of the test pipe, the development of the bubble size distribution was calcula-
ted. After adjusting the model parameters a good agreement with the experimental data at the
upper end of the pipe was achieved (Figure 4). The transition from bubble to slug flow was
reproduced by the model. It has to be remarked that the model adjustment is independent from
the flow rates, i.e. the model has a generalising capability. The models for the non-drag
bubble forces and the rates for coalescence and break-up can be applied in one-dimensional
codes as well as in CFD-codes.

Fig. 4 Experimental and calculated bubble size distributions at the upper end of the test
section. Superficial velocities: jl = 1.0 m/s, jg = 0.09 m/s (upper picture) , jg = 0.5 m/s (lower
picture)

4. FUTURE WORK - TEST FACILITY TOPFLOW

To develop generalised constitutive models for the implementation into CFD-codes it is
important to ensure, that they are valid within a large range of scales. Most of the
investigations on pipe flow concern pipes with diameters up to about 50 mm inner diameter.
For larger pipes only few data are available in literature. For this reason the new test facility
TOPFLOW will be used for the generation of experimental data for pipes with an inner
diameter up to 200 mm and a length up to 9 m.

The transient two-phase flow facility TOPFLOW (Forschungszentrum Rossendorf,
Institute of Safety Research) [9] will go into operation still this year. The facility is designed
for two phase flow experiments for CFD code development and validation. It enables



experiments at up to 300 oC and up to 7 MPa. Up to 2 kg/s steam is available. Between an
electrical heater of up to 4 MW and a cooler different types of experimental test rigs can be
arranged. High resolution two phase flow measuring technique will be applied, which enables
the determination of size and shape of the interfacial area.

The first experiments are planned for the continuation of the investigation of two phase
flow in vertical tubes as described above. Pipes with an inner diameter of 50 mm and 200 mm
will be used. The results will be used to improve the constitutive models for the forces acting
on a bubble and the models for bubble break-up and coalescence.

5. CONCLUSIONS

The experimental data clearly show, that the transition from bubble to slug flow is
determined by effects depending on the bubbles sizes as well as on local effects. For an
adequate modelling a large number of bubble classes (e.g. 25) has to be considered. There are
very different conditions for bubble coalescence and break-up in the core region of the pipe
compared to the near wall region. This fact has also to be considered by the models for the
simulation of the development of the flow pattern along the pipe. The experimental data
obtained in vertical pipes are useful for the development of generalised models for the non-
drag bubble forces as well as for local bubble coalescence and break-up. The simplified
approach is a powerful tool for the model development for CFD codes, since it allows to test
model correlations in a very efficient manner. The experiments planned for the new
TOPFLOW facility will be a basis for a detailed database covering a wide range of scales.
The generalised models will be implemented into a CFD code.
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ABSTRACT
3D modeling of the thermal hydraulical processes in a fuel assembly means a great challenge for

the CFD technique, due to the complexity of its structure and the flow domain. On the other hand, this
field is of great importance, since detailed knowledge on mixing processes in the bundle and the effect
of certain structure elements (i. e. the spacer grids) would give very significant information for the
safety analyses connected to the power upgrading of nuclear power plants.

In the paper, CFD models of a fuel bundle and the head of the assembly of VVER-440 type
reactors are presented. These models were developed with the code CFX-5.5. The fuel bundle model
consists of combined structured-unstructured mesh.

Among others, the models are capable for investigating accurately the thermal-hydraulical
processes near to the spacer grids and the mixing in the bundle and also in the head of the bundle. By
applying proper modifications on the model, the influence of lost particles or deposits on the flow field
can be investigated.

The main goal is investigating the thermal hydraulic processes in the whole fuel assembly in the
near future.

1. INTRODUCTION
Lifetime extension and power upgrading of several VVER-440 type reactors - including the Paks

Nuclear Power Plant in Hungary - are being planned in several countries in Europe. Detailed
knowledge of the thermal hydraulical processes in the fuel assemblies is very important for planning
and licensing both lifetime extension and power upgrading. Due to the evolution of the commercial
CFD codes and the growth of the computer capacities, it seems that modeling the thermal hydraulical
processes in the fuel assemblies with CFD codes has become a real alternative [3], [4]. Development
of a complex fuel assembly model was started in the Institute of Nuclear Techniques of the Budapest
University of Technology and Economics in the near past. During this work, a complex model
of a 60 degrees and 24 cm long part of a fuel assembly and another detailed model of the fuel
assembly head were developed with the CFX-5.5 code. The flow, heat transfer and mixing
processes in the fuel assembly can be investigated with these models very detailed and it can
be stated, that the technical difficulties are averted away from developing a full-length fuel
assembly model, which is planned in the next future.

2. THE FUEL BUNDLE MODEL
The fuel assemblies of the VVER-440 type reactors consist of 126 fuel pins in hexagonal

symmetry [1]. The active length of the fuel pins is 242 cm, and the diameter is 9.1 mm. In the fuel pin
bundle, there are 10 spacer grids in every 24 cm which secure the stability of the fuel pins. There is
also a central tube in the centerline of the assembly with a diameter of 10.3 mm for the in-core neutron
detectors. Considering the symmetries, a 60 degree and 24 cm long part of the fuel pin bundle (see
Fig. 1) was modeled with the CFX-5.5 code. The model contains the central tube, 24 fuel pins, one of
the spacer grids and the wall of the fuel assembly.



2.1 Meshing of the fuel bundle model
Due to the complexity and the dimensions of the model, the proper meshing was one of the

greatest challenges. For getting adequately fine mesh with a reasonable number of control volume
elements, combined mesh was used. In the level of the spacer grid, 0.5 cm under and 1.5 cm above it
were meshed by unstructured tetrahedral grid (see Fig. 2). This mesh has 2 millions control volumes.
The other parts were meshed with the code CFX-4.3, with structured hexahedral grid (see Fig. 2). This
mesh has 350,000 grid cells. The unstructured and structured meshes were connected with GGI
(General Grid Interface [2]) connections (see Fig. 3).

Fig. 1. The fuel bundle model and the spacer grid

Fig. 2. Unstructured and structured meshing

Due to the flow is very turbulent, defining proper flat elements - the so-called inflation elements -
in the boundary layers is of great importance. In case the unstructured mesh, inflations of maximum
thickness of 0.2 mm, 4 layers, and an expansion factor of 2 were defined. In case the structured mesh,
mesh seed controls were used in such a way that the four element layers nearest to the walls connect
very close in the GGI-s to the boundary inflation layer elements of the unstructured mesh (Fig. 3).



2.2 Boundary conditions of the fuel bundle model

Several calculations were performed with the fuel bundle model with different kind of boundary
conditions. In all calculations the symmetry planes were defined as free-slip wall boundary conditions
because of certain convergence problems. The wall of the fuel assembly, the central tube and the
spacer grid were defined as no-slip wall boundary conditions in all cases.

In the first calculations, the heat transfer near to the spacer grid was investigated. In this case, the
surfaces of the fuel pins were defined as no-slip wall boundary conditions with a heat flux of 840
kW/m2. The upper patch was defined as outlet boundary with constant static pressure and the bottom
patch as inlet boundary with inlet velocity of 3.18 m/s and high turbulent intensity and eddy viscosity
ratio.

Fig. 3. Combined mesh on the symmetry boundaries and both sides of the GGI connections

For investigating the coolant mixing in the fuel bundle, it is very important to solve exactly the
fully developed flow. Therefore, in the next calculations, 25 periodic boundary pair interfaces were
defined at the top and bottom patches, one for each elementary subchannels. (Typical subchannel
inlets can be seen on Fig. 6 and Fig. 7.) The mixing process was investigated with using of additional
variables with a kinematic diffusivity coefficient, which is equal to the thermal diffusivity of the
coolant. In this case the additional variable equations represent the heat transfer in the coolant:
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where ρ is the density, Φ is the concentration of the additional variable, SΦ is a volumetric source
term, DΦ is the kinematic diffusivity for the scalar and µt is the turbulence viscosity, with Sct the
turbulence Schmidt-number [2]. By turning off the additional variable equations, the fully developed
flow was solved. By defining a momentum source of 11,400 Pa/m, the nominal mass flow was
provided. It means that a pressure drop of 27,588 Pa was obtained for the 242 cm long active length of
the fuel assembly.

After solving the fully developed flow field, the fluid and turbulence equations were turned off,
the periodic pair interfaces were replaced by inlet-outlet boundary pairs, and than 40 additional
variable equations were solved. Additional variable flux of 1 kg/m2s on the fuel pin surfaces and
additional variable inflow of 1 kg/m3 into the different subchannels were also defined. The periodic
pairs were replaced with inlet-outlet pairs in an unusual way. Due to the different nodalisation of the
periodic pair interfaces and the inlet/outlet type boundary conditions, replacing them simply is
impossible. Therefore, the periodic pair interfaces were left as interfaces, but the patches of the
interfaces were changed to inlet or outlet type boundary by using the CCL (CFX Command
Language).



2.3 Other settings and parameters

Other settings and parameters of the model are listed bellow.
• The fluid was specified with the properties of water coolant on 123 bar pressure and 265 °C.
• The kinematic diffusivity of the additional variables was set 1.517E-7 m2/s. This is equal to the

thermal diffusivity of the coolant.
• For turbulence modeling, the k-omega model was used.
• The solver was run on Intel XEON CPU of 1.8 GHz. The runs required 1.6 Gigabytes memory.

3. RESULTS OF THE FUEL BUNDLE MODEL
The velocity and the temperature fields are shown on Fig. 4 and Fig. 5. The results show that the

coolant accelerates in the holes of the spacer grid, therefore the turbulence increases and the
temperature of the pin surfaces decreases. Although the quality of the inflation near to the grid-rod
touch is poorer.

Fig. 4. An isovelocity surface and the velocity field on the outlet patch

Fig. 5. Temperature and turbulence kinetic energy on the fuel pin surfaces

For investigating the contribution of different fuel pins in the temperature of different coolant
subchannels in normal operation, 15 additional variable equations were solved. Additional variable



fluxes of 1 kg/m2s were defined on the surfaces of different fuel pins or fuel pin pairs, considering the
symmetry. One of the results can be seen on Fig. 6. Another 25 additional variable equations were
solved for investigating the heat transfer between different subchannels by defining additional variable
inlet values of 1 kg/m3 on the inlet patches of the subchannels. These 40 equations were solved in four
runs with using of ten additional variables "h01" to "h10". Three of the results can be seen on Fig. 6
and Fig. 7. The mass flow averaged outlet values of the corresponding additional variables are 0.788
kg/m3, 0.685 kg/m3 and 0.843 kg/m3 for subchannels "io09", "io10" and "io21" respectively (see Fig. 6
and Fig. 7).

Fig. 6. Mixing in the fuel bundle. On fuel pin "p4_0", additional variable flux of 1 kg/m2s, in
subchannel "io09", additional variable inlet value of 1 kg/m3 were defined

Fig. 7. Mixing in the fuel bundle. In subchannel "io10" and "io21", additional variable inlet values of 1
kg/m3 were defined

In the recent years some problems arose around iron deposits and lost particles in the VVER-440
reactors [5]. By some modifications on the unstructured mesh, the effects of lost particles can also be
investigated with the fuel bundle model. On Fig. 8, the temperature and turbulence kinetic energy
values can be seen in case some lost particles close the holes of the spacer grid between three
neighboring pins. The results show that the temperature can increase by nearly 50 °C on the fuel pins'
surfaces.



Fig. 8. Temperature and turbulence kinetic energy on the fuel pin surfaces in case the holes of the
spacer grid between 3 neighboring pins are closed

4. THE FUEL ASSEMBLY HEAD MODEL
Beside of investigating generally the thermal hydraulical processes in the fuel bundle, another

main goal of our work is getting certain weight factors, which show the contribution of the fuel pins in
the signal of the thermocouples, which are placed just above the fuel assembly head. The signals of
these thermocouples are of great importance since during operation, the state of the reactor is
supervised with them. Therefore, a fuel assembly head model was developed. The model consists of
the flow domain above the fuel rods, the end of the central tube, the so-called mixing grid, the hole of
the bottom plate of the reactor upper plenum and the thermocouple positioned in it. The heat transfer
can also be calculated with using of additional variables. One of the results can be seen in Fig. 9. The
pressure drop on the fuel assembly head was also established and issued to be 16,600 Pa.

Fig. 9. Heat transfer in the fuel assembly head. Computed by using of additional variables



5. SUMMARY
Development of a complex fuel assembly model was started in the Institute of Nuclear Techniques

of the Budapest University of Technology and Economics in the near past. During this work, a
complex model of 60 degrees and 24 cm long part of a fuel assembly and another detailed
model of the fuel assembly head were developed with the CFX-5.5 code. The flow, heat
transfer and mixing processes in the fuel assembly can be investigated with these models very
detailed. The fully developed flow, the heat transfer and the effects of lost particles were
investigated with the fuel bundle model. By using of additional variables and replacing the
periodic pair interfaces by inlet-outlet boundary pairs with a special method, the coolant
mixing in the fuel bundle was also investigated. For solving the coolant mixing in the fuel
assembly head and above it, the fuel assembly head model was used successfully.

The detailed evaluation of the results, the determination all of the mixing factors for the
subchannels and other parameter studies are now in progress.

A connected full-length fuel assembly and fuel assembly head model is planned to be
developed in the near future. It can be stated that with the experiences of the already
performed work, the technical difficulties are averted away from developing of a full-length
fuel assembly model.
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ABSTRACT
During the annual maintenance of the VVER-440 type reactors, the RPV, the cooling pond and the

transfer pond form a connected flow domain. The reactor cooled by the natural circulation, which
develops in one or two main loops. The cooling pond has its own cooling loops. The main goal is to
investigate whether it is possible to cool the reactor core in case the main loops are lost and other
emergency systems are not available. Intensive circulation could even be caused by very small
temperature differences in large water tanks. The CFX-4.3 code has been applied to investigate
whether this natural circulation is sufficiently strong to make the cooling system of the cooling pond
capable for cooling the whole system.

First, the 3D natural circulation under normal maintenance conditions was investigated. The
calculations performed on the incidental conditions have shown that the cooling system of the cooling
pond with the present connection is not capable of removing the heat produced in the reactor core.
Therefore, modifications of the cooling system were investigated.

Calculation was performed with the outlet of the cooling loop moved to the water surface. Since
building new pipe systems in operating nuclear power plant units is difficult and expensive, using of
an existing discharge pipe as outlet was also investigated.

1. INTRODUCTION
During the annual maintenance of the VVER-440 type reactors, the filling up of the transfer pond

(Fig. 1) (4) with borated water is followed by opening of the RPV (5). About four days after shut
down, the transfer channel (3) is opened and the refuelling process starts. Meanwhile, the reactor core
(6) is cooled by natural circulation, which develops in two or one main loop (8) of the reactor. The
cooling pond (1) has its own cooling loops (7), one of which is also in operation. During the
maintenance, losing the main loops and the emergency cooling systems in the same time has a low but
a real possibility. Previous safety analyses have shown that in such situations the coolant in the reactor
core comes to boil within a few hours. On the other hand, the cooling pond and its cooling loops were
not taken into account in these earlier calculations. Intensive circulation could even be caused by very
small temperature differences in large water tanks [1, 2]. The CFX-4.3, a three-dimensional, high-
capacity, computational fluid dynamics (CFD) code has been applied for investigating whether this
natural circulation is sufficiently strong to make the cooling system of the cooling pond capable for
cooling the whole system including the reactor core.

2. THE CFX MODEL
The geometry elements and other settings were considered in the three-dimensional CFX model

are listed below using the numbers of Fig. 1. The coolant enters into the cooling pond (1) at the bottom
through four pipes and leaves via five pipes at 6.7 m under the water level. The Inlet I and Outlet I
boundary conditions were defined as a 30 cm wide stripe at the corresponding height. The mass flow
and the inlet temperature were set to 77.78 kg/s and 303 K, respectively [3]. The inflow and the



outflow of the coolant of the RPV (5) during normal maintenance operation was considered as Inlet II
and Outlet II boundary condition at the bottom plate, and one of the hot legs respectively. The mass
flow and the inlet temperature were set to 70.4 kg/s and 313 K, respectively [3]. The lower plate of the
cooling pond (2) and the reactor core (6) were defined as a homogeneous porous region of p=0.4855
porosity. The decay heat power of the reactor core and the lower plate of the cooling pond was
determined using the SCALE code system [4]. The calculations show that 10 days after shut down the
total power of the cooling pond is 414 kW and the power of the core is 3.548 MW. The long transients
described in this paper were investigated with a mesh of 100,000 control volumes.

Although the fluid flow in the system is slightly turbulent, the laminar flow model was used in the
present calculations, because the low Reynolds-number turbulence models need such dense mesh that
can not be used in this large fluid domain [6].

Fig. 1. The system connection and the CFX geometry model

3. RESULTS OF THE CALCULATIONS
First, the normal maintenance conditions were investigated. These results provide good initial

conditions for the calculations of incidental transients. By the investigation of the anticipated incident,
the Inlet II and Outlet II boundary conditions (Fig. 1) were closed by wall type boundary conditions
and transient calculations were performed.

3.1 Transient calculations on the incidental conditions

Fig. 2. Temperature and velocity fields in the incidental transient,
t=10,128 s, 331 K< T <346 K



The results of the transient calculations (see Figs. 2, 3 and 4) have shown clearly that the cooling
loop of the cooling pond by itself is not suitable for preventing nor significantly slowing down the
heating up of the coolant in the reactor. There is strong flow through the transfer channel. It means
close interaction between the upper part of the cooling pond and the transfer pond during the whole
transient (Fig. 2). Meanwhile, a very stable cold block (cold water trap) develops in the lower part of
the cooling pond, which is not influenced by the processes in the other parts of the system. In the core,
the velocity field depends on the space and time very heavily. In some segments of the core, the flow
direction also alternates. There is a thin, very stable, nearly non-mixing temperature stratification layer
in the cooling pond at the bottom level of the transfer channel. Since the outlet in the cooling pond is
below this level, only a few hundred kW of heat generated in the reactor core is removed from the
system via the cooling loop of the cooling pond (Fig. 3/A).

After t=2000 s, the temperature values at different points increase with the same gradient as it can
be seen in Fig. 4. Extrapolating with a point model, the calculations show that the temperature reaches
the saturation temperature (125C°) at the top of the core in approximately 13.4 hours.

0

1000

2000

3000

4000

5000

6000

7000

8000

0 2000 4000 6000 8000 10000 12000 14000

Time [s]

R
em

ov
ed

 th
er

m
al

 p
ow

er
 [k

W
] A: Present system

B: Outlet at the surface
C: Using the discharge pipe

Fig. 3. Thermal power removed by the cooling loop of the cooling pond

305

310

315

320

325

330

335

340

345

0 2000 4000 6000 8000 10000

Time [s]

Te
m

pe
ra

tu
re

 [K
]

Cooling p.-1
Cooling p.-2
Cooling p.-3
Transfer ch.-1
Transfer ch.-2
Transfer ch.-3

310

315

320

325

330

335

340

345

0 2000 4000 6000 8000 10000

Time [s]

Te
m

pe
ra

tu
re

 [K
]

Transfer p.-1
Transfer p.-2
RPV-1
Core
RPV-2

Fig. 4. Temperature values in the monitored points



3.2 Incidental transient calculations with modified cooling loop

Fig. 5. Temperature and velocity fields in the incidental transient,
outlet at the water surface, t=12,500 s, 303 K< T <318 K

In order to improve the safety of the system the heating-up should be slowed down and the boiling
should be avoided. Therefore, the effects of some geometrical modifications were investigated. In the
first calculation the cooling pond outlet was moved to the level of the coolant surface. The position
and the mass flow of the cooling pond inlet were not changed.
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Fig. 6. Temperature values in the monitored points, outlet at the surface

The results have shown that the remanent heat generated in the reactor core can be removed using
a modified cooling system of the cooling pond. The cold water trap at the bottom of the cooling pond
is overfilled by the modified cooling loop. Therefore, cold water flows into the transfer pond and falls
on the core (Fig. 5). The system becomes cool rapidly. In the beginning of the transient, the cooling
loop of the cooling pond removes approximately two times more heat than that generated in the whole
system (Fig. 3/B). The velocity and temperature dependence on position and time is greater (Fig. 6)
than it was experienced in the previous calculation. On the other hand, it is important to state that the
feasibility of this modified system on the real power plant was not investigated.



3.3 Incidental transient calculations with using the discharge pipe

Fig. 7. Temperature and velocity fields in the incidental transient,
outflow through the discharge pipe, t=10,000 s, 303 K< T <325 K

Since building new pipe systems in operating nuclear power plant units is difficult and expensive,
using of an existing discharge pipe as outlet was investigated. This discharge pipe is an annular pipe at
the bottom of the transfer pond and connected to the transfer pond at three points [5] (see (10) on Fig.
1.). The results have shown that the remanent heat generated in the reactor core can be removed using
the discharge pipe as outlet. The cold water trap in the bottom of the cooling pond can also be
overfilled (Fig. 7). Therefore, the system also cools down, but less rapidly than it was described in
section 3.2. The heat removal is much greater than the heat generation, but less than it was
experienced previously (Fig. 3/C). Strong temperature stratification can be experienced in the upper
region. Presumably due to the stabilisation effect of this temperature stratification, the velocity and
temperature fluctuation (Fig. 8) is lower than it was experienced previously. In the core, the cold
coolant falls down in the same segment with uniform velocity, and in the other segments
approximately uniform up-flow can be experienced, so this solution means a more uniform cooling of
the reactor core.
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4. SUMMARY
Three-dimensional CFD investigations were performed on the incidental maintenance conditions

of the cooling pond, the transfer pond and the RPV of VVER-440 type reactors with the code CFX-
4.3. The calculations have shown that the cooling system of the cooling pond with the present
connection is not capable for removing the heat produced in the reactor core (Fig. 9.). Therefore,
modifications of the cooling system were investigated. By moving the outlet of the cooling loop to the
level of the water surface, the system cools down rapidly. By using the discharge pipe of the transfer
pond as outlet, the heat removal of the core can also be ensured. This modification means a better
solution both considering feasibility and the uniformity of the cooling of the reactor. This CFD
analysis is of great importance since during refueling the safety of the VVER-440 units can be
improved by these results.
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Abstract  

The present work concerns on the research activity conducted at the University of Pisa 
to develop a computational tool able to evaluate the risk of brittle propagation of flaws in 
WWER-1000 Reactor Pressure Vessel (RPV). The aim is to evaluate the possibility of 
coupling different codes, among which a Computational Fluid-Dynamic (CFD) code for an 
accurate prediction of thermal load induced in the structure. 

The computational analysis of stationary flows in a circular pipe is presented with the 
aim to acquire experience in the use of TRIO_U computational fluid-dynamic code and to 
conduct an independent validation of this numerical tool. 

The assumptions adopted in the mathematical formulation and the boundary conditions 
implemented in the code are briefly reported, describing with more details the calculation 
output  in comparison with experimental data and analytical results available in literature. 

 
 

1. INTRODUCTION 

The integrity of the RPV in Pressurised Water Reactors (PWRs) is of outmost 
importance as safety system inasmuch as it is one of the projected barriers against the fission 
product release, and its rupture could lead to a Severe Accident for insufficient core cooling 
conditions. A sufficient safety margin against its catastrophic failure throughout the entire 
plant life is assured by the structural analysis focused on Pressurised Thermal Shock load 
condition, dangerous thermal-hydraulic transients, inducing high thermal stresses in the RPV. 
A detailed temperature distribution is necessary for an in-depth fracture mechanical study, 
resulting in a great emphasis on the evaluation of the mixing processes especially during the 
transients in which  cold plume and stratification phenomenon are expected. 

A research activity carried out at the “Dipartimento di Ingegneria Meccanica, Nucleare 
e della Produzione” (DIMNP) of the University of Pisa deals with the assessment of a 
methodology for safety analyses, involving different computer codes for the solution of both 
fluid-dynamic and structural problems. Main effort is directed to the application of 
Computational Fluid-Dynamic (CFD) codes.  

The present work is part of the activity conducted in the DIMNP intended to evaluate 
the capabilities of code TRIO_U [1], made available by the “Département de 
Thermohydraulique et de Physique SMTH/LDTA” of the “Commissariat à l’Énergie 
Atomique” of Grenoble. The development of single-phase flow in the circular tube is studied 
numerically simulating both laminar and turbulent regimes. In this aim, TRIO_U has been 
applied in a two-dimensional configuration, taking into account the axial symmetry of the 
physical problem. The numerical model, assessed to study the flow of liquid water at  
293.15 K, employs a structured geometrical grid with a uniform spatial node distribution 



 

(reproducing a half of the longitudinal section of the channel). At high Reynolds number, the 
turbulent quantities are evaluated by the standard κ-ε model implemented in the code. 

The obtained results are described and a comparison with the fundamental results 
established in the literature is made. The obtained results constitute an independent validation 
of this numerical tool, and the base for further applications to the analysis of more 
complicated geometries. 
 
 
2. DESCRIPTION OF THE PROBLEM AND MODELLING 

2.1. Common aspects 

The circular pipe has a length of 5 m and a diameter of 0.05 m. The uncompressible 
fluid flowing through the pipe is assumed to be water, the physical properties of which are 
evaluated at the ambient temperature. The pipe length is sufficient to make the flow fully 
develop in the first half of the pipe, in both cases. 

The axial symmetry of the problem makes possible to use a two-dimensional model, in 
which the two coordinates are the radial (r) and the axial (z) one. Axial-symmetric models are 
implemented in the code, using sets of equations already integrated over the circumferential 
coordinate (θ).  

The Finite Volumes method has been chosen for the numerical analysis, being not 
possible, with TRIO_U, to use the Finite Elements method together with axial-symmetric 
models. 

The analyses were intended to study stationary flows, but the equations implemented in 
the code are all time-dependent, then calculation times must be long enough to make the 
computed variables stabilize on their stationary values.  

As a time scheme, the Explicit Euler method has been chosen, while for pressure 
solving the Cholesky method has been used. These choices are arbitrary, being this work not 
interested in comparisons between different numerical techniques. 

Concerning the spatial discretization, the following uniform mesh grids has been used 
(N. of radial x axial nodes): 

 
• 10 x 50 
• 10 x 100 
• 20 x 100 
• 40 x 100 
• 40 x 200 

 
Besides, a calculation has been performed with an increased number of axial nodes (but 

not for the entire length of the tube) in order to describe the developing flow in the entrance 
region for the laminar case. 
 
 
2.2. Laminar case 

In this case the average velocity imposed to the fluid is 0.01 m/s, in order to obtain a 
sufficiently small Reynolds number that results to be equal to 500. Boundary conditions and 
initial conditions used for calculations are summarized in Table 1. 

The laminar flow is governed by the standard Navier-Stokes equations [2] that for the 
fully developed flow reduce to the following equation:  
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In this simple case an analytical solution is possible, that yields, for the fully developed 

flow region velocity, a parabolic distribution (also known as “Poiseuille flow”): 
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where avzz ww ,max, 2 ⋅= . This solution is useful to compare to the calculation results. 
 No analytical solution is available for the developing flow region, but it is possible to 
compare the numerical results to experimental data present in literature [3] (e.g. the ones 
collected by Nikuradse). 

Several experimental correlations are also present in literature to predict the “entry 
length”, that is the distance from the pipe inlet where the laminar flow becomes fully 
developed. They may be summarized by the following relation: 

 
Ldev=(0.03÷0.05)·ReD·D 

 
Concerning the friction factor and the pressure losses, it is possible to obtain the exact 

values by using the following relations: 
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that are referred, again, to the fully developed flow region. Some empirical correlations also 
exist in literature, that predict the “non-linearity” of pressure at the inlet, due to the 
acceleration of the fluid. One of them, found on a Schlichting’s textbook, is the following 
one: 
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Boundary Conditions 

r=0 (axis) Symmetry 

r=R (wall) No-slip condition: wz=0 

z=0 (inlet) Uniform velocity profile: wz=0.01 m/s 

z=L (outlet) Pressure equal to zero (p=0) 

Initial Conditions 

All domain Uniform velocity field: wz=0.01 m/s 
 

Table 1. 
 

 
 
 
 

2.3. Turbulent case 



 

The average velocity imposed to the fluid is 1 m/s in this case, in order to obtain a 
sufficiently large Reynolds number that results to be equal to 50000. Boundary conditions and 
initial conditions used for calculations are summarized in Table 2. 

Again, Navier-Stokes equations are solved, but using turbulent viscosity instead of 
molecular viscosity. The k-e model has been chosen to describe turbulence far from the wall, 
while the “wall-law” model [4] has been used to describe the velocity profile near the wall, in 
order to take into account the existence of a viscous sub-layer. The “universal velocity 
profile” the model is referring to is given by the following relations: 
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The “wall-law” model implemented in the code applies the “log-law” profile only to the 

wall-adjacent cells; it is recommended that value of y+ at the center node of those cells is near 
40, so an increasing number of cells in the radial direction is not necessarily expected to result 
in an improvement of the results. 

Analytical results are not available for the turbulent case; numerical results may be 
compared to empirical correlations relating to the velocity radial profile and the pressure 
losses in the fully developed flow region. One of the most accurate empirical correlation to 
describe the velocity profile, is given by the “1/7th power law”: 
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No reference data have been found to compare to numerical results relating to the 

turbulent developing flow. 
Again, for the friction factor and the pressure losses in the fully developed flow region, 

empirical results may be used as a reference, as the well-known following correlation: 
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Boundary Conditions 

R=0 (axis) Symmetry 

R=R (wall) No-slip condition: wz=0 

Z=0 (inlet) Uniform velocity profile: wz=1 m/s 

z=L (outlet) Pressure equal to zero (p=0) 

Initial Conditions 

All domain Uniform velocity field: wz=1 m/s 
 

Table 2. 
3. OBTAINED RESULTS AND DISCUSSION 



 

3.1. Laminar case 

Figure 1 shows the velocity radial profiles calculated at various distances from the pipe 
inlet, by using the 40 x 100 mesh grid. At 4.5 m the flow is fully developed, and an almost 
perfectly parabolic profile can be observed. 

In Figure 2, errors with respect to the analytical solution (i.e. the parabolic profile) are 
reported for the fully-developed radial profiles calculated by different mesh-grids. The 
precision of the results is not improved by the refinement of the axial spacing, while it is very 
sensitive to the radial spacing. The errors increase near the wall (where gradients are greater), 
but they are always below 2 % (0.6 % for the best calculation). 

Figure 3 shows the calculated centerline velocity axial profiles; the most accurate ones 
are quite coherent with the experimental correlation for the entry length: the centerline 
velocity reaches 98 % of the maximum value when the abscissa is near 0.05, that is the value 
predicted by the empirical correlations shown before (§2.2). The strange behavior at the end 
of the pipe is related to the way the code applies the outlet boundary conditions, and it still 
needs to be investigated. 

The axial pressure profile, obtained by one of the best calculations, is represented in 
Figure 4. The pressure is divided by the fluid density (as it is given by the code). Such results 
have been used to calculate the pressure losses (and, by the Darcy-Weisbach equation, the 
friction factors) predicted by the code for the fully developed flow region, and then a 
comparison to analytical results (by Poiseuille’s law) has been made, as shown in Table 3. 
The coarsest mesh yields an error of about 1 % that reduces to 0.05 % with the finest mesh. 
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Figure 1. Velocity radial profiles in the laminar case 

at different distances from the inlet. 
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Figure 2. Errors with respect to the analytical solution 

for the fully-developed flow calculated by 
different mesh-grids. 
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Figure 3. Calculated centerline velocity axial profiles. 
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Figure 4. Axial pressure profile (divided by density). 

 
 
 



 

A non-linearity in the pressure trend can be observed at the pipe inlet, due to the 
acceleration of the fluid; it results in an additional pressure drop that can be evaluated by 
linear extrapolation and compared to the empirical predicted value (as shown in Table 4). The 
comparison results in an error of 7.5 %. 

 
 (dp/dz)/ρ f error % 

Exact 1.2800E-04 0.12800 - 

mesh 10-50 1.2676E-04 0.12676 0.97 

mesh 10-100 1.2675E-04 0.12675 0.98 

mesh 20-100 1.2770E-04 0.12770 0.24 

mesh 40-100 1.2793E-04 0.12793 0.05 

mesh 40-200 1.2793E-04 0.12793 0.05 
 

Table 3. 
 

∆p/ρ  calculated (mesh 40x200) ∆p/ρ (Schlichting) error 

6.24⋅10-5 5.80⋅10-5 7.5% 
 

Table 4. 
 
Figure 5 shows the numerical results of a calculation performed with the aim of 

describing the developing flow, while Figure 6 shows the experimental data collected by 
Nikuradse for the same problem: the represented profiles correspond to various distances 
from the pipe wall, and there is a substantial agreement between the two set of data (i.e. the 
numerical and the empirical ones). Obviously, the same non-dimensional quantity has been 
reported in abscissa. 
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Figure 5. Velocity axial profiles in the entrance region 

of the pipe calculated by the code at various 
distances from the wall. 

 

Figure 6. Experimental data obtained by Nikuradse 
for the velocity axial profiles in the entrance 
region of the pipe. 

 
 

 



 

3.2. Turbulent case 

Figure 7-a shows a “qualitative” comparison between the velocity radial profiles 
calculated for both the laminar and the turbulent case. The shape of the second one is not so 
fine near the wall: as it is shown in the following, it does not depend on the mesh grid 
spacing, but on the models chosen themselves. An analogous comparison is seen in Figures 7-
b/c, obtained by using the MESH-TV post-processing tool, made available by the CEA 
together with the kernel of the TRIO_U code. 

In Fig. 8, errors with respect to the “1/7th power law” profile are reported for the fully-
developed radial profiles calculated by different mesh-grids (having the same axial spacing 
but different radial spacing). The best calculation gives a maximum error lower than 4 %. 
Note that refining the mesh, even in the radial direction, does not improve the results. In fact, 
the wall-law model gives correct results only if the y+ value in the center node of the wall-
adjacent cells is between 30 and 80 (in this problem, 40 radial cells mean y+ = 16, that is why 
a great increase in the error – up to 16 % - is observed near the wall).  
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Figure 7. Comparison between the velocity radial profiles calculated for the laminar and turbulent cases. 
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Figure 8. Errors with respect to the “1/7th power 

law” profile for the fully-developed 
turbulent flow calculated by different mesh-
grids. 
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Figure 9. Calculated centerline velocity axial profiles. 

 
 
 



 

Fig. 9 shows the calculated centerline velocity axial profiles; the last calculation has 
been performed giving non-zero inlet values to k and e, so turbulence is already present in the 
entering fluid. The peaks are due to two opposite effects in the developing zone: the 
acceleration of the fluid at the center of the pipe, and the radial propagation of turbulence 
(that makes the velocity gradient near the wall increase). It is a “numerical” effect, not the 
prediction of the laminar-turbulent transition! 

The axial pressure profiles are similar to the ones obtained for the laminar case (except 
for the values, that are obviously much greater). In Table 5 the calculated values for the 
pressure gradient and the friction factor are compared to the values obtained by Mc Adams 
experimental correlation.  

Finally, the calculated values for the turbulent parameters k and e are represented in 
Figures 10 and 11.  

 
 (dp/dz)/ρ f error % 

Mc Adams 0.211322 0.021132 - 

mesh 10-100 0.208395 0.020840 -1.4 

mesh 20-100 0.208107 0.020811 -1.5 

mesh 40-100 0.210874 0.021087 -0.2 

Mesh 20x100 κ-ε 0.206308 0.020631 -2.4 
 

Table 5. 
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Figure 10. Turbulent kinetic energy profile for the 

developed flow calculated by different 
mesh-grids. 
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Figure 11. Turbulent kinetic energy dissipation rate 

profile for the developed flow calculated by 
different mesh-grids. 

 
 



 

4. CONCLUSIONS 
 
In this paper, the computational analysis of stationary flows in a circular pipe has been 

presented with the aim to evaluate the accuracy of numerical predictions by comparison to 
analytical and experimental results available in literature. Different space discretizations have 
been adopted considering both laminar and turbulent flows. The analysis is focused on the 
prediction of velocity and pressure fields.   

The results from the laminar calculation show satisfactory agreement with analytical 
solution. The error (|ref. value – calc. value|/|ref. value|) in the calculated velocity is less than   
2 %   when a coarse mesh is adopted, and is reduced below 1% when a fine mesh is adopted. 
The pressure trend for the developed flow is calculated with the same accuracy.   

 In the turbulent case, the error found in the best application is close to 4 %. However, 
in this case only a reference-experimental solution is available.   

A more accurate analysis of the fluid flow in the entrance and next to wall regions 
would require a different turbulence model to be chosen or a different numerical solution of 
the Navier Stokes equation (i.e. Direct Numerical Simulation).  The wall-law model makes 
not possible a detailed description of the turbulence parameters in the fluid region next to the 
wall.  

This case test has permitted to acquire experience in the use of TRIO_U code, and to 
conduct an independent validation of this numerical tool in hydraulic applications.  
A “particular” behavior of the numerical solution has been observed next to the outlet section 
that will be investigated in further activities. The post-processing tools implemented in the 
code permit a complete description of the fluid dynamic quantities, though they may be not 
sufficiently versatile for special tasks.  
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Abstract  

This work concerns on the research activity conducted at the “Dipartimento di 
Ingegneria Meccanica, Nucleare e della Produzione” (DIMNP) of the University of Pisa in 
developing a computational tool able to evaluate the risk of brittle propagation of flaws in 
WWER-1000 Reactor Pressure Vessel (RPV), coupling different codes to study the different 
aspects involved in this kind of analysis. 

Under a postulated event of Pressurized Thermal Shock (PTS), numerical models 
suitable for the codes RELAP 5.3, TRIO_U 3.2 and ANSYS 5.7 are employed for an accurate 
prediction of thermal and pressure loads as well as the induced nominal stress in the 
undamaged structure and the Stress Intensity Factor (SIF) at the crack tip of a postulated 
crack. 

The results of a preliminary activity aimed to assess the numerical model for the 
multipurpose fluid-dynamic code TRIO_U thus providing an agreement with the RELAP 
nodalization is presented. 

 
 

1. INTRODUCTION 

The integrity of the Reactor Pressure Vessel (RPV) in a Pressurised Water Reactor 
(PWR) is of outmost importance as safety system are historically not designed to compensate 
the rupture of this component of the primary circuit, leading to insufficient core cooling 
condition. During PTS events, high thermal stresses are produced in the wall of the RPV 
when a relatively cold fluid comes into contact with inner surface of the vessel wall, while the 
internal pressure may keep a high value. Brittle propagation of a pre-existing defect could 
happen if the supplied Stress Intensity Factor at the crack tip exceeds the material crack 
toughness value. The likelihood of such event increases in time since the neutron irradiation 
modifies the transition temperature of the structural material, reducing its toughness. 

The research activity carried out at “Dipartimento di Ingegneria Meccanica, Nucleare e 
della Produzione” (DIMNP) of the University of Pisa is aimed to develop a computational 
tool to perform parametric analysis of Fracture Mechanics with various shapes and locations 
of the flaw. Different computer codes are used. In particular, to predict of the thermal loads 
induced by the cooling process on the pressure wall, the system code RELAP5/mod3.3 [1] is 
used to simulate the entire power plant response at postulated transient scenario, while a 
three-dimensional calculation of the fluid flow inside the downcomer channel is performed by 
Computational Fluid Dynamic (CFD) code. The system code calculation allows the 
establishing of appropriate boundary conditions for the  
three-dimentional calculus. 

In order to qualify the employing of the TRIO-U code [2] in the framework of this 
research activity, a preliminary work is conducted to acquire experience and for an 
independent validation of this computational tool.  
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In the present paper, the analysis of a bi-dimentional case, reproducing convective heat 
exchange condition similar to the cooling phenomenon inside the downcomer during a Main 
Steam Line Break accident (MSLB), is performed. Sketching one eight of the belt line of a 
RPV as a steel plate owing to its low curvature, the process of cooling in a rectangular 
channel is studied numerically with both codes RELAP and TRIO_U. The thermo-hydraulic 
scenario assumed for the PTS analysis is characterized by a constant high mass flow rate, and 
by an abrupt decrease of the inlet flow temperature. The numerical results obtained by 
RELAP and TRIO_U are compared mainly in terms of the total exchanged thermal power and 
temperature distribution inside the metallic wall. Results of a calculation performed by the 
FLUENT 5 code [3] are also presented. 

The obtained information will be useful to assess the numerical model of the  
fluid-dynamic code, in order to optimize the memory requirements respect to the needed 
accuracy in the calculated data. 

 
 

2. MATHEMATICAL MODELS  

2.1. Computational domain configuration 

The problem mathematical formulation has been simplified by approximating the  
three-dimensional channel having a rectangular cross section (the flow channel is 3 m length, 
0.3 m wide, 1.453 m depth, and the wall thickness is 0.3 m) by the vertical parallel-plate 
channel showed in Fig. 1. 

The following additional assumptions were adopted: 
• the system is studied in transient conditions; 

• at the channel inlet, the fluid has uniform temperature; 

• all the fluid properties vary only as a function of local temperature, while the 
dependence on pressure is neglected do to the low deviations of the local pressure with 
respect to the reference value; 

• all the solid properties vary as a function of local temperature; 

• the only body force present is due to gravity; 

• the water flow is turbulent at the inlet. 
 

2.2. Governing equations  

2.2.1. CFD codes 

The governing equations are those related to mass, momentum and energy balances. 
With reference to the Cartesian coordinates system shown in Fig. 1, the equations of the 
turbulent fluid flow suitable for the CFD codes (obtained by the Reynolds averaging 
technique) have the following two-dimensional forms [2-3]: 
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The viscous stresses  and the specific heat flux  are: ijτ qr ′′
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where µe and ke are the effective viscosity and thermal conductivity coefficient defined as 
sum of the molecular and turbulent terms: 

µe = µ + µt           ke = k + kt (6) 

The water thermo-physical properties µ, k and cp have been approximated as 
polynomial functions of the temperature [7], and the Bussinesq approximation has been 
adopted to describe the density variation due to temperature changes. 

The turbulence terms are calculated by mean the standard κ-ε model in  the TRIO_U [2] 
calculus, and by means the RNG κ-ε model [3-5] in the FLUENT one. The effects of the 
presence of the wall on turbulence are evaluated in both cases by the Standard Wall function 
[6], dealing with the viscosity-affected near-wall region up to the viscous sublayer. 

For the solid wall, the model includes the energy equation in the following form: 
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where kw is the wall thermal conductivity, approximated as piecewise-linear function of 
temperature [8]. 
 
2.2.2. System code 

On the hypothesis that the phenomena involved in the water flow does not depend upon 
transverse gradients, the equations of the RELAP5 hydrodynamic model are recorded in 
differential stream tube form. They are written in terms of time and volume averaged 
dependent variables, and time and one-space dimension independent variables. Friction and 
heat transfer are defined in terms of the bulk properties using empirical transfer coefficient 
formulations [1]. Due to the constant section of the channel, the equations obtained by the 
space and time averaging procedure has the following simplified structure: 

( ) 02
2

=
∂

∂
+

∂

∂
V

xt f
f ρ

ρ
   (8) 

( ) ( ) wfffff Fg
x
pV

x
V

t
ρρρρ +−

∂
∂

−=
∂

∂
+

∂
∂

2

2
2

2
2 2

1  (9) 

( ) wfffff Q
x
pV

t
pVuV

x
u

t
′′′+

∂
∂

+
∂
∂

=



















+

∂
∂

+
∂
∂

2
2

2
2

2
2 2

ρρ  (10) 

The wall frictional drag  is defined as in the following: wfF
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in which the friction factor λf is computed from an approximation of the Coolenbrook-White 
correlation for turbulent flows [1-10]. 

The wall heat transfer rate per unit of volume Q  is: w′′′
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A
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where the heat transfer coefficient α is computed by the Dittus-Boelter correlation for 
turbulent flows [1-11], +=

= 01xw TT  is the wall temperature evaluated at the fluid interface 

and Tb is the fluid bulk temperature, Γ and A are respectively the heated perimeter and the 
area of the flow channel section. 

For the conductive wall, RELAP models the conduction through the thickness, solving 
the subsequent energy balance equation: 
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2.3. Boundary and initial conditions  

The following boundary conditions have been formulated for solving the  
two-dimensional partial differential equations related to the CFD codes: 
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The boundary conditions assumed to solve the one-dimensional equations involved by 
the system code model have a simpler form: 

( )
+∂

∂
=−=

01
1 :0

x
TkTTx wbwα  (20) 

 4 



 

0:
1

1 =
∂
∂

=
x
TSx  (21) 

0:0
22

2 =
∂
∂

=
∂
∂

=
x
T

x
V

x i     (22) 

02 ,,: ppTTmmLx inin ==== &&  (23) 

The considered transient is characterized by a constant flow rate 2314 kg/s and a 
fluid temperature defined as a piecewise-linear function of time (Fig. 2). At the initial instant, 
the system is assumed to be in a steady state condition at an uniform temperature T

=inm&

0 = 563.67 
K; no heat exchange takes place between the fluid and conducting wall, and the water has a 
mass flow rate equal to the regime value assumed for the rest of the transient scenario. When 
the transient starts the inlet temperature gradient is -100 K/s.  

The reference pressure is p0 = 16.1⋅106 Pa. 
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Figure 1. Flow channel. 
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Figure 2. Time trend of the inlet flow temperature. 
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3. NUMERICAL MODELS  

3.1. System code 

RELAP solves the above governing equations by a semi-implicit finite-different 
technique. 

The reference RELAP nodalization is showed in Fig. 3.a. It consists of an upstream 
flow tank, a first fluid junction between the upstream tank and the rectangular flow channel, 
20 fluid elements (pipe type) reproducing the channel, a second fluid junction to direct the 
flow at the channel outlet towards a downstream tank that collects the fluid. Finally 20 heat 
structure elements are connected to each pipe element to reproduce the conductive wall. 

The time discretization has been adjusted in preliminary calculations, fixing the time 
step at 0.1 s for the first part of the transient. Another calculation has been conducted 
doubling the node number; only slight differences in the previous results were found. 
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3.2. CFD codes 

The TRIO_U model includes the finite volume discretization of the balance equations 
with the solving scheme Euler explicit, choosing the Cholesky and upwind schemes for the 
discretization of the pressure and the convection terms respectively [2]. 

The FLUENT code solves numerically the balance equations discretized with a control 
volume based technique. For this particular problem, the values of the variables at the control 
volume boundaries are obtained via the QUICK interpolation scheme [9] and the discretized 
equations are numerically solved by the SIMPLE algorithm [9], chosen among the available 
code options. 

A structured two-dimensional grid has been built up in both cases, choosing a  
non-uniform spatial node distribution both in the transversal and in the parallel directions 
with respect to the main flow velocity component. The grid was refined near the walls where 
the largest variations of the thermal-fluid-dynamic variables occur (see Figs. 3.b - 3.c). 

For the TRIO-U model two different grid sizes have been considered in order to 
establish an acceptable minimum size of the computational cell in view of the future  
three-dimentional simulation. The delivered mesh consists of 36x20 cells in the fluid domain, 
and 23x20 cells in the conductive wall region. A coarser grid with a lower number of cells in 
the direction perpendicular to the fluid flow (20x20 cells for the fluid, and 13x20 cells for the 
solid) has been used for a sensibility study.  

The delivered mesh size for the FLUENT calculation consists of 20x40 cells for the 
fluid domain, and 10x40 cells in the conductive wall region. 

The time discretization in the Trio-U model is chosen automatically by the code to 
satisfy the stability condition of the explicit algorithm. For the FLUENT model has been 
assumed the same time discretization resulting from the RELAP calculation as it would be 
done in coupling this codes at the beginning of a generic PTS analysis. 

 

Fluid 
tank 

Fluid 
tank 

Fluid 
junction 

Flow 
channel 

Fluid 
junction 

Heat 
structure 

���������������������
���������������������������������������������������������������
���������������������������������������������������������������
���������������������������������������������������������������
���������������������������������������������������������������
���������������������������������������������������������������
���������������������������������������������������������������
������������������������������������������
���������������������������������������������������������������
���������������������

 
(a) 

 
(b) 

 
(c) 

 
Figure 3. Grids adopted in the numerical simulations. 
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3. RESULTS AND DISCUSSION 

The results obtained by the calculations performed using the mentioned codes shows a 
general agreement. 

A comparison between the time trends of the total thermal power is showed in Fig. 4. 
The TRIO_U model calculates the highest pick values (4197.1 kW at 1.2 s), with a difference 
less than 14 % respect to the RELAP prediction (3637.4 kW at 1.3) and less than 17 % 
respect to the FLUENT result (3487.4 at 14. s). When the removed thermal power starts to 
decrease, the models for the multidimensional codes give very closer predictions, calculating 
a higher heat exchange respect to the system code (up to 15 % higher then RELAP data). This 
involves in a greater estimation of the total removed energy (~ 6 %). 

The reason of the disagreement between the two CFD results have to be found in the not 
optimized time step adopted for the FLUENT model, since the differences are less important 
when the power exchange is lower.  

On the contrary, since the Reynolds number is very high (about 7⋅107), the total 
removed power evaluated by TRIO_U with the optimized and coarse meshes are quite the 
same. In  
Fig. 5 is possible to observe that difference between the data predicted with the mesh that 
satisfying condition of validity of the wall function law (y+ ~ 40), and the data obtained 
employing the coarser grid (y+ ~ 1000) is below 2 %, excluding the initial instant when the 
exchanged power is naught. 

The heat flux distributions along the channel are reported in Figs. 6-7-8 for various 
times. The main dissimilarity between these quantities is the negative slope evaluated by the 
FLUENT model in proximity of the inlet section. This is due the different axial node 
distribution next to the entry section that makes this model more sensible to the entrance 
effect. 

The water flowing into the channel cools the conductive wall. In Figs. 9-10-11 the wall 
temperature distributions on a section perpendicular to the flow direction located at  
x2 = 2.925 m (0.75 m below the inlet section) are displayed for several instants. As a 
consequence of the highest removed power, the multidimensional models calculate faster 
propagations of the thermal wave in the conductive solid.  
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Figure 4. Time trend of the calculated total 

thermal power. 
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Figure 5.  Perceptual difference between the total 

power predicted by TRIO_U with the 
optimized and coarse meshes. 
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Figure 6. Heat flux distributions evaluated by 

TRIO_U. 
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Figure 7.  Heat flux distributions evaluated by 

FLUENT. 
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Figure 8. Heat flux distributions evaluated by RELAP. 
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Figure 9.  Wall temperature at x2 = 2.925 m 

evaluated by  the RELAP model. 
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Figure 10.  Wall temperature at x2 = 2.925 m 

evaluated by the FLUENT model. 

 8 



 

460

480

500

520

540

560

580

0.0 0.2 0.4 0.6 0.8 1.0
x 1 /S  [-]

[K
] 0.1 s

0.5 s
2.0 s
7.0 s
22.0 s
48.5 s

 
Figure 11. Wall temperature at x2 = 2.925 m evaluated by the TRIO_U model. 

 
 
 
 

4. CONCLUSIONS  

The paper presents an analysis performed by the TRIO_U, RELAP and FLUENT codes, 
aimed to a better understanding of the heat transfer mechanisms involved in the thermal 
shock, that takes place on the wall of a PWR vessel during a PTS event induced by a MSLB 
accident. To find useful information for the coupling of the French CFD code TRIO_U with 
the system code RELAP 5, a case test has been analyzed with a two-dimensional simplified 
model. 

The obtained conclusions can be summarized as follows: 
• in the assumed flow condition, a general good agreement between the one-dimentional 

and bi-dimentional models has been reached; 

• in the CFD models, the Standard Wall Function has been adopted to bridge the 
viscosity-affected region between the wall and the fully-turbulent flow without 
resolving the viscosity-affected near-wall region, in which the unknown variables 
change most rapidly; in the assumed flow condition, the mismatching from the validity 
rule of the wall function to define a coarser mesh not induce significant variations in the 
calculated data (< 2%), allowing the decrease of the amount of computer memory 
required; 

• in front of a general good agreement between the total removed power (< 14 %), the 
TRIO_U model evaluate a faster propagation of the cooling wave respect to the RELAP 
code, maximizing the thermal loads in the structural calculation for the PTS analysis; 

• the equivalence between the above displayed data is due to the particular test case 
considered in which the axial conduction mechanism inside the wall and the 
dependence of fluid physical quantities by the transverse coordinate x2 (that is not 
simulated by the RELAP model) are not relevant. 
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NOMENCLATURES  

 
Roman Letters 

 
A Area of the channel section [m2] 
B channel depth [m] 
Dh hydraulic diameter [m] 
g gravitational acceleration [m/s2] 
h specific enthalpy [J/kg] 
k thermal conductivity [W/(m K)] 
L channel height [m] 
m&  mass flow rate [kg/s] 
p pressure [MPa] 
q" thermal flux [W/m2] 
Q ′′′  thermal volumetric source [W/m3] 
S wall thickness [m] 
t time [s] 
T temperature [K] 
F frictional drag [m/s2] 
u specific internal energy [J/kg] 
Vi velocity in the i direction [m/s] 
xi coordinate in i direction [m] 

 
 
 
 

Greek Letters 
 

α convective heat transfer coefficient 
[W/K m2] 
ε dissipation rate of turbulent kinetic 
energy [m2/s3] 
κ turbulent kinetic energy [m2/s2] 
Γ Wet perimeter of the channel section 
[m] 
ρ density [kg/m3] 
λ friction factor [-] 

 
Subscripts and superscripts 
 
0 initial instant 
b bulk 
e effective 
f fluid 
i i-direction component 
in inlet 
j j-direction component 
out outlet 
t turbulent 
w wall 
wf wall-fluid 
- average value 
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Abstract 
 
Computational fluid dynamics (CFD) code system has been developed for 

liquid metal reactors safety analyses.  The system consists of several computer 
codes: whole plant system dynamics codes, multi-dimensional thermal-hydraulics 
codes for components, and sub-channel analysis codes for fuel subassemblies.  
The whole plant system dynamics code is mostly one-dimensional but it can be 
used for various types of accidents and transients.  On the other hand, the 
multi-dimensional code is general purpose and mostly used for depicting the 
temperature and flow fluctuations in space and/or in time.  As to the fuel 
subassembly thermal-hydraulic code, sub-channel analysis is currently used 
combined with empirical correlations for the pressure loss and heat transfer 
coefficients.  The most recent approach is to simulate the thermalhydraulic in 
fuel assemblies with fine mesh system instead of empirical correlations.  The 
authors give examples of the application of these CFD codes to practical problem: 
structural failure induced by thermal-hydraulics in nuclear reactor occurred in 
operating plants.  An important aspect of CFD code being used in nuclear safety 
analysis is the validation and qualification of the computer codes.  Lastly, recent 
activity on the evaluation method of numerical results in terms of computational 
accuracy and reliability is presented, which is sponsored by the Atomic Energy 
Society of Japan. 

 

1. Introduction 

Liquid metal is an excellent coolant in terms of heat transfer capability.  It 
has higher natural circulation capability and large margins to boiling (the boiling 
temperature of liquid sodium is as high as 890°C).  Also internal pressure in the 
fast reactor system is only a few times of atmospheric pressure at most.  The 
specific features of the fast reactor system are higher temperature and more 
flexible structure than light water reactors.  In addition, sodium should be used 
in inert circumstances because of its chemical reactivity with oxidizer.  Therefore, 
the thermal-hydraulics is single phase in most cases.  On the other hand, 
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multi-disciplinary simulation such as fluid-structure coupling and reacting fluid 
are of considerable importance.   

As in the case of light water reactors, neutronic and thermal-hydraulic 
coupling is an important issue in fast reactors in terms of passive safety 
characteristics in accident situations.  A few passive safety tests have been 
considered and performed in operating fast reactors in the past.  However, the 
test in an operating reactor is expensive.  It is desired that CFD code can predict 
plant system performance since the neutronic and thermal-hydraulic coupling is 
complicated phenomena and various situations need to be investigated in the 
safety analyses. 

Situations where multi-phase flow should be considered appear in several 
accidents.  As a design basis accidents, sodium fire and sodium-water reaction 
are evaluated.  Sodium fire is a phenomenon of reacting gas flow and aerosol 
dynamics.  Sodium-water reaction is multi-phase multi-component 
thermal-hydraulics coupled with chemical reaction.  Sodium boiling may take 
place in case of large break of piping system or unprotected loss-of-flow accidents 
in which power and flow mismatch.   

In this paper outline of the CFD code system for the fast reactor is 
presented as well as examples of its application to practical problems.  
Subsequently, activities initiated by Atomic Energy Society of Japan (AESJ) to 
establish an evaluation method of computational results in terms of accuracy and 
reliability are briefly explained. 

 

2. CFD Code for Liquid Metal Reactor 

A computational thermal-hydraulic code system has been developed as 
shown Fig. 1.  The system is designed so that the entire nuclear power supply 
system is modeled from a fuel subassembly in the core to a balance of plant 
system.  Based on wide variety of experiments, these computer programs have 
been validated.  Figure 2 shows an advanced code system for analysis of 
multi-disciplinary phenomena.  It is currently possible to analyze more 
complicated multi-disciplinary phenomena with the state-of-the-art computer 
technology. 
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DINUS-3(FDM/DNS), SPLASH(FEM)

Super-COPD (Plant dynamics with plant control system)

SSC(Plant dynamics with accident modeling)
 

 
Figure 1 Thermal-hydraulic Computer Code System for Fast Reactor 
System. 
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Figure 2 Computer Code System for Multi-Disciplinary Phenomena 
 
As to the plant simulation code, SSC code originally developed at 

Brookhaven National Laboratory and modified extensively at Japan Nuclear 
Cycle Development Institute (JNC) was applied to the natural circulation test 
analysis at Joyo experimental fast reactor.[1]  Also, the code was applied to the 
passive safety analysis or neutronics-thermal hydraulics coupling simulation.[2]  
Reactivity caused by flow transient test performed at FFTF in the U.S.A. is 
calculated and the code performance has been validated.  Subsequently, a 
loss-of-flow without scram test has been proposed to demonstrate the passive 
safety of fast reactors and further code validation.  In the analysis of the passive 
safety characteristics of the fast reactor, prediction of core mechanics is important 
to correctly estimate the reactivity feedback in addition to the plant dynamics 
simulation code.  Hence, whole package of codes including stand-alone diffusion 
and perturbation neutronic analysis code and core deformation analysis code are 
included.  The results of reactivity feedback originated from core deformation are 
referred in a tabulated form so that they are to be used in the plant dynamics code.  
There is a needs for plant dynamics simulation with multi dimensional 
representation of the system.  SSC is not capable of simulating the 
multi-dimensional phenomena.  Instead, ACT code[3] whole plant analysis with 
three-dimensional plenum and parallel channel core modeling has been 
developed.   

ASFRE-IV[4] shown in Fig. 1 is a single phase sub-channel analysis code for 
fuel assemblies.  SABENA code[5] is a two-phase version of the sub-channel 
analysis code.  Two-fluid model is used in the code.  The fuel pin is wire wrapped 
and pin-to-pin gap size is approximately 1 mm.  Therefore, the pressure loss 
coefficient is given as an empirical correlation equation as a function of Reynolds 
number, and geometry and dimensions of the fuel subassembly.  The heat 
transfer coefficient is defined by an empirical correlation as a function of Reynolds 
number, Peclet number and the geometry.  The wire spacer model[4] has been 
developed in accordance with a distributed flow resistance concept for complex 
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geometry of wire-wrapped fast reactor fuel subassemblies.  SPIRAL code is a 
finite element thermal-hydraulic code that is oriented to the direct modeling of 
the complex geometry without using the empirical correlations.  It can derive the 
correlations based on numerical experiments if the computer hardware 
performance is high enough.  Currently, 19 pin–bundle geometry is possible for 
steady state calculation.  Validation with the experimental data of the direct 
simulation is necessary before it is applied to the derivation of the numerical 
correlation and safety analysis.   

AQUA and DINUS3 appearing in Figs. 1 and 2 are applied to temperature 
fluctuation analyses.  THEMIS solves non-stationary heat transfer based on 
Direct Simulation Monte Carlo (DSMC) Method.  BEMSET is boundary element 
method code to solve the temperature transients of the structures.  Combined 
use of DINUS3 and AQUA with THEMIS and BEMSET simulates thermal 
striping and high cycle fatigue of the reactor components.[6]  SPLASH employs 
Arbitrary Lagrangean Eulerian (ALE) method and can be applied to free surface 
oscillation and flow-induced vibration analysis.   

Sodium fire and thermal-hydraulics codes have been developed.[ 7 ]  
SPHINCS and AQUA-SF are zone model and field model code, respectively, for 
thermal-hydraulics and sodium combustion analysis.  Also included are aerosol 
dynamics equations considering an aerosol diameter distribution.  BISHOP 
and/or GENESYS are chemical reaction analysis code based on chemical 
equilibrium and Gibbs free energy minimization method.  Lastly, SERAPHIM 
code is multi-component multi-phase analysis code with chemical reaction 
model.[8]   

According to these computer codes more complex phenomena of 
multi-dimensional whole plant analysis, fluid-structure interaction, and 
multi-phase reacting flow can be solved with current high performance computer.  
Some computer codes are validated sufficiently.  On the other hand, recently 
developed codes for the multi-disciplinary phenomena need to be validated further.  
In parallel to the code development, benchmark database for the code validation is 
useful if it is established. 

3. Usage Experience of the CFD Codes 

In this section, the authors discuss how the CFD codes are useful in the fast 
reactor design, operation and safety.  That is, the computer simulation is now a 
powerful tool for the safety analysis of nuclear power plants.  Here, the authors 
illustrate two examples.  One is a failure of thermocouple well and resultant 
sodium leakage and fire in prototype fast reactor Monju at 40% rated flow 
operation.  Question is why the thermocouple well survived 100% rated flow for 
long period and it broke at 40% flow.  Flow induced vibration analysis of 
thermocouple well using SPLASH code identifies the cause of the thermocouple 
well failure and the computational graphics is effective to explain what happened 
in the system.  Fig. 3 shows snapshots of the computer graphics.  It is 
reasonably explained that unexpectedly large displacement can take place if 
flow-induced inline vibration occurs.   

Analyses of Flow-induced vibration are carried out for 100% flow rated 
condition.  A multi-dimensional finite element program SPLASH for fluid 
dynamics[ 9 ] has been used. The computer program solves Navier-Stokes 
equations coupled with equations of structural motion using the finite element 
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method.  Sodium temperature is 200ºC and the natural frequency of the first 
beam mode of the thermocouple well is 272Hz.  The displacement time histories 
are shown in Fig. 4 for drag and lift directions.  This result shows that the 
displacement in the drag direction becomes dominant and almost in quasi-steady 
state after 0.4 second.  Visualization of the computed flow field using particles is 
illustrated in Fig. 3 for one period.  It is seen that the computed vortex shedding 
from the both lateral side of the cylinder is symmetric.  The symmetric vortices 
shedding were observed experimentally when the inline oscillation takes place at 
this reduced velocity range (Vr=v/fD; velocity v divided by the diameter D and the 
natural frequency f of the well). 

Next, flow-induced vibration analysis is carried out at 40% flow rate and 
485ºC sodium temperature.  The natural frequency of 254Hz is used as the input 
data to the numerical simulation.  The computed frequency of the inline 
vibration is 240Hz which agrees with the natural frequency in sodium.  
Phenomena that the vibration in drag direction is remarkable are not observed 
unlike the analysis for the 100% flow rate condition.  Therefore, it can be said 
that the self-excitational vibration is suppressed in this case.  
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Should a crack initiate and grow at the surface of the neck of the 

thermocouple well, the natural frequency would decrease.  Therefore, the 
authors are interested in the fluid-structure coupled vibration analysis by 
changing the natural frequency of the thermocouple well.  Considering the 
situation, flow-induced vibration analysis is carried out with the natural 
frequency in vacuum to be 145Hz under the 40% flow rate condition.  The time 
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histories of the displacement in drag and lift directions are shown at Fig. 3.  It is 
seen that the inline oscillation takes place at low velocity situations, if the natural 
frequency of the well tube reduced and the reduced velocity is large enough.   

Another example is a thermal striping and sodium leakage at a weld 
downstream of mixing tee at French fast reactor Phenix.  Figure 6 shows the 
geometry and operating conditions.  The hot line temperature and the cold line 
temperature are 430°C and 340°C, respectively.  It is not very large temperature 
difference comparing practice in the system design.  After the leakage it was 
found that two penetration cracks exist downstream of main pipe ss shown in Fig. 
5.  It needs to be explained why the crack penetrate at different two locations and 
if the temperature difference of 90°C is large enough to cause the structural 
failure.   

This phenomenon was analyzed with DINUS-3 code and the high cycle 
temperature fluctuation is the cause of the structural failure.  Figure 6 shows an 
instantaneous temperature contour at the mixing tee.  It has been found that the 
temperature fluctuation take place at the interface of colder main flow and hot 
branch pipe flow.  At the both side of the branch pipe flow where sheer force 
reaches maximum, temperature fluctuation becomes large and its frequency is 
low enough for the pipe wall structure follows.  The location is in accordance with 
the crack penetration and sodium leakage was found in the plant. 

It can be said the effort in the computer code development is now in the 
stage of practical application.  The code development and modeling research 
would be used for more multi-disciplinary flow and more complex problem.  
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Fig. 6 Temperature contour at a mixing tee where crack penetration tool place.   

 
Operating fast reactors have experienced several structural failures.  The 

root cause is not identified when the failure took place.  The authors applied the 
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computer codes to investigate the root cause and the numerical simulation results 
can be effectively used for the modification of design, operational procedure and so 
on. 

4. Reliability of CFD Results 

A research committee on “Evaluation Methods for Computation Results” 
chaired by Ninokata, one of the authors, has been established in this year under 
Atomic Energy Society of Japan.  The prospectus of the committee is briefly 
written as follows.  Owing to the recent enhancement of the computer power, 
large-scale numerical simulations prevail in nuclear engineering application.  
Practical application of the large scale numerical simulation is expected to be used 
for safety analyses as the reliability of the numerical methods is improved.  The 
final target is to predict actual phenomena in nuclear reactor by numerical 
simulation without resorting to expensive mock-up experiments.  As a result, 
components and systems performance and phenomenology are evaluated based on 
the numerical simulations.  Before the target achieved, quantitative evaluation 
should be made concerning computational reliability of the numerical method or 
computational error.  

For evaluating the reliability of the numerical estimate, accuracy of the 
experiments is to be evaluated as well.  Activities on benchmark experiments, 
benchmark analyses, evaluation method of computational error are concurrently 
performed.  However, it is pointed out that the accuracy and reliability of 
numerical predictions are evaluated on the basis on fundamental experiments.  
If experiments reflecting actual plant situations are performed, it would be too 
complicated to analyze the source of disagreement if any.  Even if the 
computational error and reliability of numerical simulations are estimated with 
the benchmark analyses, reliability of the simulation for actual plant situations is 
not explicitly defined and may not be extrapolated from the validation studies 
based on benchmark experiments and analysis.   

In the activity, current practice of “the benchmark experiments” and 
“computational error quantification method” would be investigated.  Evaluation 
method of the reliability and uncertainty in numerical simulations are 
investigated.  Since nuclear engineering is related to various fields, such as core 
physics, thermal-hydraulics, structural engineering, environmental science, 
engineers and researchers in the fields discuss one another on the common table 
of the committee. 

CFD codes are one of the most important application fields from the 
viewpoint of numerical simulation.  Standardization of benchmark problem that 
assure the reliability of the numerical methods are desired.  CFD codes used in 
the design and safety analyses are in-house code and/or commercial code.  
Whichever one is used, it is very helpful if code validation and qualification 
program are defined in the frame of international consensus.   

Example of Code Qualification Process 
 An example of computational code qualification procedure is given for 

liquid metal reactor.  The study is performed by thermal-hydraulic specialists 
sponsored by the Atomic Energy Society of Japan.[10]  The method consists of 
two parts: generic analytical capability; specific analytical capability to a reactor 
system.  Five problems are defined as the generic analytical capability as follows: 
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(1) Laminar back step flow (Steady state two-dimensional laminar flow)  
(2) Turbulent back step flow (Steady state two-dimensional turbulent flow) 
(3) Turbulent flow in three-dimensional rectangular tank (Steady state 

three-dimensional turbulent flow) 
(4) Thermal cavity (Steady state two-dimensional laminar flow with 

temperature variation) 
(5) Convection-diffusion in rectangular tank (Steady state two-dimensional 

convection flow) 
 
These are classical problems and suitable for the benchmark analyses.  

The generic analytical capability should be investigated so that a computer is in 
accordance with minimum requirement for computational accuracy.  Therefore, 
very common classical problems are selected.  Analytical capability of 
Navier-Stokes equation solvers is checked and typical computational results made 
by common computer code are stored to be compared with the present computer 
code. 

The next step is to bridge the gap between ideal benchmark analyses and 
numerical simulation of actual reactor situations.  Problems to check specific 
analytical capability for a reactor system are to be carefully selected taking 
thermal-hydraulic characteristics of the reactor design.  For example, the reactor 
vessel of a liquid metal reactor has a free surface.  Therefore, CFD code used for 
the design or operational safety analysis of the fast reactor is required to solve the 
stability of the free surface.  Of course the simulation of free surface is a difficult 
problem and some physical and numerical modeling needs to be developed 
occasionally.  It is considered that the qualification is necessary to check the 
validity of the modeling.   Major characteristics of the fast reactor are 
single-phase flow with large temperature variance, low Peclet number, free 
surface flow, for example.  Taking these features into consideration, 
thermal-hydraulic phenomena that must be solved are: 

 
(1) Free surface flow and sloshing 
(2) Gas entrainment and bubble transport in heat transport system 
(3) Temperature fluctuation at locations where hot and cold fluid are mixing  
(4) Natural convection and circulation 
(5) Thermal stratification in the reactor vessel 
(6) Flow induced vibration of structures 
(7) Chemical reaction of sodium and aerosol transport 

 
Currently, computational methods such as direct numerical simulation (DNS), 

large eddy simulation (LES), and RANS model are available.  The accuracy and 
computational cost are different for each method.  From a practical viewpoint, it 
would be necessary to enhance the transparency of the CFD code used for the 
safety analysis.  In other words, quantification of the accuracy based on 
benchmark experiment database for each thermal-hydraulic phenomena is 
recommended. 
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5. Conclusions 

Computational fluid dynamics codes are in the stage of practical use.  They 
are useful tools for decay heat removal, natural circulation, temperature 
fluctuation, flow-induced vibration, and so on.  However, systematic reliability 
evaluation is necessary to use the CFD codes widely in the safety analysis of 
nuclear reactor.  The reliability evaluation activity is to be common to every 
institute and safety analysis.  Based on the discussion in the international 
framework, the reliability evaluation procedure, standard benchmark problems, 
and error evaluation criteria are to be studied. 
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MODELLING OF THE MULTIDIMENSIONAL PHASE DISTRIBUTION IN A
BWR FUEL ASSEMBLY

H. ANGLART
Westinghouse Atom AB

Västerås, Sweden

Abstract: The phase and mass flux distribution is predicted in a fuel bundle of a boiling
water reactor (BWR). A two-fluid model for bubbly two-phase flow is implemented into a
commercial computational fluid dynamics (CFD) code – CFX. The predicted phase
distribution is compared with measurements performed in different working conditions.
The model has been applied for simulation of bubbly two-phase flow for both sub-cooled
and saturated nucleate boiling.  A good agreement of predictions with measurements has
been shown.

1. INTRODUCTION

The ability to predict the detailed spatial distribution of phases in complex
geometries is one of the current challenges in modelling of two-phase flows. The detailed
distribution of phases in a fuel assembly of a nuclear reactor must be known if such
limiting phenomena as Critical Heat Flux (CHF) and two-phase flow instability are to be
evaluated. Since in BWRs the coolant serves as a moderator, there is a strong coupling
between the phase distribution and the nuclear behaviour of the assembly. It is therefore
desirable to be able to predict the phase distribution in the BWR assembly in order to
assess its performance and safety margins. Needless to say that this kind of prediction is
particularly valuable in designing and developing of new fuel assembly concepts.

The phase distribution in rod bundles has been investigated by many researches for
several years. Lahey et al. (1971) measured mass flux and enthalpy distribution in 9-rod
bundle for single and two-phase flows at typical BWR conditions. Their results indicated a
significant flow and enthalpy variation in subchannels. Trends observed in measurements
could not be predicted with a typical subchannel code. Yadigaroglu and Maganas (1995)
measured enthalpy and mass flux distribution in an adiabatic, three-subchannel test section
using refrigerant 114 to simulate boiling water under pressure in the range 55 to 103 bars.
The measurements were performed for fully developed flow conditions. They reported a
significant variation in mass flux in subchannels, similar in trends with the previous work.
The mass flux in the central subchannel was higher than in both the corner and side
subchannels. They also noted that the corner and side subchannels had no voids if the void
fraction in the interior subchannel was less than 0.4 to 0.45. Inoue et al. (1995) measured
void fraction distribution in BWR fuel assembly using X-ray Computer Tomography
scanner. The tested rod bundle was identical with the full-scale BWR fuel assembly,
however, a varying number of unheated rods were placed in the centre. The measured void
fraction was compared with predictions obtained from subchannel codes. They noted that
the codes failed to predict large void fraction gradients, when nine unheated rods were
present in the center of the bundle.

In parallel to the experimental efforts, a lot of attention has been devoted to an
analytical prediction of phase distribution in a fuel assembly. Chawla and Ishii (1980) used
Eulerian area averaging to derive a two-fluid model for this type of geometry. Drew and
Lahey (1981) derived an analytical model for the phase distribution in fully developed
two-phase flow in channels of arbitrary cross sections. However, a significant progress in
this field has been made by applying Computational Fluid Dynamics (CFD) codes to solve
multidimensional conservation equations.
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CFD-based approach allows for investigation of multi-dimensional effects in two-
phase flows. Lahey et al. (1993) applied a mechanistic, multidimensional model to predict
bubbly flow in a vertical isosceles triangle channel. The predictions were compared to
measurements and good agreement was shown.

Effect of an unheated wall in a boiling channel has been investigated by Anglart et
al (1993). They studied a void fraction distribution between two infinite heated walls.
Introduction of a thin adiabatic wall in the centre of the channel caused a modification of
the lateral and axial void distribution.

Anglart et al. (1997a and 1997b) applied multidimensional two-fluid model to
predict two-phase boiling flow in rod bundles with spacers. Both pressure drop as well as
modification of void distribution due to spacers has been predicted. It was demonstrated
that the channel mean void fraction just downstream of spacers is higher than the
corresponding void fraction in the same channel without spacers.

All above-mentioned applications are valid for two-phase bubbly flows, since the
closure laws used in the models are limited to this type of two-phase flow regime. A
mechanistic model to predict a flow regime transition has not been developed yet.
However, some work is done in this field, e.g. Kalkach-Nawarro et al. (1994), Wu and
Ishii (1997), Hibiki and Ishii (2000). There are also on-going efforts to extend the current
two-fluid model for higher voids, corresponding to slug flow, e.g. Anglart and Podowski
(2002).

The present paper deals with prediction of the phase distribution in a BWR fuel
assembly. The predictions are compared with recent detailed void fraction measurements
performed in the FRIGG loop at Westinghouse Atom. Three cases with different lateral
heat source distributions are studied experimentally and predicted analytically. The
working conditions used in all cases are typical for BWRs. The predictions take into
account the detailed geometry of the assembly and include the influence of spacers by
means of source terms in the momentum and turbulence conservation equations.

2. MODEL DESCRIPTION

Two-fluid model of two-phase bubbly flow is used to predict the spatial phase
distribution in the BWR fuel assembly. The model takes into account the influence of the
heat flux distribution and geometry details, including the influence of spacers.

2.1. Conservation equations

The averaged conservation equations for the two-fluid model are as follows,
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where kkkk T,p,, kU,  and kH are the volume fraction, density, pressure, velocity,
temperature and enthalpy of phase k, respectively (the subscript i  denotes the value at the
interface). kkk E,,MΓ  are the rates of transfer (per unit volume), of mass, momentum, and
energy, respectively, e

k
e
k ,λµ  are the effective viscosity and thermal conductivity of phase k,

respectively, g  is the acceleration of gravity, and kQ - the heat source to phase k.

2.2. Closure laws

The conservation equations contain several terms, which need to be expressed in
function of flow variables, in order to make the system closed. These terms can be divided
into self-interaction terms, e.g. effective viscosity and thermal conductivity, and phase-
interaction terms, which describe interfacial mass, energy and momentum transfer. The
closure laws used in the present model are briefly described below.

2.2.1. Interfacial mass transfer

The purpose of the present model is to predict phase distribution in presence of sub-
cooled and saturated nucleate boiling. For that purpose a proper interfacial mass transfer
closure must be specified. This closure term includes a vapour source due to the
heterogeneous boiling and evaporation and vapour sinks due to the homogeneous
condensation. The terms implemented in the present model are based on the sub-cooled
boiling model developed by Kurul and Podowski (1990).

2.2.2. Interfacial momentum transfer

The total interfacial force can be expressed as a superposition of separate terms in
the following way,

TD
k

Lw
k

L
k

vm
k

d
kk MMMMMM ++++= (4)

where the terms on the right-hand-side of Eq. (4) represent the drag, virtual mass, lift,
lubrication and turbulent dispersion force, respectively. The detailed expressions for the
forces, which are implemented in the present model, are shown below.

The drag force is calculated from the following equation,

( )lglgl
’’’

D
d
g

d
l AC

8

1
UUUUMM −−ρ=−=

       (5)

where ’’’
D AandC  are the drag force coefficient and the interfacial area density,

respectively. The drag force coefficient is flow-regime-dependent, and can be calculated
from the following correlation (Ishii and Mishima, 1984),
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The interfacial area density can be determined for bubbly flow from the following
equation,

b

’’’

d

6
A

α=        (7)

where db is the bubble diameter, calculated as a function of the liquid temperature Tl, as
4E.1))TT,15(MIN,5.1(MAXd lsb −⋅−= , where Ts is the saturation temperature.

The second term in Eq. (4) represents the virtual mass force, which comes into play
when one phase is accelerating relative to the other one. In case of a bubble accelerating in
a continuous liquid phase, this force can be described by the following equation (Drew and
Lahey, 1987),
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where vmC  is the virtual mass coefficient, which for a spherical particle is equal to 0.5.

The lift force is calculated as (Drew and Lahey, 1987)

( ) ( )llgglL
L
g

L
l C UUUMM ×∇×−αρ=−=

       (9)

where LC  is the lift force coefficient, which for shear flow around a spherical bubble is
equal to 0.5.

The lubrication force is expressed as,
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where the coefficient LubC  has been used as given by Antal et al. (1991),
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and they derived the coefficients Cw1 and Cw2 from the potential flow theory as –0.2 and
0.147, respectively. The distance to the wall yw and the unit vector normal to the wall nw

are obtained as,

φ∇
φ∇

≅wn and φ≅wy (12)
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where φ  is a solution of the following differential equation,

hd

a−=φ∆ (13)

with 0=φ  at wall boundaries. Equation (13) has to be solved in the whole flow domain.

The constant a in Eq. (13) depends on geometry and is chosen to yield φ≅wy  in the

proximity of walls.

The last term in Eq. (4) accounts for the effect of the dispersion of bubbles in the
turbulent liquid flow. In the present model, the expression proposed by Lopez de
Bertodano (1992) has been used,

gllTD
TD
g

TD
l kC α∇ρ=−= MM

(14)

where, the dispersion force coefficient, TDC  , for the bubbly two-phase flow is 0.1.

2.2.3. Turbulence model

7KH� VWDQGDUG� N� � PRGHO� KDV� EHHQ� XVHG� WR� SUHGLFW� WKH� WXUEXOHQW� YLVFRVLW\�� 7KH
bubble-induced turbulence is taken into account using the Sato et al. model (Sato et al.
1981),

lgbgl
tt

b dC
b

UU −αρ=µ (15)

where 6.0C t
b =  and bgl d,, αρ  are liquid density, bubble phase volume fraction and

bubble diameter, respectively.

2.2.4. Spacer model

A sub-grid model of spacer is used in present calculations. In this approach the
spacer influence on flow is modelled by means of proper source terms in the momentum
and turbulence conservation equations. A detailed description of the spacer model is given
by Anglart (1999).

3. PHASE DISTRIBUTION PREDICTION

Recently Westinghouse Atom performed measurements of void fraction
distribution in a full-scale BWR fuel assembly. The measurements were performed in the
FRIGG loop using the Computer Tomography technology. The description of the
experiments can be found in Windecker and Anglart (2001). The main dimensions of the
test section are listed in Table 1.

Table 1. Description of the test section.

Rod diameter [mm] 9.62
Heated length [m] 3.74
Rod pitch [mm] 12.7
Flow area [m²] 2.517·10-3

Hydraulic diameter [m] 10.22·10-3
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The void measurements were performed at 7 different axial levels. The present
analysis is performed for void distribution at level located 2000 mm from the beginning of
the heated length.

The rod and subchannel numbering used in the present work is shown in Fig. 1.

Figure 1. Rod and subchannel numbering.

The heat flux in the heater rods had the chopped cosine shape. The maximum heat
distribution factor in the middle of the test section was 1.4, whereas the minimum, at both
ends of the section, was about 0.45.

Three cases of void measurements are evaluated in this paper. The common data for all
three cases are shown in Table 2, whereas the lateral peaking factors, which were different
in each case, are shown in Table 3.

Table 2. Test conditions for void measurements.

Measurement level  [mm] 2000
System pressure [Pa] (69.8 ± 0.5)·105

Inlet subcooling [K] 9.8 ± 1
Mass flow rate [kg/s] 4.14 ± 0.05
Heating power [kW] 496 ± 5
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Table 3. Lateral peaking factors for cases 1, 2 and 3.

Case 1
0.989 0.981 1.018 0.994 0.986
1.000 0.993 0.990 1.017 1.044
1.010 1.018 0.984 0.982 0.999
0.996 1.018 0.984 1.010 1.021
0.979 1.000 1.008 0.979

Case 2
1.038 1.032 1.071 1.043 1.037
1.048 0.739 1.038 1.070 1.099
1.063 1.063 1.039 1.032 1.052
1.045 1.070 1.037 1.064 0.759
1.028 0.744 1.061 0.727

Case 3
0.952 0.953 0.990 0.956 0.951
0.961 1.150 0.958 0.983 1.010
0.982 0.982 0.954 0.951 0.976
0.957 0.982 0.962 0.987 1.183
0.942 1.159 0.985 1.133

Figure 2 shows the measured void fraction distribution for the three cases using 1
mm2 pixels. High void spots are indicated with white pixels, whereas black pixels
correspond to places where only water is present.

   
Case 1                                                             Case 2

   
Case 3

Figure 2. Detailed void distribution – cases 1, 2 and 3.

The three cases used in the measurements were simulated with the present model.
The computational mesh used in calculations is shown in Fig. 3. The cell distribution in the
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axial direction was uniform. In total 500000 cells were used to model 2m long section of
the rod bundle.

Figure 3. Computational mesh.

The predicted distribution of the void fraction is shown in Figs. 4 through 6. Figure
4 shows the result obtained for Case 1, with the uniform lateral heat flux distribution. As
can be seen, the void fraction is uniformly distributed in the internal subchannels. The void
fraction in the side subchannels is significantly lower than in the internal ones. One
exception is the corner subchannel, where the highest void was predicted.

Figure 4. Calculated void fraction distribution for Case 1.

Figure 5 shows the predicted void fraction for Case 2. In this case, the power factor
in rods 7, 20, 22 and 24 (rod numbering is shown in Fig. 1) was lower than the average.
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This can be seen in Fig. 5, since the void fraction around these rods is lower compared to
other rods.

Figure 5. Calculated void fraction distribution for Case 2.

Figure 6. Calculated void fraction distribution for Case 3.



Technical Meeting on Use of CFD Codes for Safety Analysis of Reactor Systems, Including Containment
Modelling of Phase Distribution, H. Anglart Pisa, Italy, 11-13 November 2002

- 10 -

Figure 6 shows the calculated void fraction distribution for case 3, when the power
was increased in rods 7, 20, 22 and 24. As a result, the calculated void fraction around
these rods increased.

The subchannel-averaged void fraction distributions are shown in Figs. 7 through 9.
The figures show the distributions along a line passing through subchannels 25 through 30
(the numbering of subchannels is shown in Fig. 1).
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Figure 7. Calculated and measured void fraction in subchannels 25 through 30. Case 1.
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Figure 8. Calculated and measured void fraction in subchannels 25 through 30. Case 2.
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Figure 9. Calculated and measured void fraction in subchannels 25 through 30. Case 3.

The predicted void fraction follows the pattern observed in measurements. The low
voids in side subchannels 25 and 30 are predicted with good accuracy in all three cases.
Also the void distribution in internal subchannels agrees pretty well with measurements.
The biggest discrepancy between measurements and predictions is in subchannel 29, where
the predicted void fraction is higher than the measured one in all three cases. It should be
noted, however, that the measurement uncertainty in this subchannel could be larger due to
its irregular shape.

4. CONCLUSIONS

Two-fluid model for prediction of phase distribution in bubbly two-phase flow in
presence of sub-cooled nucleated boiling has been shown. The model has been applied for
prediction of void distribution in a BWR fuel assembly. Cases with various lateral power
distributions have been predicted and compared to detailed tomographic void
measurements. The predictions follow the trends observed in measurements. The results
indicate that CFD has a great potential for detailed two-phase flow analyses. However,
more work is needed to extend the present model for flow regimes other than bubbly flows.
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BENCHMARKING SIMULATIONS WITH CFD TO 1-D COUPLING
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Abstract

CFD is being used more frequently to provide detailed information in a limited region
of a reactor system. For such simulations, the boundary conditions from the balance
of the reactor can be provided by thermal-hydraulics code such as CATHARE or
RELAP5. Based on our experience, high quality results from such a linkage require
some attention to the details at the connection surfaces between the coupled
simulations. This paper provides a simple way of testing some coupling issues, and
suggestions that may improve this class of reactor simulation.

1. INTRODUCTION

Reactor safety analysis is normally carried out using one-dimensional, area-averaged
two-phase flow equations. Three-dimensional analysis has been available in some safety
codes (e.g. and CATHARE[1] and TRAC[2] for many years. However, the 3-D tools have
had a number of restrictions related to nodalization, field equations (usually Euler), and other
aspects of physical modeling. The existing safety codes generally give good estimates of the
system performance for a wide class of flow conditions. However, in some situations a
detailed understanding of the flow may be required in a limited region of the system. In this
case a 3-D Reynolds Averaged Navier-Stokes (RANS) code may be applied for the detailed
analysis and the safety code used to provide boundary conditions reflecting feedback from the
balance of the system.

Successful linkage will require care in both numerical and physical modeling. Impact
of the transition between different spatial grids requires study. Differences in spatial
difference methods may also have an impact. Most CFD codes use fully implicit time
differencing, so coupling to a fully implicit 1-D code would be most direct. However,
coupling to semi-implicit [3] or SETS [4] methods is also possible. The field equations in the
two methods should at least match to the extent that conservation of mass and energy is
possible, and better results can be expected if one equation of state is used. Where flow is
from an Euler equation set to a CFD code, sources of turbulent kinetic energy will be needed
at the junction. Consistency in wall friction modeling will also be needed, and care will be
required in selection of velocity profiles for fluxes from an area averaged 1-D region to a
resolved 3-D flow.

When benchmarking performance of coupled reactor safety and CFD codes, the
temptation is to select problems with complex flow patterns, clearly requiring the power of
CFD analysis. However, information about the coupling itself can be obscured by complex
geometries and flow. Whenever we test a new or revised CFD code, one of the first things we
do is to test against the Laufer's data [5] for fully developed pipe flow. We believe that a
benchmark based upon his experiments is an excellent way to explore issues related to code
coupling.



2. APPROACH

A simplified, code set has been developed to study code coupling. The 1-D portion of
the calculation is handled by a package we have named FLOW1D. It solves the 1-D single-
phase area-averaged flow equations (mass, momentum and energy conservation), and is a
simple platform for studying the impact of various difference methods and coupling
procedures. The momentum equation includes a frictional loss source term obtained from the
correlation for fully developed pipe flow extracted from TRAC [2]. The energy equation
includes a user-specified volumetric heating term. This code accurately reproduces the
pressure drop versus Reynolds number behavior for both laminar and turbulent fully-
developed pipe flows. The friction correlation does not correctly capture the friction factor
variation for transitional flows.

The 3-D code employed is a multi-fluid code (NPHASE [6]) used only in the single
phase mode. NPHASE is an “incompressible” pressure-based, cell-centered code that allows
for density variation due to thermal effects. NPHASE correctly predicts the pressure drop
behavior and velocity profiles observed by Laufer for Re = 500,000 (based on pipe diameter
and centerline velocity).

To properly simulate a fully developed pipe flow using a 3-D RANS code, one must
apply physically consistent inflow and outflow boundary conditions to the 3-D code. For a
stand-alone subsonic case, these might consist of specified velocity and temperature profiles
at the inlet, and pressure extrapolation (or a suitable non-reflecting BC) at the inlet. At the
pipe outlet the static pressure must be specified, while velocity and temperature would be
extrapolated. For our first test case, the upstream boundary condition feeds the 1-D
simulation, so upstream conditions for the 3-D RANS calculation are obtained from state
conditions between the 1-D and 3-D difference equations. Velocity at the junction is
generated by the 1-D code, using averaged pressures and other state information from the 3-D
mesh. The 3-D analysis treats the 1-D velocity as an area average and imposes a radial
velocity profile consistent with the Reynolds number (and the implied friction factor) from the
upstream 1-D pipe flow. Fortunately, for single phase flow, there are some empirical,
analytical expressions that permit the construction of a suitable inflow profile. Care must be
taken to insure both the correct near-wall behavior and outer region behavior, while
maintaining the correct mass flow. In addition, the definition of RANS turbulence quantities
such as turbulence kinetic energy and dissipation rate requires a smooth velocity derivative
normal to the wall.

For the proposed code coupling procedure, it is assumed that any transient simulation
would be initiated from a steady flow condition. Therefore, the 3-D code should start from a
converged steady flow simulation using the analytic inflow profile and the correct
downstream pressure. If this were not done, a time-consuming iteration between the codes
would be required until the 3-D domain solution converged. For simplicity the 3-D code was
run in axisymmetric mode; however this is not a necessary restriction. The analytic inflow
profile is interpolated onto the 3-D grid inflow plane by the 3-D code.

3. RESULTS

We have run two simple tests. The first demonstration case is a circular pipe flow with
the geometric parameters given in Table 1and the flow parameters for the adiabatic case in
Table 2. The second case is a thermal transient case defined in Table 3. Computational
parameters are defined in Table 4. In both instances we are testing a coupling method that is



basically explicit. During each time step the 1-D calculation is executed based on old time
values from the 3-D, then the CFD calculation is advanced based upon the latest conditions
from the 1-D. A consistent first-order spatial difference method is used in both regions.

Pipe geometry
Cross-sectional area 0.4 m2

Radius 0.3568 m
Pipe length

Pipe length (total) 15.28 m
Pipe length (1-D section) 6.0 m
Pipe length (3-D section) 9.28 m

Table 1. Pipe flow specifications

Velocity (average) 5.0 m/s
Fluid density (constant) 1000 kg/m3

Reynolds number -- Re(D) 4,149,000
Exit pressure (x = 15.28 m) 100,000 Pa
Table 2. Flow parameters (adiabatic case)

Velocity (average) 5.0 m/s
Fluid density (t = 0) 1000 kg/m3

Reynolds number -- Re(D), T=300 K 4,149,000
Exit pressure (x = 15.28 m) 100,000 Pa
Temperature (t = 0, all x) 300 K
Temperature (t = 0.05, x = 0) 350 K
Table 3. Flow parameters (thermal transient case)

Computational parameters 1-D code 3-D code

No. of axial cells 12 20
Axial grid spacing 0.5 m 0.464 m

No. of radial cells N/A 50
Radial grid spacing

Wall – cell center N/A 0.001 m (y+ = 74)
Centerline – cell center N/A 0.025 m

Table 4. Computational parameters

The analytic radial velocity and turbulence profiles are shown in Figs. 1 and 2 along
with comparisons to stand alone predictions from the 3-D code for a fully developed pipe
flow case (L/D =130). The velocity profile is reproduced very well (Fig. 1), while the
turbulence kinetic energy (Fig. 2) is relatively accurate compared to the RANS solution only
near the wall. However, the analytic turbulence profiles (k and epsilon) are sufficient to
maintain the correct pressure drop for this case. Future improvements in this area may be
needed for high fidelity 3-D simulations where the core flow turbulence is more important.



Turbulence Kinetic Energy Profile
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Figure 1. Pipe Flow Velocity Profile Comparison.

Figure 2. Turbulence Kinetic Energy Profile Comparison
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Fully-Developed Pipe Flow
Re = 4.149E6

Analytic Velocity Profile Input to 3D-code NPHASE
(Results after 1 time step, dt=0.001)
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The NPHASE code was run using a high-Reynolds number Launder-Spalding k-
epsilon model along with a conventional wall-function formulation. Therefore, the near-wall
viscous sublayer and buffer region are not resolved. This formulation gives very accurate
skin friction predictions for fully-developed turbulent flows.

The test cases were run with a specified constant downstream pressure at x = 15.05 m.
The predicted axial pressure (area averaged in 3D) variation after one time step (dt = 0.001 s)
is shown in Fig. 3 for the case with the analytic inflow profile. It can be seen that a smooth
transition occurs between the 1-D and 3-D sections (at x = 6.0), and the correct pressure
gradient is maintained. However, Fig. 4 shows the behavior if a slug-flow (uniform) velocity
profile is supplied as the 3-D inlet condition (intermediate 3-D solutions are omitted for
clarity). A significant transient is observed. The converged solution (at t = 0.36 s) maintains
the wrong pressure drop and has a slope discontinuity at the 3-D inflow. This is equivalent to
an abrupt pipe-entrance effect since the 3-D simulation sees the slug inflow velocity rather
than a fully-developed velocity profile. Also, the 3-D axial grid spacing is relatively large as
resolution of the entrance-like behavior was not intended. Therefore, it is necessary to specify
a proper 3-D inflow velocity profile to maintain the consistency of the coupled solution.

Figure 3. Pressure Distribution in Pipe with Analytic Inflow Profile
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Figure 4. Comparison of Pressure Distribution in Pipe with Slug and Analytic Inflow
Profiles

In the second demonstration case, the pipe inlet temperature was abruptly increased at
t=0.05 with the analytic velocity profile. For slug flow input to the 3D code, the thermal
transient was started after the initial pressure transient relaxed to a steady state (t = 0.36 s in
Fig. 4). Therefore temperature was abruptly increased at t = 0.41 s. The results for these
cases are shown in Figures 5 and 6, respectively. In the 3D section an adiabatic wall
boundary condition is applied, hence the enthalpy (and temperature in this case) is constant in
the radial direction in the absence of viscous dissipation. Thus the thermal wave is one-
dimension here. The temperature distribution versus axial location is shown at several times
during the transient. The 3D code inlet temperature is passed from the 1D code as a Dirichlet
boundary condition. It can be seen (Figure 5) that a slight discontinuity is evident in the slope
at the matching location (x = 6) between the 1D and 3D computations. This can be corrected
through a more implicit coupling procedure between the 1D and 3D codes. This discontinuity
is much more severe in the case with slug flow input to the 3D computation (Fig. 6).

Figures 5 and 6 emphasize the importance of a good assumption of flow distribution
across the surface separating the 1-D region from the 3-D CFD region. For single phase flow,
a standard distribution worked well. For two-phase flow, the problem is much more complex.
As a minimum, cross-channel distributions of two-velocities and void fraction will be needed.
This may require a large number of full CFD calculations to develop a range of profiles for
fully developed flow, consistent with geometry and flow conditions expected in the coupled
calculation
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Figure 5. Thermal transient with Analytic Inflow Velocity Profile

Figure 6. Thermal transient with Uniform Inflow Velocity Profile.
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4. CONCLUSIONS AND RECOMMENDATIONS

Results presented here reflect a limited amount of effort available to study the issue of
benchmarking. Within the context of Laufer’s experiments, we would suggest both the
problem presented here and one in which flow is from the 3-D to the 1-D region, to provide a
controlled study of coupling effects. Within this context several key aspects of the coupling
problem can be carefully studied:

1. Interaction of spatial and temporal difference methods in the two regions;
2. Implicitness of the coupling between the regions;
3. Significance of consistent wall terms and state equations;
4. Distribution of mean 1-D variables over the connecting surface for use by the 3D

calculation; and
5. Averaging methods to extract 3-D information for use by the 1-D calculation.

With basic understanding of coupling accomplished, more ambitious benchmarks may
also be attempted. Results of the University of Maryland boron dilution tests [7] provide one
obvious option. CFD could be used to model the vessel, and a systems code used for the
balance of the experiment. However, results should be viewed with caution. Macian and
Mahaffy [8] performed a 3-D simulation of a similar experiment [9] using an Euler based
code (no turbulence). Results matched quite well with a relatively coarse mesh, provided
correct azimuthal splitting of the flow was obtained as it entered the downcomer. We suggest
focusing attention of such a benchmark on the ability to model spreading of the inlet liquid jet
as it impacts the downcomer wall.
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Abstract 
In order to explore the reactor vessel and containment interaction of IRIS reactor in more detail, a 
coupled RELAP5/GOTHIC model was developed as one of the calculational options. A simple direct 
explicit coupling of RELAP5/mod3.3 and GOTHIC 3.4e was used with connections at the points of 
hydraulic contact between vessel and containment. The existing detailed RELAP5 model of IRIS 
integral reactor coolant system and of the engineered safeguards features was used together with a 
simplified GOTHIC model of the containment. The preliminary results of the coupled model are 
presented for a IRIS 4-inch break. The results obtained with the coupled code are compared with the 
results of a model based entirely on RELAP5 code for simple one node containment and good 
agreement of key parameters is obtained. 
 
 

1 INTRODUCTION 
 
The International Reactor Innovative and Secure (IRIS) is an integral layout, light water cooled, 
medium power reactor [1]. IRIS has been selected as an International Near Term Deployable (INTD) 
reactor, within the Generation IV International Forum activities. The IRIS concept also addresses key-
requirements defined by the US DOE for next generation reactors, i.e. enhanced reliability and safety 
and improved economics. It features innovative, advanced engineering, but it is firmly based on the 
proven technology of pressurized water reactors (PWR).  
An international consortium led by Westinghouse/BNFL for the development of IRIS was created and 
now includes universities, national laboratories, commercial companies, and utilities. The integral 
configuration, where all reactor coolant system components are contained in a single pressure vessel, 
eliminates all large vessel penetrations and the possibility for large LOCAs to occur in IRIS design. 
The compact size of the IRIS coolant system allows the use of a small, spherical, high design-pressure 
containment.  
An innovative safety approach has been developed to mitigate the IRIS response to small-to-medium 
LOCA [2]. This strategy is based on the interaction of IRIS compact containment with the reactor 
vessel to limit initial blowdown, and on depressurization through the use of a passive Emergency Heat 
Removal System (EHRS). A small Automatic Depressurization System (ADS) provides 
supplementary depressurization capability. A pressure suppression system is provided to limit the 
pressure peak following the initial blowdown to well below the containment design limit. The ultimate 
result is that during a small-to-medium LOCA, the core remains covered for an extended period of 
time, without credit for emergency water injection or external core makeup: The IRIS LOCA response 
is in fact based on “maintaining water inventory” rather than on the principle of safety injection.  
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This novel safety approach poses significant issues for computational and analysis methods since the 
IRIS vessel and containment are strongly coupled, and the system response is based on the interaction 
between the two. In order to explore the reactor vessel and containment interaction in more detail, a 
coupled RELAP5/GOTHIC model was developed as one of the calculational options. A simple direct 
coupling of RELAP5/mod3.3 [3] and GOTHIC 3.4e [4] was used with connections at the points of 
hydraulic contact (the break, ADS, and gravity makeup flow paths). The connections are comprised of 
a time dependent volume component on RELAP5 side and a flow boundary condition on GOTHIC 
side. The existing detailed RELAP5 model of reactor coolant system and of the engineered safety 
features was used together with a simplified GOTHIC model of the containment. The realized 
coupling is explicit in time and RELAP5 is the leading part during time advancement. 
 
The preliminary results of the coupled model are presented for a IRIS 4-inch break. The results 
obtained with the coupled code are compared with the results of a model based entirely on RELAP5 
code for simple one node containment in order to check coupling approach. In the next phase of the 
coupled code development more extensive comparison will be conducted including usage of 
multidimensional options of GOTHIC code for containment modeling. 
 
 

2 RELAP5-GOTHIC COUPLING 
 
The history of coupling RELAP5 code to containment codes is long [5]. Some of the realized 
couplings and ways of coupling are as follows: 
 
• RELAP5-CONTAIN with PVM: Martin (1993) 
• RELAP5-CONTEMPT4 with Unix Process Control: C.E. Park et al (1995) 
• RELAP5-CONTAIN with PVM: Y. Parlatan et al. (1995) 
• RELAP5-CONTEMPT4 DLL: B.D. Chung et al (1998) 
• RELAP5-CONTAIN 2.0 DLL: B.D. Chung at al. (2000) 
 
Taking into account the rather long experience in use of the RELAP5 and GOTHIC codes as well as 
knowledge of their internal structure, we have decided for direct explicit coupling of last version from 
the RELAP5 family of codes, RELAP5/mod3.3, and one of the earlier versions of the GOTHIC code 
available at University of Zagreb, GOTHIC 3.4e. Primary goal was to explore applicability of coupled 
code to safety analyses of the new reactor systems with close interaction of primary system and 
containment. The chosen coupling strategy has to be simple and basic operation of constituent codes 
and corresponding input data has to be unaffected by the coupling process. The targeted platform was 
high-end personal computer.  
 

2.1 Characteristics of the coupling 
 
The coupling is direct and doesn’t require usage of any additional software tool or protocol. The 
coupling is explicit in time and RELAP5 is the leading part of the coupled code. Containment 
conditions from old time step are used in RELAP5 new time step system calculation. At the end of 
converged RELAP5 calculation time step interface subroutines transfer boundary condition data to 
GOTHIC. GOTHIC performs one or more time steps and then interface subroutines prepare 
containment conditions for next RELAP5 time step, Figure 1. Each code can perform an independent 
time step calculations with smaller time steps, but during that process interface information are kept 
constant. Two codes use different main integration variables and the coupling interface has to do 
necessary conversions. The interface subroutines responsible for providing GOTHIC data to RELAP5 
code use GOTHIC liquid and droplet data to produce RELAP5 liquid phase data. Optional conversion 
of the RELAP5 liquid flow to droplets was automatically handled by GOTHIC flow boundary 
condition depending on input data. The codes calculate noncondensable gases in slightly different 
way.  
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Figure 1 Organization of RELAP5-GOTHIC coupled code 

 
RELAP5 source is intact in coupling process except for addition of two subroutine calls in TRNCTL 
and TRAN. GOTHIC main program was replaced with two subroutines GOTHIC_INI (responsible for 
input preparation and initialization) and GOTHIC_RUN responsible for time step advancement and 
exchange of data between codes. Part of the GOTHIC water&steam properties was replaced with 
corresponding IAPWS-IF97 properties. Rest of the GOTHIC coding is intact except for programming 
reasons. RELAP5 tmdpvol component and GOTHIC flow boundary condition were used as entry 
points for the reactor system (RELAP5) and containment model (GOTHIC) coupling. List of variables 
transferred from GOTHIC to RELAP5 is given in Table 1. The variables transferred from RELAP5 to 
GOTHIC are as follows: 
 
• Mixture mass flow rate, 
• Mixture enthalpy, 
• Total pressure, 
• Liquid volume fraction, 
• Steam pressure ratio, 
• Gas pressure ratios for each of noncondensable gases 
 



Table 1 List of variables transferred to RELAP5 

Parameter RELAP5 variable name Description 
P P(i) Pressure 
uf Uf(i) Liquid specific internal energy 
ug Ug(i) Vapor specific internal energy 
αg Voidg(i) Vapor void fraction 
xn Quala(i) Noncondensable quality 

 
 
There is no change in RELAP5 or GOTHIC input decks (some guidelines in input preparation have to 
be followed). A small input file with interface data was added with following information: number of 
r5_g couplings (0 means without coupling), for each coupling r5 tmdpvol number, r5 valve component 
number connecting tmdpvol and system, r5 trip associated with above valve/tmdpvol combination and 
GOTHIC flow boundary condition number are needed. 
Coupling is inactive during steady state calculation and the original RELAP5 code can be used to 
produce initial steady state restart file.  
As a result of proposed coupling scheme, both RELAP5 and GOTHIC are applied to the areas where 
they can perform best. Multiple connections between system and containment models are possible. 
Connections are not limited to atmospheric regions only (water level effect on boundary condition 
pressure is taken into account on GOTHIC side). In addition to coupling of fluid systems it is possible 
to exchange trip information between two codes and heat structures in one code can be connected to 
control volumes in another code. GOTHIC capability to allow subdivision of the containment lumped 
volumes can be used in coupled version to perform multidimensional calculation.  
 
 

3 NODALIZATION OF PRIMARY SYSTEM AND CONTAINMENT 
 
The structure of the primary system nodalization is intuitive (Figure 2) and it is based on the currently 
available geometrical and operational data [6]. While the overall structure is relatively simple and 
straightforward, the discretization of the components is rather detailed in order to take into account all 
the important phenomena. The total number of volumes and junctions is 1718 and 1766, respectively. 
A sliced approach was used in the discretization of the reactor vessel due to the importance of natural 
circulation in chosen safety concept. Most of the calculational nodes have linear size in the range of 
0.2 to 0.5 m. In the nodalization volume is always conserved, as well as height due to importance of 
natural circulation, so the equivalent flow area is calculated from volume and height. 
Model of primary system includes IRIS integral system (8 internal loops), 4 Emergency Heat Removal 
(EHRS) trains and 2 Emergency Boration Tanks (EBT), as well as reactor protections system (current 
number of trips and control variables are 225 and 461, respectively). Almost all important heat 
structures are modeled. Number of heat structures is 1776 with total number of mesh points being 
9553.  
The containment detailed design is still in the conceptual phase of development and only a limited 
number of data is available [7]. Basic view of the containment and related systems is shown in Figure 
3. The volume of the containment is small and a high level of interaction between containment and 
primary system is expected during LOCA. Another important characteristic of the containment is its 
pressure suppression capability.  
Since the initial scope of this activity was the development of the coupling of RELAP and GOTHIC, 
for coupled code testing a simple one node containment model was used. That kind of model can’t 
take in to account the real behavior of the containment and suppression tanks. In order to address 
containment behavior during LOCA a Simplified Containment Model (SCM) was developed, Figure 
4. 6 control volumes and 8 flow paths were used in SCM model. Heat structures are currently not part 
of the model. Drywell containment space was split in two parts and connected to reactor cavity with 
two flow paths to simulate mixing between volumes. The same is true for pressure suppression pool 
which is doubly connected to the air space below the reactor vessel. Flow boundary condition and 



flow path 1 were used for break modeling. Related RELAP5 component is time dependent volume 
(component number 991) and attached trip valve (component number 992).  
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Figure 2 RELAP5 mod/3.3 IRIS nodalization 

 
 

4 PRELIMINARY TESTING OF COUPLED CODE 
 
Testing was performed first for single connection of the system and containment through break 
location. RELAP5 system nodalization and used accident scenario are the same in all cases. Large 
LOCA is in IRIS reactor precluded by design and only small-to-medium LOCA accidents at low and 
high vessel elevations are the subject of safety analyses. 4-inch SBLOCA at upper break position near 
top of SG module was chosen for this calculation. Four EHRS systems are actuated according to 
reactor protection system logic. ADS system is not yet modeled. Point kinetics with scram and ANS 
1979 decay heat model (2σ uncertainty) were used in heat source calculation. After uncovery of 
primary pumps (located above SG modules) special check valves are activated connecting riser part of 
the vessel with the space within steam generator shroud. Coolant flow after loss of primary pumps is 
by natural circulation. 
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Figure 3 IRIS passive core and containment cooling system 
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Figure 4 IRIS Simplified Model Containment (SMC) nodalization 



The coupling was initially checked by comparison with RELAP5 stand alone results in situation where 
it is assumed that both codes can give similar predictions. Base case for containment modeling (label 
R5 only) is one containment node modeled as RELAP5 branch component (initial conditions at 
101.325 kPa, 40 oC, nitrogen filled). Corresponding coupled code case (label R5+G) uses one control 
volume and one flow boundary condition on GOTHIC side, and on the RELAP5 side branch 
component is replaced with time dependent volume component. Break nodalization usual in RELAP5 
modeling was used in all cases. 
Additional functional testing of coupled code (label R5+G SMC) was performed for simplified 
containment model with six GOTHIC volumes simulating pressure suppression function of IRIS 
containment. An equivalent RELAP5 only model was not prepared because much more effort has to 
be spent in input preparation in order to get reasonable results. The containment initial conditions and 
free volume are approximately equal as in one containment node model. The RELAP5 nodalizations 
used (and steady state restart file) are exactly the same as in one node case. 
R5 only and R5+G results for one containment node models are in good agreement, indicating that the 
coupling is performing as expected. Trends of pressurizer and containment pressures, break mass flow 
rates, total fluid mass exchanged at break location, and core exit void fractions are shown in Figure 5 
to Figure 8. The time of pressure equalization is almost the same and asymptotic behavior of key 
variables is very similar. Coupled code results obtained for SCM containment model are similar to 
earlier preliminary calculations of IRIS containment using containment code (with a relatively simple 
model of primary system). Due to suppression pool presence containment pressure increase is much 
slower than in idealized one node containment model, and the pressure peak is maintained well below 
the containment design pressure thus demonstrating the appropriate design and sizing of the pressure 
suppression system.  
During the first phase of the transient the pressure difference is still high and the break flow is choked. 
Thus, the rate of system pressure decrease is not influenced by the containment pressure and all three 
pressure curves are similar as expected. In a second phase, after about500 s, the three cases starts to 
differentiate: the lower pressure in the case with the SCM leads to an extended blowdown compared to 
the other cases and thus the pressure decrease is faster and break flow is larger. Consequently, the 
amount of the fluid discharged in first 1000 s of the break is highest in SCM case (Figure 7) and core 
exit void fraction is higher than in other cases (Figure 8), as expected. In all cases the mixture level is 
well above the core level, confirming the IRIS design strategy of preventing core uncovery for all 
postulated LOCAs. In Figure 9 thermal power removed by all four EHR systems is shown. The values 
are similar in all cases with smaller heat transfer removal rate in SCM case toward end of calculation 
due to lower system pressure and corresponding lower vessel saturation temperature.  
There were no numerical problems experienced during test calculations. Most of the problems were 
related to property check logic in RELAP5 time dependent volume (mostly when one of the fluid 
phases is depleted).  
Generally speaking the response of the system as predicted by coupled code is reasonable and 
performing of the containment-system interaction analysis is simple. Calculational overhead due to 
coupling is usually small in case of large RELAP5 system nodalization. Representative times obtained 
on Pentium 4/2 GHz in Windows 2000 environment for 1000 s of accident calculation are 
11800/11980/13480 CPU sec for R5 only/R5+G/R5+G SMC cases. 
 
 

5 CONCLUSION 
 
Initial coupling of RELAP5/mod3.3 and GOTHIC 3.4e was realized to demonstrate capabilities of 
coupled code. First calculational tests are promising. Based on the current experience it is possible to 
calculate interaction of primary system and containment in advanced reactor systems using simple and 
accurate procedure based on the coupled code. Still, there are a lot of areas where improvements are 
required. The proposed method is simple and can be extended to higher GOTHIC versions and other 
containment codes. In next phase of the coupled code testing other connections between reactor 
coolant system and containment (i.e., the ADS and the gravity injection systems) will be modeled and 
subdivided models for critical parts of the containment will be used to model multidimensional effects.  
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Figure 5 IRIS SBLOCA system and containment pressures calculated by RELAP5/mod3.3 and 

coupled RELAP5-GOTHIC code for single node and SMC containment 
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Figure 6 IRIS SBLOCA break mass flow rate calculated by RELAP5/mod3.3 and  

coupled RELAP5-GOTHIC code for single node and SMC containment 
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Figure 7 IRIS SBLOCA total mass through break calculated by RELAP5/mod3.3 and  

coupled RELAP5-GOTHIC code for single node and SMC containment 
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Figure 8 IRIS SBLOCA core exit void fraction calculated by RELAP5/mod3.3 and  

coupled RELAP5-GOTHIC code for single node and SMC containment 
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Figure 9 IRIS SBLOCA total thermal power removed by Emergency Heat Removal system  
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Abstract 
The SIMMER-III code was originally developed for the safety analysis of core disruptive accident in 
sodium cooled fast breeder reactor. In parallel to its development, a systematic programme of evaluation 
was successfully performed. Using the new detailed pin modelling, SIMMER-III is now able to describe a 
complete sequence of accident for sodium cooled fast reactor. 
Some tests of the international CABRI programme were successfully recalculated. Applications to a total 
sodium blockage in PHENIX reactor or to the fuel removal by control guide tube in Super -PHENIX were 
also investigated. 
In a recent past, SIMMER-III applications have been extended to gas cooled reactor analysis. These 
concern not only the 1970’s projects but also the current studies in progress on innovative core concepts 
for gas cooled fast reactors. Transients (depressurisation, loss of flow,…) have been simulated on 
SIMMER-III code and results compared to those of previous studies. Modelling of new fuel core in steady-
state and degradation phases, foreseen for the future gas cooled reactor, is being realised in order to be 
added to SIMMER-III code. 
SIMMER-III has also been extensively applied for the safety analysis of critical fast burner reactors with 
sodium cooling within the CAPRA/CADRA program and now for accelerator driven systems (ADS). 
Due to the potentialities of SIMMER-III code to represent interactions between hot components in multi-
phase flows, interaction between lithium -lead and water in a fusion reactor blanket, has been analysed. 
Results of dedicated experiments (BLAST, LIFUS) have been successfully reproduced by SIMMER-III. 
In conclusion, SIMMER-III code is flexible to be used for a variety of applications in reactor safety in order 
to study their behaviour under different transients. 
 
Introduction 
The main objective of the SIMMER-III code is to evaluate the consequences of a core disruptive 
accident in fast reactor. It was originally developed for the recriticality risk analysis in sodium 
cooled reactor and is now applied to other domains detailed in the following. 
In the frame of safety analysis of these reactors, experimental programs have been carried out .At 
the same time, important SIMMER-III modelling have been implemented. Some of these code 
developments are presented hereafter in connection with their applications. 
After a general presentation of the SIMMER-III code, reactor applications from sodium cooled 
reactors to gas cooled reactors are dealt with. 
SIMMER-III has also been extensively applied for the safety analysis of critical fast burner 
reactors with sodium cooling within the CAPRA/CADRA program and now for accelerator 
driven systems (ADS). Interaction between hot components in fusion reactor, consequence of a 
lithium-lead interaction after a water leak in blanket module, has also been investigated. 
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1 SIMMER-III CODE 

1.1 Origin 
The SIMMER-III code has been written by JNC (Japan) since 1989 and developed in 
collaboration with CEA (France) and FZK (Germany). It is mainly composed by a 2D, multi-
phase, multi-component thermo-hydraulics module coupled to a neutronics one. A better 
modelling of the core evolution in transient phase has also been recently obtained by a refined 
description of the fuel pin. A systematic assessment program has been conducted, in parallel to 
its development, in the frame of the Euro-Japan collaboration in 2 steps : Phase 1 for individual 
models and Phase 2 for key physical phenomena. 

1.2 SIMMER Components 
5 basic core materials are described in SIMMER-III : fuel, steel, sodium, control and fission gas. 
When material can exist on different physical state, 7 moving energy components are modelled : 
liquid fuel, liquid steel, liquid sodium, fuel particles, steel particles, control particles and gas 
(vapour of fission gas). Each of these 7 components can transfer energy to any other fluid and to 
the 3 structures defined as fuel pin, right and left structures. This gives 7x6 interfaces and 7x9 
heat transfer coefficients. 3 fields of velocity are assigned to the liquid components. By default, 
the relative motion of liquid fuel with liquid steel and coolant is considered. 

1.3 Fluid-dynamics model 
Mass, energy and momentum conservation equations are solved by a 4 step-algorithm. Both pool 
flow and channel flow are also modelled. Only bubbly, dispersed and in-between flow regimes 
are considered in the pool flow case. The modelling for channel is nearly the same one, except 
that flow characteristics resulting from the effect of the walls are taken into account. 9 flow 
regimes are represented for this latter case, depending on vapour volume fraction and on the 
liquid entrainment velocity. 

1.4 Neutronics 
The neutronics scheme is modelled by a quasi-static method space and time-dependent neutron 
transport equation expressed by a shape function and an amplitude function. Coupling between 
fluid-dynamics and neutronics is essential because reactivity evolution during a melting accident 
is mainly determined by mass and energy relocation. The calculated power is then provided to the 
fluid-dynamics module. 

2 SODIUM COOLED REACTOR APPLICATION 
SIMMER-III calculations on sodium cooled fast reactor were originally its main purpose. In 
order to improve fuel description during the degradation phase, a refined model, presented 
hereafter, has been developed and is now applied. Also, a better evaluation of heat transfer 
coefficients between liquid steel and liquid fuel is obtained from two experimental programs 
performed in a recent past. These improvements have been used for a better calculation of 
sodium cooled reactors during an accidental scenario. 
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2.1 Refined fuel modelling 

2.1.1 General presentation 
Description of the thermal and mechanical behaviour of the fuel pin in the core is extremely 
important since it determines post- failure phenomena in the reactor core. 
In order to overcome the SIMMER-III limitation to model cavity formation after fuel melting 
onset and progressive fuel pin disruption, a detailed pin modelling has been developed. Fuel 
temperature is calculated by a refined radial meshing. Cavity formation in the fuel and post-
rupture phenomena such as fuel ejection into the coolant channel are also modelled. Up to the pin 
disruption, fuel pin cavity (fission gas and liquid fuel) is defined by a single pressure and a 
uniform temperature. Two types of failure are simulated : thermal rupture is based on a fuel melt 
fraction threshold and a lost of integrity of the cladding, mechanical failure on a threshold value 
for the cladding radial stress. 

2.1.2 Description after rupture 
After cladding mechanical rupture, mass and heat transfers between cavity and solid fuel part are 
explicitly calculated (Fig 1). Fuel ejection in coolant channel imposes to adopt for the cavity 
description the same fluid-dynamics time-step. Cavity created on fuel melting onset is redefined 
after rupture by a specific meshing and separated from the solid fuel part. Pressure and 
temperature are now evaluated in each axial mesh of the cavity.  

Figure 1 : cavity formation with detailed pin model 

Heat and mass transfer between cavity and solid fuel part are calculated similarly to the freezing-
melting process between materials in the channel by considering equilibrium and non-
equilibrium transfers. 
Material location in the cavity is provided by solving mass conservation equation, temperature by  
the energy conservation one. Liquid fuel velocity in the cavity is also described by momentum 
conservation equation. Furthermore, fuel ejection to the coolant channel is evaluated by a model 
based on equalisation of pressure between cavity and channel. 

F>PMELT(1) F<PMELT(1)

cavityCavity
boundary

Solid
fuel

New cavity
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2.1.3 Validation 
2.1.3.1 Before rupture 

The detailed pin model has been applied to 3 experiments conducted in the CABRI reactor (AI3, 
BI3 and LT4). Validation reports show a good representation of the thermal phenomena in the 
fuel and cladding for different kinds of transient : transient of power (TOP) or loss of flow (LOF) 
followed by a TOP. Furthermore, the model provides a correct extension of the cavity in the fuel. 
SIMMER-III results are in agreement with experiment and with other codes devoted to the 
description of the first reactivity peak. Detailed pin model also reproduces the correct failure, 
time and initial failure location. 

2.1.3.2 After rupture 
A good agreement was obtained for the post- failure evolution of the cavity, the amount of liquid 
fuel ejected in the CABRI pins AI3, BI3 and LT4 and interaction phenomena, analysed by the 
pressure variation.  

2.1.4 Complete calculation of a core melting scenario 
The study of the CABRI/E11 test with the SIMMER-III code coupled with the detailed pin 
module has extended the validity domain of the code to the initiation phase description, hence 
providing a set of boundary conditions more realistic for the transition phase calculation.  
This test has consisted to submit, in the CABRI reactor, a fuel pin to a double power pulse 
following a loss of flow phase. This test was aimed at reproducing the different material 
movements during a transient. Relocation movements after the first TOP have already been 
analysed by SIMMER-III code in the validation report. Calculation has highlighted relocation 
motion, freezing and blockage of the liquid steel- fuel mixture. Coupling of the pin model with 
SIMMER-III code makes the complete calculation of an accidental sequence now possible. Fuel 
relocation, its dispersion and the ultimate formation of a blockage are better reproduced. 
Boundary conditions for evaluating fuel motion after second TOP have also been improved 
compared to those given by SIMMER-III started after the first power peak. 

2.2 Evaluation of heat transfer between liquid fuel and liquid steel 
Experimental programs BALL-TRAP (CEA Grenoble) and CABRI/RAFT (IRSN/JNC) are 
currently carried out to understand boiling pool formation by heat-transfer between fuel and steel 
in sodium reactor. BALL-TRAP is an analytic program aimed at simulating with hexane bubbles 
and liquid water, the vaporization of the mixture following a fast water temperature increase. 
Two tests were also performed in the RAFT program to quantify the effects of interaction 
between uranium powder and steel balls under a rapid power injection. These tests are being 
interpreted by SIMMER-III 

2.3 Sodium cooled reactor calculation 
Phenomenology of the accident was largely clarified by experiments, in particular the 
experimental CABRI program. These tests made of different fuel pins in which a large variety of 
transients were performed (reactivity injection, loss of flow, transient overpower,…) have been 
successfully calculated by SIMMER-III. 
The core degradation may eventually lead to a transition phase, in which materials are relocated 
in a melting pool. SIMMER-III was also applied to molten and boiling pool conditions in order to 
evaluate the energetic level, material interaction, relocation and freezing. The ultimate post-
disassembly or expansion phase was also investigated. Reactor cases were calculated to better 
assess risks and consequences of a power excursion. 
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2.3.1 CRGT1 
In particular, the role played by control rod guide tubes in Super-PHENIX for fuel removal 
during transition phase have been investigated. Taking into account different initial parameters 
corresponding to uncertainties on initial molten pool (molten fuel mass, temperature, pressure, 
friction coefficient) or configuration (presence of plugs, segregation effects), SIMMER-III results 
have shown that CRGT can mitigate risk of recriticality. 

2.3.2 PHENIX total blockage 
Accident of instantaneous total blockage on the PHENIX reactor was also analyzed. Loss of flow 
was assumed to occur in one assembly under normal operating conditions and consequences to 
neighboring assemblies were studied (low reactivity effect). The degradation scenario was 
calculated by SIMMER-III, assuming no reactor scram. The slow downward liquid steel draining 
along cladding leads to a steel plug. Liquid steel pool is formed above this plug, fuel pellets fall 
down in this pool and melt. Due to heat transfer, the pool mixture vaporizes and quickly erodes 
the lateral structure by convection according to phenomenology understanding gained from the 
related experimental SCARABEE program analysis performed at CEA. 
In conclusion, phenomenology of accident have been better analyzed by SIMMER-III 
calculation. In particular, mechanical energy level evaluated by SIMMER-III is significantly 
reduced thanks to mitigation mechanisms such as core fuel removal and presence of remaining 
core structures. 

3 GAS COOLED REACTOR APPLICATION 
Preliminary safety evaluation of helium cooled fast reactor has been performed with SIMMER-
III. In order to perform these calculations, helium properties have been introduced in SIMMER-
III. For the ongoing studies on innovative core concepts, a block-type reactor core has also been 
developed. 
Based on the analysis of the GBR4 concept [1], a rough sketch of core disruptive accident 
sequence has been determined with SIMMER-III for an unprotected loss of flow (ULOF), an 
initiator faster than a loss of coolant one. 

3.1.1 Adaptation to Helium 
SIMMER-III, originally dealing with sodium as coolant, has been adapted to model a wide 
variety of other fluids. Implementation of the helium properties, equation of state and thermo-
physical properties have been performed. Taking into account the value of Prandtl number and 
the turbulent flow in the pipe for gas configuration, the Sieder-Tate correlation 

  PrRe0.023Nu 1/30.8⋅=  is appropriate to represent heat transfer between gas and structure. 
3.1.2 New core concept 

Current studies on new types of assemblies in the frame of innovative gas cooled reactor 
programs give the opportunity to enlarge the fuel modelling in SIMMER-III. 
Coated fuel injected in prismatic blocks have been modelled for this purpose. The approach 
envisaged is based on the current simplified modelling (fig 2). Behavior of this fuel in transient 
phase will also be analyzed in the future. 

                                                 
1 Control Rod Guide Tube 
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Figure 2 : SIMMER representation of an hexagonal block 

This new fuel model has been validated in steady-state regime. Heat transfers in reactor core have 
been compared with those of the standard model and application to a steady-state calculation of 
the GT-MHR reactor was performed. 

3.1.3 GBR4 reactor 
The GBR4 reactor is a fast reactor cooled by helium, presented in 1969 by GBRA (Gas Breeder 
Reactor Association and ISPRA). This reactor is characterized by an electrical power of 1200 
MWe, a prestressed concrete vessel (PCV), 6 steam generators, 3 separated auxiliary loops and a 
vented fuel pin using a pressure equalization system. The reactor core has been modelled in order 
to perform transient calculations (Fig 3). 
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Axial blanket

Radial blanket

Coolant

 
 

Figure 3 : GBR4 core modelling in SIMMER-III 

Important core degradation in the central part is highlighted on figure 4. Concerning material 
relocation, major part of solid fuel and steel of the central region is redistributed into the adjacent 
core region through the intermediate can-walls. Due to the high temperature existing in the upper 
part of the core, important part of the steel and fuel is molten in this region before being removed 
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from the core (preferentially in the upper part). 

 
Figure 4 : degraded GBR4 core after transient 

SIMMER-III calculation indicates however that fuel relocation and dispersion phenomena allow 
the energy in the core to be mitigated after a while. 
Energetic consequences, mainly governed by the positive reactivity due to cladding removal, will 
also be weak. Then, the containment integrity should be kept for a CDA 2 in gas cooled reactors. 

4 CRITICAL BURNER REACTOR : CAPRA/CADRA 
Within the CAPRA/CADRA program, the efficient incineration of plutonium (Pu) has been 
extensively investigated [2]. To obtain the required high incineration rates, the CAPRA cores 
may contain a rather high Pu-enrichment of up to 45%. To cope with this enrichment, the reactor 
core has been realized in a ‘transparent manner’ allowing a sufficient leakage of neutrons [3]. 
The fuel pin itself is realized with a hollow pin structure, the fuel bundle contains diluent pins, 
and finally, the reactor core contains 52 diluent bundles. The high Pu – enrichment might cause 
safety problems in the case of severe accidents with core melting and subsequent fuel 
compaction. The recriticality risk would increase in such a core configuration under core 
degradation conditions. 
To prevent or mitigate any severe recriticalities under core disruptive accident conditions a timely 
and sufficient fuel discharge from the core region is necessary. By this, early neutronic 
subcriticality is reached, before coherent fuel motions with significant mobilized fuel masses 
could take place. Investigations have been performed to analyze the potential of ‘dedicated’ fuel 
escape paths which could guarantee with high reliability a rapid fuel removal when core-melting 
commences. These release paths come into play in addition to the available fuel escape paths 
through the subchannel or the subassembly gap system. The heterogeneous structures in the core, 
the control rods and the diluent subassemblies can be regarded as such ‘dedicated’ fuel release 
paths. Due to their large hydraulic diameters they will not be blocked by frozen fuel or steel, 
which could happen for the ordinary subchannels in a fuel-assembly. For ordinary fast reactor 
cores the control rod system, especially the control rod guide tube channels could serve as 
dedicated fuel release path too. For the CAPRA cores, by a slight optimization of its diluent 
structure, the basic structure of the core could be utilized to prevent and mitigate recriticalities by 
design [4]. The diluents can become activated for fuel removal after local fuel pool formation and 
melt-through of the subassembly walls in the early melt-down (transition-) phase. Both for ULOF 
                                                 
2 Core Disruptive Accident  
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(unprotected loss of flow) and UTOP (unprotected transient over power) scenarios with core 
melting one can observe an efficient fuel removal in the required time scale under accident 
conditions (Fig. 5) which would otherwise lead to a whole core involvement and melt-down.. 
After 4 s, about 75% of the 18 subassembly pool (700 kg of fuel) have escaped from the core 
region resulting in a nuclear shutdown of the core and the prevention of energetic recriticalities 
[5]. 
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Fig.ure 5 : Pool inventory during discharge via central diluent for ULOF and UTOP scenarios. 

5 ADS APPLICATION 
The Transmutation and incineration capabilities for Plutonium (Pu), Minor Actinides (MAs) and 
long lived fission products (LLFP) are also investigated in subcritical accelerator driven systems 
(ADS). Because of safety reasons the amount of MAs to be loaded into a critical reactor are 
limited. Therefore ADS with a neutronically subcritical core configuration are attractive to cope 
with potential safety deficiencies. However, for these ADS transmuters the safety has also to be 
proven. Within the defense-in-depth concept, the safety case has to be proven for all levels from 
normal operation to severe accidents. 
For obtaining maximum transmutation and incineration rates of minor actinides (MAs) in an 
ADS, so-called dedicated fuel will be utilized. These fuels are characterized by a high MA 
content and the lack of the classical fertile materials as U238 or Th232. The use of dedicated 
fuels may lead to a strong deterioration of the safety parameters of the reactor core as e.g. the 
void worth, the Doppler or the kinetics quantities, as neutron generation time and βeff. In addition 
the core will contain multiple critical fuel masses. Safety analyses have been performed with the 
SIMMER-III code to obtain a deeper understanding of potential scenarios and problems of such 
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ADS transmuters [6]. For the ADS application the code had to undergo a significant 
development. The neutronics part of the code must be able to describe the external neutron 
source, and the thermo-hydraulics part has to be extended to heavy metal coolant or gas cooling 
conditions. 
In [7] generic analyses for a heavy metal cooled ADS with 'dedicated' fuels have been presented. 
For the safety analysis, an ADS with a thermal power of 1200 MW and a subcriticality level of 
keff = 0.98 has been chosen. The core response has been investigated for different perturbations 
ranging from source and reactivity transients (design basis conditions) to severe cooling 
perturbations which could lead to core melting (design extension conditions). In general it can be 
noted, that under intact core system conditions (no fuel damage has been assumed during the 
power transient) even strong source perturbations in an ADS lead to only minor differences in the 
power evolution, though the safety parameters of both cores deviate considerably.  
The potential impact of dedicated fuel will become relevant for severe reactivity transients and 
accident scenarios. 
An unprotected (beam-on) loss of flow transient has been chosen for initiating a severe accident 
scenario which might end in fuel disruption and core melting. Clad melting triggers a blow-down 
of helium together with fission gases leading to a sufficient addition of void reactivity to drive a 
power excursion. The nuclear excursion in Fig. 6 is characterized by a rapid increase in power, 
which is only stopped by a mechanical disassembly of the core. 
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Fig. 6 : Mechanistic simulation and nuclear power trace of an un-protected (beam-on) LOF in a dedicated 

oxide core 

Of utmost importance is a timely beam-trip, which is displayed in Fig. 7. Even after the LOF has 
been initiated , the beam trip leads to the desired power reduction and core melting conditions are 
prevented. Passive beam trip devices could be integrated into the ADS safety concept [8]. 
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Fig.7 : Mechanistic simulation and nuclear power trace of an originally unprotected (beam-on) LOF in a 

dedicated oxide core with a later beam-trip 

6 OTHER APPLICATION 
Even though SIMMER-III was intended for assessing reactor CDA, its fluid-dynamics model is 
general to be applied to non-nuclear fields, where transient multi-phase and multi-component 
flows are present. 
In the frame of fusion reactor, particularly concerning the blanket modules safety analyses, the 
consequences of an interaction between lead- lithium and water after an accidental tube failure of 
the pressurized water cooling loops have been evaluated. Two experimental programs BLAST 
and LIFUS were carried out to clarify this point. Violent thermal interaction followed by 
chemical reaction leading to H2 production was highlighted. First pressure peak caused by water 
vaporization and kinetics of these phenomena are correctly reproduced by SIMMER-III. 

7 CONCLUSION 
SIMMER-III code has been applied to a wide range of studies. It has firstly contributed to a 
better evaluation of consequences of a core disruptive accident in sodium cooled fast reactor. In 
particular, core behaviour under different transients was analyzed and the possibilities of fuel 
ejection were determined. A detailed pin model, integrated in SIMMER-III to provide a better 
description of the progressive core disruption, has also improved its flexibility to represent a 
whole sequence of core degradation. It is now extended to gas cooled reactor concepts. For this 
purpose, new types of core have been modelled for the steady-state phase and will be later 
described for the degradation phase. 
SIMMER-III has also been extensively applied for the safety analyses of critical fast burner 
reactors using sodium coolant within the CAPRA/CADRA program. New reactor types, as the 
subcritical accelerator driven system (ADS), are a very recent application area for the SIMMER 
code. For these innovative systems the code has to be significantly upgraded, as neutronically the 
reactor is driven by an external neutron source resulting from a spallation process of the 
accelerator proton beam with a target.  
An advantage of SIMMER is, that an accident can be mechanistically modelled from accident 
initiation up to core melting and even fuel redistribution within the vessel and beyond.  
Taking advantage of the general SIMMER-III fluid-dynamics module, other applications have 
also been successfully performed. In particular, interaction between hot materials in blanket 
module of a fusion reactor after a water leak was well reproduced. 



 
11

8 REFERENCES 
[1] GBR4 safety working document- European association for gas breeder reactor (July 
1974). 
 
[2] A. Vasile, G. Rimpault, J. Tommasi, C. de Saint Jean, M. Delpech, K. Hesketh, H. 
Beaumont, T. Newton, P. Smith, W. Maschek, D. Haas, Ch. De Raedt, G. Vanbenepe, J.C. 
Lefevre, Fast Reactor Fuel Cycle : Core Physics Results from the CAPRA-CADRA Programme, 
GLOBAL 2001, Paris , France (Sept. 2001) 
 
[3] A. Languille, J. C.  Garnier, P. Lo Pinto, B. C. NA, D. Terrier, J. Delaix, P. Allan, R.E. 
Sunderland, E. Kiefhaber, W. Maschek, D. Struwe, CAPRA Core Studies . The Oxide Reference 
Option, GLOBAL 1995, Paris (1995) 
 
[4]  W. Maschek, M. Flad, G. Arnecke, P. Lo Pinto, Mitigation of Core Disruptive Accident 
Energetics in Burner Cores, Progress in Nucl. Energy, 32,  Nr. 3/4 (1998) 
 
[5] W. Maschek, D. Struwe, Accident  analyses and passive measures reducing the 
consequences of a core-melt in CAPRA/CADRA reactor cores, Nucl. Eng. And Design 202, 311 
(2000) 
 
[6] K. Morita, A. Rineiski, E. Kiefhaber, W. Maschek; M. Flad, G. Rimpault, P. Coste, S. 
Pigny, Sa. Kondo, Y. Tobita, S. Fujita, Mechanistic SIMMER-III Analyses of Severe Transients 
in Accelerator Driven Systems (ADS), ICONE-9, Nice, France (2001) 
 
[7] W. Maschek, A. Rineiski, S. Wang, M. Flad, K. Morita, Safety Improvements for ADS 
Transmuters with Dedicated Fuel, AccApp'01-ADTTA'01, Reno, USA (2001) 
 
[8] W. Maschek, A. Rineiski, K. Morita, M. Flad, Inherent and Passive Safety Measures in 
Accelerator Driven Safety Systems: A Safety Strategy for ADS, GLOBAL 2001, Paris, France 
(2001) 



CHEMICAL REACTION MODELS IN A CODE OF THE SIMMER-FAMILY 

D. WILHELM 
Forschungszentrum Karlsruhe 

Karlsruhe, Germany 

 

 

Abstract  
In the event of a core melt-down of a pressurized water reactor, the molten metals and 
oxides may be discharged through a breach in the lower head driven by steam at a 
moderate pressure of about 1 MPa. An experimental program is underway to study in a 
reduced scale of 1:18 and thermite as melt simulant all relevant processes. A parallel 
analytical program has the objective to model the processes and to explain measured 
quantities, as there are pressures, mass flows and displacements, changes in gas and 
vapor compositions, and temperatures.  
 
The code AFDM has three velocity fields to track the movement of corium, water, and 
a gas-vapor mixture. It solves 7 mass and 5 energy equations in each Eulerian cell and 
has a transient model of interfacial areas so that these are space and time dependent. 
The numerical solution method allows to add explicit models based on correlations 
tested, for example for the CONTAIN code, by using predefined volumes consisting of 
clusters of Eulerian cells of AFDM. The explicit models share a limited number of 
variables with AFDM thus reducing code complexity. The result is a fast running code 
with two distinct oxidization processes. The first is limited to a volume directly 
adjacent to the pressure vessel in which most of the corium oxidization takes place. 
The second is the volume where the generated hydrogen may burn if the combustion 
conditions are met. The corium oxidization is supposed to be diffusion limited. This 
allows to introduce the rate of oxidization. The combustion is supposed to be advection 
limited, i.e. it depends on the mass flow of hydrogen entering the oxygen-rich region 
of the containment.  
 
The code has been used to recalculate thermite experiments performed at the Sandia 
National Laboratory and at the Forschungszentrum Karlsruhe. The code is an essential 
tool to extrapolate to prototypic conditions. 

 

 

1. INTRODUCTION 

SIMMER is a family of fluid dynamics codes specialized in calculating reactor core 
disruptive accidents. The development of a code using a fractional step method was started 
with a predecessor of the SIMMER-III code, called AFDM [1]. The objective was to test the 
new algorithm for multiphase flow with a limited number of material components. The 
algorithm has then been extended to the full range of reactor materials in the SIMMER-III 
code [2]. To implement the combination of the CFD capabilities with models usually used for 
systems codes, AFDM offers less complexity and thus an easier access to solutions, however, 
the use of SIMMER-III is equally possible.  
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2. THE FOUR STEP ALGORITHM  

AFDM has been developed to calculate transient compressible thermal hydraulics with at 
least three components and a three fluid model. AFDM uses a Eulerian format and a fractional 
step method. The solution of the conservation equations is split into several steps in order to 
speed up the solution and to be free to respond to the specific needs of multicomponent flows. 
The number of mass, energy and momentum equation may be different. In  the energy 
equations, more than one mass component may share the same field. In the momentum 
equation, only three fields are allowed, and two fields are reserved for two liquid phases, and 
one field for the mixture of vapors and gases.  
 
The code is organized in four steps [3]. In step 1, the intracell transfers are solved after having 
obtained the necessary information from the equation of state for each of the components 
(materials). This implies the calculation of the interfacial areas and the transfer coefficients. 
Quantities may be updated twice in this step if the solution of other updates has an influence 
on the results. For example, the interfacial areas are updated using the results of the 
conservation equations of the last time step. However, after having calculated intracell heat 
and mass transfers, the interfacial areas need to be updated again taking into account the 
present time-step changes in volume fractions. 
 
Step 2 predicts the end-of-time-step values of mass and energy given the solutions to the 
intracell transfers and previous velocities. Then, the end-of-time-step velocities are predicted.  
 
Step 3 solves the so-called pressure equation. A multivariate Newton-Raphson procedure is 
applied to converge the pressures resulting from the equation of state and those resulting from 
advectional processes. This results in end-of-time-step pressures, velocities, and a small 
number of sensitive variables of all cells.  
 
In step 4, all other quantities are being updated for their advectional changes. Finally, only 
end-of-time-step values are being transferred to the next step, but no derivatives. 

2.1. Implications of the four step algorithm  
Step 1. From the very beginning of the code development, it was clear that a multicomponent 
code needs a space and time dependence of the interfacial areas. In view of the data available 
15 years ago, the models had to be based on the literature predominantly focussing on steady 
state values, and the few sources on how to estimate time constants. The models assume 
monodispersed spherical particles in a continuous flow field represented by one of the 
components selected by volume fraction and momentum exchange limits. This approach has 
proven to be superior to any other proposal because measured values of the experiment under 
examination, may it be droplet or bubble sizes or interfacial areas, which are usually steady 
state or average over time periods, can directly be compared to steady state values of code 
models.  
 
Step 2 and 3. In most highly transient core disruptive accidents, not only flow conditions 
change rapidly but also the state of the components. Given the possibility to easily address 
specific questions such as disappearing components, the present algorithm proves to be 
extremely robust.  Because the material and not the sound velocity Courant number limits the 
time step size, the computational efficiency of the semi-implicit solution has greatly been 
improved. The calculational expenditure increases only with approximately the number of 
computational cells and the decrease of the minimum cell size.  
 

 2 



Step 4. The fact that derivatives are not needed to be transferred to the next time step opens up 
the possibility to easily link the code to any other external calculation providing that 
fundamental conservation laws are not violated. 
 
The following chapter shows an example of  how to implement changes to the code to solve 
pending problems. 

3. THE DISPERSION MODELS ADDED TO THE CODE  

AFDM has been used to calculate the dispersion of corium simulants out of the reactor 
pressure vessel of a pressurized water reactor. While the off-the-shelf code provides models 
for the dispersion of a liquid including vaporization and condensation, droplet formation, and 
heat exchange, models need to be added to address 1) entrapment of droplets as a film on the 
walls, 2) entrainment into the main stream, 3) freezing of films at the wall, 4) oxidation of the 
metal components, 5) production of hydrogen, 6) combustion of hydrogen (see Fig. 1).  
 
The phenomena 1) through 3) are proposed as intracell models, they can be introduced into 
step 1 of the code. The phenomena 4) through 6) are derived from models developed, among 
others, by [4] for systems codes and therefore need to be applied to a cluster of AFDM cells. 
The average conditions of these clusters can be evaluated in step 4 of the code, the models can 
then be applied, and the results can be fed into the code at the end of the time step. 
 
The following chapters show a selection of added models. 

3.1. The entrainment model  
Any intracell model is bound to be exclusively dependent on available cell data. The added 
model specifies a liquid film produced by entrapped droplets on the wall. By definition of the 
code, the wall is a part of a cell. To avoid adding a new momentum field, the film is limited to 
be immobile. The film thickness can only be changed by entrapment and entrainment 
processes. The entrainment rate, ε, is defined by the correlation: 
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δ = liquid film  thickness  
C = constant to fit experimental data 
A = film surface area 

η = dynamic viscosity  
σ = surface tension 
ρ = density 

τ = shear stress on the gas side of the film surface 

This is a modified Whalley-Hewitt correlation. The exponential function is a tentative fit to a 
cluster of experimental points published in [5]. As in [6], the original correlation was slightly 
changed to better fit experimental results. For each cell with a wall element, the code 
calculates a separate entrainment rate. Together with the entrapment model, this results in a 
local value for the film thickness. 
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3.2. The oxidation model  
Different to the liquid films, there is no direct observation possible for the oxidation of the 
metal components of the melt by steam downstream of the breach through which steam and 
melt are dispersed. The volume in which oxidation takes place is known. A cluster of code 
cells represents this volume. The oxidation is limited by the diffusion of steam through the 
gas boundary layer around the melt droplets. The derivative of steam mass, dmsteam/dt,  is 
 

steamsteamsteam DSh
d
Am

dt
d ρ⋅−=  

A = total droplet surface area 
d = average droplet diameter 
Sh = Sherwood number 

D = diffusivity 
ρ = density 

 
The Sherwood number is a function of the average conditions of the multicomponent flow in the 
given cell cluster. The code provides the values for steam, noncondensable gas and droplets. 
 

( )3 1Re6.2 −⋅= gassteamgas DSh ρη  

η = dynamic viscosity  Re = Reynolds number 
 
The calculation of the mass change of steam directly leads to the amount of hydrogen 
generated because one mol of steam oxidizing the metal component produces one mol of 
hydrogen. 

3.3. Other models added to the code  
The above two subchapters show examples of the additional models for corium dispersion 
processes. The results of theses calculations will be shown below. At this point, a few other 
examples from studies in the past are given to show the versatility of the numerical approach. 
 
During melt down accidents of liquid metal reactors, the molten core may become critical if it 
is compacted by falling structures. To the code can be added structures the equation of motion 
of which can be put into step 4.  
 
For core disruptive accidents in liquid metal reactors, it is essential to understand how the 
evaporating nuclear fuel expands, and how it interacts with the liquid metal coolant. To 
extrapolate from small scale experiments to the prototype, the effects of both these processes 
should be known separately. This can be done by replacing the boundary of the liquid metal 
pool by a moving piston. With the associated model added to the code, the effects of 
thermodynamic nonequilibrium and thermal interaction between both components can be 
separated and studied. 
 
The liquid metal pool may expand into a cover gas volume. On its way, it has to pass through 
partly permeable structures. Models can be added to step 4 of the code which describe the 
deformation of these structures. The time dependent resistance that these structures oppose to 
the flow can be explicitly added to each code cell.  
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4. THE RECALCULATION OF THE DISPERSION EXPERIMENTS  

Fig. 1 shows the geometry of the DISCO experiment [7] and the phenomena addressed by the 
code AFDM. Additional to these models, it was found necessary to describe in detail the 
initial conditions and the start-up of the experiment before the dispersion begins.  
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Fig. 1  Sketch of the melt (red) and processes during corium dispersion  

Prior to the experiment, the reactor pressure vessel and the volume of the coolant system 
contain nitrogen at ambient pressure. The experiment is started by igniting the thermite in the 
reactor pressure vessel. Then, a valve is opened and closed between a steam reservoir, called 
accumulator, and the volume of the reactor coolant system. The amount of steam flowing into 
the reactor coolant system and the adjacent pressure vessel is measured. Fig. 2 shows a 
comparison between measured and calculated pressures of a DISCO experiment in 1:18 scale. 
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Fig. 2  Pretest pressures in the steam reservoir and pressure vessel 

4.1. Recalculation of entrainment  
The breach at the bottom of the pressure vessel opens at time zero. The opening time is a few 
milliseconds. The liquid melt first leaves the breach as a single phase liquid jet. It turns into 
two phase flow when the steam above the melt finds a way to break through the melt pool 
surface. After all the melt has left the pressure vessel, the flow turns single phase again with 
pure steam flowing out of the breach. 
 
There are two processes of droplet formation. First, the melt jet disintegrates downstream of 
the breach. A large part of the emerging droplets leaves the volume around the pressure vessel 
without getting entrapped in the films at the walls. Second, liquid films build up rapidly until 
0.12 s, and droplets are being entrained into the main gas flow mainly after 0.17 s. The part of 
the melt that stays as a film on the walls, will not be dispersed into the reactor containment 
volume. For the experiment in 1:10 scale [8], Fig. 3 displays the total area of the melt 
subjected to oxidation. It shows that the droplet area is much larger than that of the films. 

Fig. 3  Calculated interfacial areas of the melt to evaluate oxidation 
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4.2. Recalculation of oxidation  
In the volume below and around the pressure vessel, steam and metal get into intimate 
contact. This is the place where most of the oxidation of the metal component of the melt 
occurs. Not all metal can be oxidized. The effects of steam shortage can be studied with the 
code results of Fig. 4 which represent a recalculation of a DISCO experiment in 1:18 scale. 
Prior to the test, the atmosphere is filled with a small amount of hydrogen and steam. The 
melt exits the breach and oxidation starts with the atmospheric steam. At 0.07 s, the steam 
inventory stops to decrease and a narrow peak is shown because the steam from the pressure 
vessel starts to leave the breach. The exit velocities rise sharply and entrainment of liquid melt 
films generates an increasing population of droplets. There is now not enough steam flowing 
from the pressure vessel to oxidize all droplets, so the inventory of free steam drops to zero. 
The level of the oxidation product hydrogen rises to a maximum. At 0.3 s, the amount of melt 
flowing from the pressure vessel drops, and there is a surplus of steam to oxidize all droplets 
emerging from the films. The film looses mass until 0.45 s when entrainment fades out and 
hydrogen production ends.  
 

Fig. 4  Calculated inventories of vapor and gases below and around the pressure vessel 

While the experiment provides end-of-dispersion inventories of reaction products, the code 
helps to identify the transient processes, and opens a way to extrapolate to prototypic reactor 
conditions. 

4.3. Recalculation of combustion  
The knowledge of the inventory of gases and how they enter oxygen-rich volumes helps 
calculating the combustion of hydrogen. The present approach is to have all hydrogen flowing 
past the main cooling lines into the reactor containment volume ( see Fig. 1) burnt at the given 
flow rate. The combustion is the main reason for the rise in containment pressure. Figs. 5 
through 8 show the comparison between measured and calculated pressures of the present 
series of experiments. The SNL experiment was performed at the Sandia National Laboratory, 
Albuquerque, U.S.A. [9], the DISCO experiment is underway at the Forschungszentrum 
Karlsruhe [7]. 
 
It has been found that the pressure history depends on a number of dominant processes. For 
the pressures in the pressure vessel, it is necessary to model the details of the flow paths 
between reactor coolant system and pressure vessel. In the DISCO experiments, the initial 
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conditions described in chapter 4 result in a given steam quantity. However, there are 
indications that a small amount of the steam is condensed. The evaporation of this part has an 
influence on the pressure curve. 
 

       Fig. 5   Pressures of the SNL experiment                 Fig. 6   Pressures of DISCO-H01  
 

 
           Fig. 7   Pressures of DISCO-H02                      Fig. 8   Pressures of DISCO-H03 
 
 
For the volume below and around the pressure vessel, called cavity, the rise in pressure 
depends mainly on the rise in the containment pressure which, in turn, depends on the 
combustion rate, and therefore on the mass flow of hydrogen into the containment.  
 
For the reactor containment (dome), the maximum pressure depends on the process described 
above, and the heat loss due to radiation from the burning hydrogen to the cold structures. 
 
A sensitive result is the fraction of melt that is dispersed into the reactor containment. Table I 
collects the results for the four thermite experiments. The maximum pressures in the reactor 
containment are added. The dispersion is sensitive upon thermal interactions between thermite 
and steam in the cavity. The interaction may depend on moving thermite fronts. Although the 
code uses second order space derivatives, problems of the Eulerian format are known, and 
sensitivities with space resolution need to be studied. 
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 initial vessel 
pressure (MPa) 

initial steam in 
pressures vessel (g) 

maximum containment 
pressure (MPa) 

dispersed melt 
fraction 

Experiment  
SNL 1.11 1300 0.61 0.77 

Calculation  
SNL 1.11 2500 0.64 0.76 

Experiment 
DISCO-H01 0.77 126 0.37 0.36 

Calculation 
DISCO-H01 0.80 125 0.36 0.34 

Experiment 
DISCO-H02 1.23 252 0.44 0.61 

Calculation 
DISCO-H02 1.25 259 0.46 0.69 

Experiment 
DISCO-H01 1.25 369 0.33 0.46 

Calculation 
DISCO-H03 1.26 347 0.31 0.45 

Table I    Initial conditions and important results of four thermite experiments 
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ABSTRACT 

The present work is focused on the computational analysis of evaporative film cooling, in connection 
with an experimental campaign carried out at the University of Pisa by the EFFE facility. The 
apparatus basically consists of a rectangular channel heated on one side, cooled by a water film 
exposed to a countercurrent air stream forced by a fan. The aim of the study is to contribute to the 
understanding of the heat and mass transfer mechanisms involved in the problem and to check the 
possibility of making use of a commercial CFD code (FLUENT) for simulating mass transfer 
phenomena of interest in the nuclear field. 
 With respect to previously published work by the Authors, emphasis is here put in highlighting 
by CFD calculations and experiments the effects of the channel length over diameter ratio on the 
predicted heat and mass transfer. Other effects here considered are related to the air velocity field at 
the channel inlet and to the contribution of natural convection in the overall convective heat and mass 
transfer. 
 
1. INTRODUCTION 

Basic safety principles and current practice in the design of commercial and innovative fission 
reactors require to analyse in detail every physical phenomenon relied upon for mitigating the 
consequences of relevant postulated accidents. This need for an in-depth knowledge of the working 
principles of safety systems adopted in nuclear plants has an impressive fall-out in science and 
technology: well-known examples of the momentum provided to research by nuclear reactor 
applications can be found in the recent history of two-phase thermal-hydraulics (e.g., starting from 
the ‘60s). 
 A further need for improved predictive capabilities in the simulation of plant behaviour is 
particularly felt since the proposal of reactor concepts massively adopting passivity. In fact, although 
passive systems have been frequently employed even in past generation reactors to improve the 
reliability of engineered safety features, passivity involves by definition phenomena which evolve 
spontaneously with no need of human decision processes for their activation. In this regard, passive 
devices are systems whose intimate logic and efficiency must be carefully investigated in all the 
postulated working conditions, because their operation is intrinsically independent from any external 
action. 
 The design of the AP600 nuclear reactor [1] includes a passive containment cooling system 
composed by an annular vertical channel bounded by the metallic containment wall and by an 
external baffle. The energy released from the primary system during a postulated accident scenario 
and the decay heat are removed from the containment by the evaporation of a water film falling down 
on the external side of the metallic wall and by the counter-current flow of air induced in the channel 



due to the effect of buoyancy. Owing to the relatively high rate of heating of the metallic containment 
and to the size of the channel, the induced air flow is usually turbulent and can be characterised as a 
developing flow over most of the heated length of the channel. 
 The evaporation cooling process has been investigated at the University of Pisa by the facility 
EFFE (Experiments in Falling Film Evaporation) designed to reproduce the falling film evaporation 
phenomena in an asymmetrically heated rectangular channel [2], with a length over hydraulic 
diameter ratio roughly equal to 11.83. The experiments were related to both pure convection 
(without any water film on the heated surface) and for falling film evaporation  
[3-4]. The aim of the investigation was to compare the obtained values of the Nusselt and the 
Sherwood numbers in the same geometrical conditions, for the same values of the air Reynolds 
number, in order to provide information on the applicability of the analogy between heat and mass 
transfer in conditions roughly representative of AP600 external riser. Due to the difference between 
the channel geometrical configuration in the actual reactor containment and in the experimental facility 
(L/Dh ratio, shape of the channel inlet section and modality of air forcing), obtaining a quantitative 
correlation for heat and mass transfer having validity for full reactor conditions was not an objective 
of the research, which was instead intended to provide a clear methodological information about 
modelling of falling film evaporation. 
 Since in the experiments with L/Dh ≈ 11.83 relatively important fluid-dynamic and thermal 
entrance effects were noted, subsequent experiments were performed with smaller channel depths 
with the same length, i.e., with higher length over diameter ratios [5]. This allowed the investigation of 
the decreasing effect of entrance conditions in channels with increasing hydrodynamic length. 
 After completion of the experimental tests, activities of analysis by computational fluid-dynamic 
tools started to support the discussion on the obtained data. This activity was performed making use 
of both the FLUENT commercial code and the SWIRL code developed at the University of 
Manchester, adopting in both cases a two-dimensional description of the channel [6-8]. The results 
obtained by the code applications confirmed the relevance of flow development along the channel as 
a relatively important contributor to the enhancement of heat and mass transfer with respect to 
asymptotic, long channel conditions. 
 This paper summarises the main results of the CFD analyses performed in the past on falling 
film evaporation, presenting new information in relation to the effect of channel depth on the overall 
heat removal capabilities.  
 
 
2. REFERENCE EXPERIMENTAL INFORMATION 

The adopted facility consists of a stainless steel plate (2 m long, 0.6 m wide, 0.022 m thick), 
mounted on a metallic frame allowing for plate inclination (see Figure 1.a). A transparent baffle plate 
(labelled as Pp in Figure 1.b) is mounted parallel to the stainless steel plate, about 10 cm apart from 
it, in order to form a rectangular channel (615 x 98 x 2000 mm) simulating the air gap existing 
between the containment steel envelope and the metallic baffles in the reference passive reactor 
design. 
 A blower (Bl), located at the bottom of the channel, simulates the natural circulation air flow 
occurring in the reference plant conditions. Obviously, the location of the blower close to the channel 
inlet, slightly apart from its axis results in peculiar distributions of air velocity and turbulence in the 
inlet section that may be somehow different from the ones obtained by the 180° bend existing 
between the downcomer and the riser in AP600 containment. This detail must be clearly borne in 
mind in attempting to extrapolate data from these experiments to full reactor conditions. 



 The electric power required to simulate heating of the containment envelope after a LOCA is 
supplied to the back of the plate by 100 modular electric heaters subdivided into three heating 
sections covering the whole plate length and width. Three controllers perform the necessary 
regulation to each one of the heating sections. 
 The hydraulic circuit of the plate (see Figure 1.b) consists mainly of a spray system (Ss) 
including a distributor pipe with four spray nozzles fed by a recirculation pump (P1) taking water 
from the main vessel reservoir (Mv). Two flowmeters (F1 and F2) are provided to measure the inlet 
and the outlet film flow rates. 
 The available measurements are: 
• plate temperatures monitored at 20 different locations; 
• inlet and outlet film temperatures and flow rates; 
• reference air velocity measured at the centre of a cross section near the exit of the channel; 
• inlet and outlet air temperatures; 
• relative humidity of inlet air; 
• electrical power supplied to the three heating sections; 
• evaporation rate. 
 The experiments considered in this paper are related to both dry (i.e., with no falling film) and 
wet (i.e., film evaporation) tests. Dry tests relate to a nominal plate temperature of both 70 °C and 
90°C, performed with reference air velocities from 0.3 m/s up to 9 m/s. Three values of the 
rectangular channel depth were considered, being roughly 10, 5 and 3 cm; these values results in 
values of the length over diameter ratio of 11.88, 20.86 and 33.88. Wet tests were performed with 
both vertical and 45° inclined channel, with a plate and inlet film temperature of 70 °C; film flow rate 
was varied between 20 g/s and 100 g/s for tests with L/Dh equal 11.88 and was 60 g/s or 100 g/s in 
tests with L/Dh equal to 20.86 and 33.88; the reference air velocity was again varied up to 9 m/s. 
 It must be clarified that this reference air velocity represents the value measured in the center 
of the channel cross section by a rotating vane anemometer; to obtain an estimate of the average 
channel air flow, this value has been multiplied by a factor obtained by measuring the air velocity 
distribution in the channel in typical operating conditions. It must be also taken into account that a 
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(a) Sketch of the test section. (b) Hydraulic circuit. 

Figure 1. Experimental facility. 



slight progressive deterioration of the performance of the vane anemometer exposed to the air-
vapour mixture was suspected following checks made after test completion, which may have 
introduced a bias in defect in the range of 6-8% at the highest velocities in some of the latest tests. 
 Figure 2 shows the overall picture of the results obtained in both dry and wet tests at different 
values of L/Dh. The effect of the hydraulic length of the channel is striking in both cases; in particular, 
it can be noted that the longer the channel, the closer are the data obtained at high velocity to the 
prediction of classical Colburn-like correlations. This conclusion holds for both dry and wet tests, 
providing a clear information on the adequacy of the analogy between heat and mass transfer in 
predicting falling film evaporation in conditions roughly representative of the ones envisaged for 
AP600 containment. 
 
 
3. COMPUTATIONAL FLUID DYNAMIC MODELLING 

3.1 Computational domain and calculation assumptions 
Figure 3 presents the calculation domain adopted with the FLUENT code. The mathematical 
formulation of the problem is firstly simplified by approximating the tree-dimensional air channel 
having a rectangular cross section by a vertical parallel-plate 
channel. 
 Additional assumptions were adopted involving steady-
state conditions, uniform distributions of velocity, temperature 
concentration at the inlet section and the treatment of the gas-
vapour mixture by the perfect gas law. All the fluid properties 
are considered to vary as a function of local temperature an 
composition; pressure dependence is neglected owing to the 
small change in this variable throughout the channel. The wall 
temperature is represented either by a piece-wise linear or a 
uniform distribution along the plate surface; in the former 
case, the available local temperature measurements were 
considered to set up the piece-wise linear law, while in the 
latter they were weighted to provide a single average value. 
 The liquid film is considered to have a purely 
conductive thermal behavior, with a thickness calculated by 
means of the Nusselt theory, that is anyway neglected from 
the fluid-dynamic point of view, together with the downward 
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velocity of the film surface. The surface itself is assumed to be in saturation conditions at the local film 
temperature. Radiation heat transfer is also assumed to be negligible. Turbulent flow is assumed at 
the channel inlet, because of the presence of the upstream blower; owing to the same reason the inlet 
velocity is assumed both parallel to the channel axis or 45° inclined with respect to it. The Dofour 
effect is neglected in the energy equation, as it is for the Soret effect in the species equation [9]. 

3.2 Governing equations 
The two-dimensional governing equations adopted in the FLUENT code [10] for fluid flow are those 
related to continuity of mass, momentum, energy and species. With reference to the Cartesian 
coordinates system shown in Fig. 3, they can be written in the following form: 

a) continuity equation 
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c) y-momentum equation  

( ) ( )

















∂
∂

+
∂
∂

∂
∂

+















∂
∂

+
∂
∂

−
∂
∂

∂
∂

++
∂
∂

−=

=
∂
∂

+
∂
∂

x
V

y
U

xy
V

x
U

y
V

y
seng

y
p

V
y

VU
x

eee µµµθρ

ρρ

3
22

2

 (3) 

d) energy equation 
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e) vapour species equation 
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 In the above equations Sm, Sh and Sv represent volumetric source terms for mass, energy and 
vapor, respectively, while eµ , ek  and eD  are the effective viscosity, thermal conductivity and 
diffusion coefficients defined as 

te µµµ += ;     pee ck µα~= ;     ρµα /~
ee =D     (6) 

where α~  is evaluated solving an equation derived analytically from the RNG theory [10]: 
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The turbulent dynamic viscosity that appears in the previous equations is computed in terms of 
turbulent kinetic energy, κ, and its rate of dissipation, ε. At high Reynolds numbers, the adopted 
relationship is as follows: 

εκρµ µ /2Ct =         (8) 
where 0845.0=µC ; at low Reynolds number a differential equation is solved for calculating the 
effective viscosity [10]. The κ  and ε� terms are calculated in the core region using the RNG κ-ε� 
model [10-12] and in the near wall region by the two-layer standard model available in the FLUENT 
code [13], dealing with the viscosity-affected near-wall region up to the viscous sublayer.  
 The thermophysical properties of the air and the vapour species, D,,, pckµ , are 
approximated by polynomials in terms of temperature [14-15]. In particular, the polynomial 
expression for the molecular mass diffusivity of the air-vapour mixture, D , has been obtained using 
Chapman-Enskog relationships [16]. The thermophysical properties of the mixture are calculated by 
the code from the pure component data using a well-known rule for mixtures [9]. 
 For the liquid film the only equation used in the model is the energy equation in the following 
form: 
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where Sf is the energy source term and k f,eq is the equivalent thermal conductivity, introduced instead 
of the real thermal conductivity for accounting the effective film thickness. In fact, in the model the 
liquid film has been reproduced as a solid material of fixed thickness  
δ0 = 10-3 m represented by a single mesh for all the tests. In order to maintain the same thermal 
resistance expected in the liquid film, the equivalent conductivity is defined as: 

f
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In Eq. (10) fk  is the real thermal conductivity calculated at the mean film temperature and δ f  is the 
real mean film thickness evaluated, from each test, by means of the Nusselt theory [17]: 
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where Wf is the film mass flow rate, H is the plate width and g cosθ  is the axial component of the 
gravitational acceleration. 
 
3.3 Boundary conditions 
The following conditions are adopted for solving partial differential equations (1)-(5) and (9): 
• air-vapour mixture 
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 In the absence of the liquid film (dry tests) the conditions defined by the Eq. (15) have to be 
replaced by: 
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 It can be seen, from Eq. (14), that the velocity through the liquid-gas interface is set equal to 
zero because the code is not able to directly simulate the motion through the interface, due to the 
phase change, in the case of turbulent flows. The effects of mass and energy fluxes are then 
accounted for by introducing appropriate source terms for the continuity, species and energy balance 
equations in two thin layers of gas and film (with uniform thickness ∆ = 10-4 m) adjoining the liquid-
gas interface. In particular, in the gas region the source terms for mass and energy are, respectively: 
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where the vapour mass fraction at the interface is evaluated by means of the following relationship: 
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  In order to preserve the overall energy balance, in the thin film thickness near the interface the 
following definition of the source term has been introduced:  

fgmf hSS −=          (21) 
3.4 Space discretisation 
The FLUENT code solves numerically the above governing equations discretised with a control 
volume based technique. For this problem, the values of the variables at the control volume 
boundaries are obtained via a power law interpolation scheme and the discretised equations are 
numerically solved by the SIMPLE algorithm [18], chosen among the available code options. 
 The adopted two-dimensional grid discretises the air vapour region in 46x46 cells and the film 
region in 46x11 cells. In the gas region, a non-uniform spatial 
node distribution was chosen both in the transversal and in the 
axial directions. In particular, the grid was refined near the walls 
and in the entrance region, in which the largest variations of the 
thermo-fluid-dynamic variables occur (see Fig. 4). This space 
discretisation has been chosen in order to minimise the numerical 
error and to limit the computational effort. 
 
5. RESULTS AND DISCUSSION 

Figure 5 presents the results calculated by FLUENT for 
evaporation rate in tests involving a length over diameter ratio of 
the channel equal to 11.83. Different inlet air velocities are 
involved in the addressed test conditions, resulting in both 
different thermal powers transferred from the wall and 
evaporation rates. As can be noted, two assumptions have been 
adopted for entrance velocity direction: namely, parallel to the 
channel axis ( 0=inV ) and 45° inclined towards the heated 
surface ( inin UV = ). These assumptions were adopted in order to 
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Figure 4. Grid adopted in the 

numerical computation. 



check for the possible effect of an inclined direction of entrance velocity due to the location of the 
inlet fan.  
 The obtained results show as the two assumptions are responsible for considerable differences 
in the predicted heat and mass transfer, demonstrating that the code models predict a remarkable 
effect of inlet flow direction on evaporation rate. In particular, the agreement with experimental data 
is considerably improved with inclined flow, possibly suggesting that, as expected, a skewed inlet 
velocity profile strongly alters the fluid-dynamic and thermal flow development along the heated 
channel. This may be an explanation for the considerably higher heat and mass transfer rates 
measured in the apparatus with respect to predictions valid for asymptotic conditions.  
 To further check for the role of inlet flow inclination on heat transfer along the channel, 
calculations have been also performed for dry tests in channels with different depths. The results are 
reported in Figures 6a and 6b, respectively for inlet velocity parallel to the heated wall and inclined 
inlet flow. From the figures, the following indications can be drawn: 
• with inlet flow parallel to the wall, the agreement between the calculations and the experiments is 

poor particularly for the lowest value of L/Dh; though, for L/Dh=33.88 the agreement is much 
better at low and intermediate air velocity (i.e., heat transfer power); at higher velocity performed 
calculations show again an underestimate of heat transfer capabilities in agreement with the trends 
already observed for this value of length over hydraulic diameter ratio in Figure 2a; 
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Figure 5. Calculated vs. experimental data for wet tests (only L/Dh =11.83). 
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• by inclining the inlet flow the agreement between experiments and calculations is remarkably 
improved for all the values of the L/Dh ratio, suggesting again an effect of a skewed inlet velocity 
profile on heat transfer even in the case of relatively long channels. 

 Expanding on this aspect, the calculated axial distributions of the local Nusselt and Sherwood 
numbers, defined by the relationships 
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are compared in Figure 7 for L/Dh = 11.83, showing a strong similarity due to the analogy existing 
between the mechanisms of heat and mass transfer. 
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Figure 7. Calculated axial Nusselt and Sherwood number distributions along the channel 

(L/Dh = 11.83). 
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Figure 8. Calculated dimensionless axial velocity profiles at five axial locations (L/Dh=11.83). 



 In additions, Figures 8 show the calculated profiles in the channel depth of axial velocity at 
different axial locations for two wet tests with maximum and minimum values of inlet air velocity. In 
particular, Figures 8a and 8b are related to the boundary condition Vin = 0 m/s. With the minimum air 
flow rate, there is a strong distortion of the velocity field due to buoyancy effects resulting from the 
superposition of concentration and temperature gradients; the maximum values of axial velocity take 
place near the heated wall along all the channel. Such a distortion cannot be observed in Figure 8b 
because of the higher inlet velocity and the profiles appear as in a typical developing turbulent flow. 
 The asymmetry in velocity profiles observed in Figures 8c and 8d is mainly caused by the 
particular inlet boundary conditions (Uin = Vin). The maximum axial velocity takes places in the inlet 
region because the inclined inlet air stream turns to follow the channel direction. In the inlet region, 
near the adiabatic wall, there are negative values of the axial velocity component indicating the 
presence of a recirculation zone due to boundary layer detachment. 
 
 
6. CONCLUSIONS 

The information obtained by analysing falling film evaporation in conditions representative of those 
encountered in AP600 postulated accidents can be summarise as follows. 

• A strong analogy is observed in both the experimental and the computational data between heat 
and mass transfer phenomena. This suggests the adequacy of this well known engineering 
approach for evaluating evaporation rates in conditions representative of AP600 phenomena. 

• Obtained experimental and computational results indicate that attention must be paid to flow 
development along the heated channel, especially in connection with low values of the ratio L/Dh. 
An obvious influence on heat and mass transfer of inlet turbulence and flow direction is expected 
and could be verified by CFD calculations with FLUENT code. This aspect must be attentively 
considered when extrapolating data from experimental facilities to full scale reactor conditions. 

It must be mentioned that some influence of the choice of turbulence models on calculated results has 
been observed that must receive additional attention; this is an additional aspect to be further 
investigated, provided that some other limitations introduced in the analysis (e.g., the simplified film 
representation) will be removed. 
 



 
Nomenclature 

Roman letters 
B channel depth [m] 
cp specific heat at constant p 
 [J/(kg K)] 
Dh hydraulic diameter [m] 
D diffusion coefficient of vapour in the air-

vapour mixture [m2/s] 
g gravitational acceleration [m/s2] 
H heated plate width [m] 
h specific enthalpy [J/kg] 
hfg vaporisation heat transfer [J/kg] 
k thermal conductivity [W/(m K)] 
L channel height [m] 
M molecular weight [kg/mole] 

im ′′&  mass flux [kg/(m2 s)] 
Nu Nusselt number [-] 
p pressure [Pa] 
q" heat flux [W/m2] 
Re Reynolds number [-] 
RH relative humidity 
Sm, Sv mass source terms [kg/(m3 s)] 
Sf, Sh energy source term [W/m3] 
Sh Sherwood number [-] 
T temperature [K] 
U velocity in the x direction [m/s] 
V velocity in the y direction [m/s] 
W mass flow rate [kg/s] 
x longitudinal coordinate [m] 
y transversal coordinate [m] 
 

Greek letters 
δ film thickness [m] 
∆ fluid layer thickness near the 
 interface [m] 
ε dissipation rate of turbulent kinetic 

energy [m2/s3] 
θ inclination angle of the plate from the 

vertical position [rad] 
κ turbulent kinetic energy [m2/s2] 
µ kinematic viscosity [kg/(m s)] 
ρ density [kg/m3] 
σt turbulent Prandtl number [-] 
σω turbulent Schmidt number [-] 
ω mass fraction [-] 

Subscripts 
a air 
av average 
b bulk 
calc calculated 
conv convection 
e effective value 
eq equivalent 
ev evaporation 
exp experimental 
f liquid film 
i interface value 
in inlet 
lat latent 
sat saturation 
t turbulent 
v vapour 
w wall 
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Abstract 
  

The Nuclear Power Engineering Corporation has developed the IMPACT software 
system.  IMPACT's distinguishing features include interconnected hierarchical modules and 
mechanistic models covering a wide spectrum of scenarios ranging from normal operation to 
severe accident events, and high speed simulation on parallel processing computers.  First, a 
fluid dynamics analysis code, PLASHY, was developed to provide the core program for other 
IMPACT software.  The rapid boron dilution test, as the ISP-43, was analyzed with about 
300,000 spatial meshes.  The QUICK scheme for the momentum equations and the first order 
upwind scheme for the energy equation were employed for the analysis with reasonable result.  
The pressure oscillation in a PWR downcomer region was also analyzed with the third-order 
upwind difference scheme and 150,000 spatial meshes.  The frequency dependency on the 
power spectrum density agreed very well with the test data.  In the IMPACT, the PLASHY 
was applied to the flow induced vibration code, FLAVOR, as a fluid flow analysis module.  In 
the FLAVOR, the moving boundary evaluated from the displacement analysis of the rigid 
body was handled in the fluid flow analysis by an Arbitrary Lagrangian-Eulerian method.  The 
experiment performed by King, et al. was analyzed.  The FLAVOR code could reproduce the 
first instability region of in-line oscillation due to symmetric vortex shedding.  The validation 
analyses were also made on the 1/6th sector tests of the ABWR lower plenum in which the 
guide tubes for the control rod drives and in-core monitors were installed at full-scale.   The 
results showed the capability for FLAVOR to be applied to the flow induced vibration of the 
tube array as well.  The analysis code, CAPE, for boiling transition and the departure from 
nucleate boiling has also been developed, in which three-dimensional two phase flow 
behavior in a fuel bundle was analyzed by the PLASHY.  The prediction precision of the 
critical power was -0.3% with 6.3% standard deviation for BWR fuel bundles and –0.6% with 
7.03% standard deviation for PWR fuel bundles.  The methodology applied to the PLASHY 
was also incorporated into SAMPSON code for severe accident analysis as a sub-module to 
solve flow behavior such as molten fuel relocation, steam explosion and hydrogen mixing and 
combustion.  The quench test as the ISP-45 and the PHEBUS test as the ISP-46 were analyzed 
with reasonable result.  The steam explosion test, KROTOS-44, was simulated very well with 
the VESUVIUS module in which the PLASHY was adopted as the base.   
 
 
1.  INTRODUCTION 
 

Computer codes to analyze phenomena appearing in nuclear power plants have been 
developed and used for design and safety evaluation.  However remarkable progress continues 
in the field of supercomputing including parallel computing, the current analysis codes do not 



 
fully utilize the present computer capability.  Many of the traditional codes, especially codes 
for safety evaluations, still employ empirical equations, empirical constants, and tuning 
parameters based on experiments.  To ensure the safe operation of a nuclear power plant even 
under hypothetical severe accident conditions, understanding of the phenomena involved and 
tools to calculate such events must exist.   

 
Considering above situation, the Nuclear Power Engineering Corporation (NUPEC) has 

developed a simulation system named IMPACT, an acronym for "Integrated Modular Plant 
Analysis and Computing Technology", with financial sponsorship from the Japanese 
government's Ministry of International Trade and Industry [1].  IMPACT's distinguishing 
features include interconnected hierarchical modules and mechanistic models covering a wide 
spectrum of scenarios ranging from normal operation to severe accident events, and high 
speed simulation on parallel processing computers.   

 
First, a three-dimensional fluid dynamics analysis code, PLASHY (Parallel Large-scale 

Analysis System for Hydrodynamics), has been developed to provide the core program for 
other IMPACT software.  The IMPACT includes the FLAVOR code (Fluid-Structure 
Interaction Analysis Code for Vortex-Induced Vibration), the CAPE code (Critical Power 
Analysis in Parallel Computer Environment) to analyze boiling transition phenomena in 
nuclear fuel bundles and the SAMPSON code (Severe Accident Analysis Code with 
Mechanistic Parallelized Simulations Oriented towards Nuclear Fields).   

 
The overall code structure, model description and validation results are presented in 

Reference [2].  This paper presents outlines of the IMPACT and validation studies thereafter.   
 
 
2.  PLASHY CODE 
 

The PLASHY is a general purpose, three dimensional, hydrodynamics analysis code [1, 
2].  Since hydrodynamic behavior appears in many locations of nuclear power plants and is a 
dominant influential factor for overall plant performance under normal and accident 
conditions, the PLASHY is incorporated into other IMPACT codes as modules.  The Fuji-ric 
α-FLOW code, which was developed by Fuji Research Institute Corporation [3], was used as 
the base of the PLASHY and it was parallelized to make detailed plant behavior analysis 
possible in reasonable calculation time.  The main features of the PLASHY are described in 
Tables 1 and 2.   
 
2.1  parallelization Method 
 

The aim of parallelization is calculation speed up and large-scale calculation.  A domain 
decomposition method was used for the parallelization.  The analysis area is divided into 
partial areas, each of which is calculated by the designated processor.  Each processor 
executes the same code with different data, which means typical SPMD (Single-Program 
Multiple-Data Stream).   

 
It is also important to parallelize matrix solvers to shorten the calculation time.  Since 

the algorithm of CG scheme and BCGSTAB scheme are made up of the product of the vector 
matrix and the vector inner product, these operations can be easily parallelized by a domain 
decomposition scheme.  For parallelization of preconditioners such as incomplete Cholesky 



 
factorization (IC) and incomplete LU factorization (ILU), the Parallel Block ordering was 
employed.   
 

Table 1  Single Phase Flow Modules 
Item PLASHY-CRT PLASHY-BFC 

Coordinate Cartesian / Cylindrical Boundary Fitted with Multi 
Block Function 

Fluid 3 Dimensional Incompressive Single Phase Flow 
Basic Equation Navier-Stokes, Continuity and Energy Conservation Eqs. 

Turbulent Flow Model • k-ε 2 Equation / Large Eddy Simulation 
• Eddy Kinematic Viscosity Coefficient Model (for CRT) 

Numerical Method Finite Difference Method 
Integration over Time SMAC Method 
Integration over Time of  
Momentum Equation 

Euler Explicit Method / RRK Method / Adams-Bashforth 
Method 

Difference Scheme for  
Convection Terms 

1st-order Upwind / 2nd-order Central / 3rd-order Upwind  / 
4th-order Central / QUICK Scheme 

Matrix Solver ICCG ILUBCGSTAB 
Treatment of Porous Media Available Unavailable 

 
Table 2  Two- and Multi-Phase Flow Modules 

Item PLASHY-T PLASHY-M 
Coordinate 3 Dimensional  Cartesian / Cylindrical 
Fluid Liquid and Gas Up to 4 Fluid 

Basic Equation One Pressure, Heterogeneous, Non-equilibrium 
Mass, Momentum and Energy Conservations 

Numerical Method Finite Difference Method 
Difference Scheme for  
Convection Terms 1st-order Upwind / 3rd-order Upwind (TVD Scheme) 

Integration over Time Semi-implicit Method 
Matrix Solver ILUBCGSTAB 

 
2.2  Analysis of ISP-43 
 

The rapid boron dilution test, as the ISP-43, was analyzed using the PLASHY-CRT.  
The test was performed at the University of Maryland with a scaled-down PWR 2×4 loop [4].   
In the test, the dilute volume was simulated by cold water and the borated primary coolant was 
simulated by hot water.  The test series A dealt with the injection of a front, i. e., a single 
interface between borated and dilute fluids.  The test series B was the more realistic injection 
of a slug, i. e., a dilute fluid volume preceded and followed by the borated coolant of the 
primary system.  The analysis was performed with about 300,000 spatial meshes.  The time 
step width was automatically determined with the range from 0.01 ms to 1 ms.  The QUICK 
scheme for the momentum equations and the first order upwind scheme for the energy 
equation were employed for the analysis with reasonable result as shown in Fig. 1.   
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Fig. 1  Comparison for Azimuthally Average Temperature 
 
 
3.  FLAVOR CODE 
 

Two modules have been developed in the FLAVOR Code.  Three dimensional load 
analysis module was developed for application to situations in which structure movement 
induced by fluid flow does not affect the fluid flow.  In these situations, the fluid and 
structural vibration were uncoupled and the fluctuation of pressure load on the component 
surfaces due to fluid flow was evaluated.   This module was based on the PLASHY-BFC.  The 
complete fluid-structure interaction is analyzed by the fluid-structure interaction analysis 
module for two dimensional cross flow.   
 
3.1  Three Dimensional Load Analysis Module 
 

This module is the same as PLASHY-BFC except additional capability of frequency 
analysis.  Figure 2 show the pressure oscillation analysis result in a PWR downcomer region.    
The Navier-Stokes equation was solved by the third-order upwind difference scheme.  The 
analysis result was compared with the measurement [5].  The lower part of Fig. 2 shows 
superposition of the analysis result on the figure in the Reference [5].  Since the quantitative 
spectrum density was not shown in the reference, direct quantitative comparison was 
impossible, but it is clear that the frequency dependency on the power spectrum density (PSD) 
agreed very well within a practical PSD range.   
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Fig. 2  Analysis of Pressure Oscillation 
 
3.2  Fluid Structure Interaction Analysis Module for Two Dimensional Cross Flow 
 

When the fluid flow is affected by the vibrating component, the interaction should be 
analyzed by an iteration of flow analysis and displacement analysis of the rigid body.  In the  
fluid structure interaction analysis module, moving boundary evaluated from the displacement 
analysis was handled in the flow analysis by an Arbitrary Lagrangian-Eulerian method.   

 
The finite element method was applied to both fluid flow and structural analyses.   The 

SMAC method was used for time integration.  Boundary displacement characteristics of the 
structure surface were given as boundary conditions for the flow analysis.  Deformation of the 
cross section of the structure was ignored because it is much smaller than the displacement of 
the structure itself.  The natural frequency of the structure in the two-dimensional analysis was 
obtained by a beam model analysis.  The fluid force on the structure obtained from the flow 
analysis was used as load boundary conditions for the structure.   

 
The aluminum tube vibration test conducted by King et al. [6] was analyzed for 

validation.  The minimum size of radial mesh around the tube was 67 µm, considering the 
thickness of the boundary layer under the experimental flow conditions.  The result is shown 
in Fig. 3.  The analytical results for the six flow conditions simulate very well the 
experimental ones in which an in-line oscillation starts at the reduced velocity of about 1.3 
and declines at 2.4.   Further, the flow patterns indicated the appearance of a symmetric vortex 
shedding behind the cylindrical tube.  It is concluded from this validation analysis that the 
FLAVOR code could reproduce the first instability region of in-line oscillation due to 
symmetric vortex shedding.   

 
The validation analyses were also made on the 1/6th sector tests of the ABWR lower 

plenum in which the guide tubes for the control rod drives and in-core monitors were installed 
at full-scale.   The results showed the capability for FLAVOR to be applied to the flow 
induced vibration of the tube array as well [7].   
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Fig. 3  Fluid Structure Interaction Analysis 
 
 
4.  CAPE CODE 
 

Based on mechanistic models, the CAPE Code evaluates the critical power of BWR fuel 
bundles when the liquid film on the surface of a fuel rod is depleted and the DNB heat flux of 
PWR fuel assemblies when the vapor bubbles cover almost all of the surface of fuel rod.  
Detailed model description and validation results are shown in the reference [2, 8].   

 
The evaluation method of DNB and dryout is conceptually shown in Fig. 4.  The 

PLASHY-T was applied for three-dimensional two-phase flow analysis and a part of 
PLASHY-M was applied for three-dimensional liquid droplet transport analysis.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Evaluation Method for Critical Power and DNB in Fuel Bundle 
 

The code with the BWR models was validated by analyses of 8×8 full scale tests 
conducted by NUPEC and 4×4 bundle tests conducted by EPRI.  Figure 5 shows calculation 
results [8].  There was no parameter tuning during whole calculation.  The average difference 
between calculated and measured values was -0.3% with a standard deviation of 6.3%.   
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The code with the PWR models was validated by test analyses for a PWR 5×5 simulated 

fuel bundle conducted by NUPEC.  The result to date is shown in Fig. 6 [2].  The average 
difference between calculated and measured values was -0.6% with a standard deviation of 
7.03%.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Fig. 5  Validation for BWR Models                 Fig.  6  Validation for PWR Models 
 
 
5  SAMPSON CODE 
 

The SAMPSON Code has been developed to analyze integral plant behavior under 
severe accidents conditions.  The SAMPSON Code consists of eleven analysis modules to 
analyze specific phenomenon assigned and a simulation supervisory module which manages 
the analysis modules according to the progression of the accident events as shown in Fig. 7.   

 
The simulation supervisory module manages multiple analysis modules while appearing 

to users to be a single code.  In order to realize this, it calls and terminates analysis modules as 
appropriate with respect to time in the event and physical location, that is, it controls the 
parallel processing through allocation of modules to processor elements in the parallel 
computer.  It also controls communication between modules and time step.  Thus, various 
analysis modules are executed in parallel with inter-module communication, exchanging 
boundary conditions with each other (called MPMD: Multiple-Program Multiple-Data 
stream), and independent analysis modules are also executed in parallel with communication 
between processes used for the single module (SPMD).   

 
The RELAP5/mod3 code was incorporated into the SAMPSON as the in-vessel 

thermal-hydraulics analysis module.  The methodology applied to PLASHY was incorporated 
into other analysis modules on thermal-hydraulics behavior except fission products (FP) 
behavior.   
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Fig. 7  Modules in SAMPSON Code 

 
The vefification analyses for each analysis module were presented at the SNA-2000 

conference [2] and the ICARE-CATHARE senimar [9], and plant analyses with 
communication of all modules were presented at the SNA-2000 conference [10].  Some 
analysis modules related to thermal-hydraulics behavior were applied to plant analyses on 
hydrogen accumulation and combustion in a pipe at Hamaoka-1 nuclear power station [11].   

 
Here, other typical test analyses on thermal-hydraulics behavior are exemplified as 

follows.   
 
5.1  Analysis of ISP-45 
 

The objective of the analysis was to validate capability of hydrogen generation analysis 
during fuel rod heat-up and quench processes.  The Quench-06 test conducted at FZK was 
analyzed.  The core heat-up analysis module and the molten core relocation analysis module 
were used in this analysis.  The typical result is shown in Fig. 8 for accumulated hydrogen 
generation [12].     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  ISP-45 Test Analysis (Hydrogen Generation during Heat-Up and Quench) 
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5.2  Analysis of ISP-46 
 

The ISP-46 was analysis of PHEBUS FPT1 test.  The six analysis modules were used; 
core heat-up,  molten core relocation, ex-vessel thermal-hydraulics, FP release from fuel, FP 
behavior in RCS and FP behavior in containment.  The preliminary analysis result is shown in 
Fig. 9 which was presented at the ISP-46 Workshop [13].  In the test analysis, the same 
nodding was applied as an actual plant analysis.  The CPU time was about 6 days for 5 hours 
transient analysis, in terms of single processor calculation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Final Relocated Fuel Mass Distribution in PHEBUS-FPT1 Test 
 
5.3  Analysis of KROTOS-44 Steam Explosion Experiment 
 

The VESUVIUS module (Vapor Explosion Simulations under Ex-Vessel Conditions 
with Integrated Modular Software) simulates steam explosions, dividing the event into the 
premixing phase of the fuel breakup, the triggering phase, and the fine fragmentation-
propagation phase.  The PLASHY-M was adopted as the base code and was used to solve the 
mass, momentum, and energy balance for liquid, vapor, and two components of molten 
corium.    

 
The KROTOS-44 experiment [14] was analyzed to validate the models.  The 

experimental setup is given in Fig.10.  The test section in Fig. 10 was divided into 5 meshes 
radially and 64 meshes axially for the validation analysis in cylindrical coordinates.  The 
changes of pressure measured at the side wall are given in Fig. 11 together with the analysis.  
The pressure at the elevation 0.15m starts to increase without delay since the molten material 
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was there at the time of trigger.   The propagation of pressure in the upper and lower 
directions appears in the experiment and is simulated very well.   The peak pressure is also 
predicted fairly well.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig. 10  KROTOS-44 Test Section 
 
 
 
 
 
 
 
 

Fig. 11  KROTOS-44 Test Analysis 
 
 
7.  Conclusions 
 

The IMPACT software system has been developed.  IMPACT's distinguishing features 
include interconnected hierarchical modules and mechanistic models covering a wide 
spectrum of scenarios ranging from normal operation to severe accident events, and high 
speed simulation on parallel processing computers.  The IMPACT includes following codes.   
 
(1) The PLASHY code for three-dimensional fluid dynamics analysis has been developed to 

provide the core program for other IMPACT software.  It was validated by the ISP-43 
analysis.   

 
(2) The FLAVOR code analyzes pressure load on a structure surface and flow induced 

vibration phenomena.  The PLASHY was incorporated into the FLAVOR as a module for 
fluid flow analysis.  FLAVOR could reproduce the measured frequency dependency on the 
power spectrum density of pressure oscillation on the nuclear reactor internals and the first 
instability region of in-line oscillation due to symmetric vortex shedding.   

 



 
(3) The CAPE code analyzes critical power and DNB in fuel bundles, in which two phase 

flow behavior is analyzed by the PLASHY.  The prediction precision of the critical power 
was -0.3% with 6.3% standard deviation for BWR fuel bundles and –0.6% with 7.03% 
standard deviation for PWR fuel bundles.   

 
(4) The SAMPSON code with modular structure analyzes integral plant behavior under severe 

accident conditions.  The methodology applied to PLASHY was incorporated into analysis 
modules on thermal-hydraulics behavior except fission products (FP) behavior.  Each 
analysis module was validated by separate effect tests.  ISP-45 and ISP-46 analyses 
showed validity of plural modules which were interactively executed.   
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Abstract

Increased use of CFD for reactor safety analysis brings with it an increasing need for
validation against experimental results. The experimental results summarized in this
paper have some short term utility for validating current single phase calculations. As
CFD models mature, and are used for a wider range of two-phase simulations, this
data may be useful for validating use of CFD for steam jets in water (BWR pressure
suppression tanks, or AP1000 ADS 1-3 injection into the IRWST). It may also
increase general confidence in performance of specific two-phase CFD models in
other condensing regimes. Experiments were conducted for steam into water, air into
water, and air into air. Tables are provided of pressure along the centerline of the jet
for a wide range of inlet conditions. Pressure expansion ratios for the jet were set at 2,
3, and 4. Reynolds numbers at the nozzle were between 1.4x105 and 3.2x105. Density
ratios (ambient to nozzle exit) ranged from 450-860 for steam-in-water, from 170-340
for air in water, and from 0.2 to 0.4 for air in air experiments. High speed photographs
are available for the steam-in-water and air-in-water jets, as a means of checking CFD
predictions of the extent of the vapor region.

1. INTRODUCTION

The experimental results summarized in this paper cover underexpanded jets of steam into
water, air into water, and air into air over a wide range of conditions. The gas into water tests
may aid validation of codes applied to behavior in BWR pressure suppression tanks, or flows
induced in an AP1000 IRWST during stages one through three of the automatic
depressurization system. The gas into gas results could supplement experiments such as those
in the OECD/NEA SETH project [1], characterizing jet driven mixing in containment
buildings.

A typical underexpanded steam jet submerged in water undergoes a Prandtl-Meyer type
expansion [2] upon leaving the nozzle, during which the centerline static pressure rapidly
decreases and the jet width increases. The maximum jet width and velocity corresponds to
the minimum static pressure. The centerline static pressure then begins to increase and the
centerline velocity decreases along with the jet width as the jet experiences a recompression
or pressure recovery. An expansion and recovery are commonly referred to as a shock cell.
In an isentropic flow, the pressure recovery would be complete and the centerline static
pressure would be equal to the pressure at the exit plane of the nozzle. A shock would occur
at this location and the expansion and recovery would repeat indefinitely. In a real flow,
however, viscous effects lead to entrainment and mixing of the ambient fluid which reduces
the pressure recovery and modifies the jet width. The pressure recovery in each successive
shock cell is reduced until the mixing reaches the centerline of the jet and the centerline static
pressure is equal to the ambient pressure. Beyond that point the steam jet acts as a
momentum-dominated constant-pressure jet.



There is a limited amount of data for condensing vapor jets injected into liquid available in
the literature [3, 4, 5, 6, 7, 8] Many of the experiments were conducted with the jets injected
vertically in the ambient liquid to avoid addressing the effects of buoyancy [5, 6, 7, 8] . The
studies of vapor jets injected horizontally in the ambient liquid were limited to short
penetration distances so that buoyancy forces could be neglected [3, 4]. Experimental data
reported from these studies consisted of information taken from high-speed photographs of
the vapor jet (vapor cavity shape and length), steam inlet pressure and temperature, ambient
liquid pressure and temperature, and steam mass flow rate. The mass flow rates were
determined from meter orifices or direct calibration.

Although other flows (air-air, air-water) were studied, the focus of this work was on steam
jets. The primary goals of this experimental work were to provide pressure data for the near
injector region and measurements of penetration lengths and shape of the buoyant vapor
cavity. High-speed flash photography was used to determine the shape and length of the
vapor cavity. A static pressure probe was used to measure the pressure at the exit plane of the
nozzle and along the center line of the steam jet in the near injector region.

2. APPARATUS

The test apparatus included a water-filled tank, a plane injector, a traversable pressure probe,
a capillary purge system, and a window to allow for flash photography and observation of the
flow. A schematic of the test apparatus is shown in Figure 1. The main feature of the test
apparatus was a rectangular water tank in which all the experiments were carried out. The
fiberglass tank was large (0.76 m wide, 0.9 m high, and 1.5 m long) to simulate the
undisturbed spreading of the steam jet within a stagnant water bath. A 25.4 cm (10 in)
diameter aluminum cylinder, housing a planar nozzle, was installed in one end of the tank
such that the nozzle was 38 cm above the bottom of the tank. The cylinder protruded 15 cm
into the interior of the tank. A 30.5 cm diameter PVC pipe with a 30.5 cm diameter glass
view port at the end was installed in the side of the tank to allow observation of the jet. The
depth of the water in the tank was maintained at approximately 0.76 m, providing the same
amount of water above and below the nozzle.

The brass two-dimensional nozzle had a slot height of 3 mm, a slot width of 36 mm, and a
length of 152 mm. The internal dimensions of the injector were 36 mm wide by 30 mm high
by 133 mm long. The height underwent a 10:1 lateral contraction to provide a uniform exit
velocity across the exit width, yielding an exit aspect ratio of 12:1. The design of the nozzle
was similar to that of Loth et al. [9]. A static pressure port was machined into the nozzle to
allow for measurement of the static pressure 2 mm upstream of the nozzle exit plane. This
pressure tap was connected to a 0 to 150 psig Heiss pressure gauge and a CEC 0-250 psig
pressure transducer.

A traversing probe measured the static pressure along the axis of the jet (Figure 2). The tap
consisted of a 1.1 mm diameter stainless steel tube that was 127 mm long. A static probe 0.08
mm in diameter was drilled in the side of the tube 102 mm from the upstream end of the tube.
The upstream end of the tube was sealed with silver solder. The pressure probe was held in
place by a support inside the nozzle just upstream of the nozzle’s contraction and by another
support 102 mm downstream of the nozzle. The tube was connected to an actuator that
positioned the probe along the jet axis. A computer program was written to control the
movement of the actuator. Positioning accuracy was 0.2 mm. The program was written so
that the probe velocity and data sampling rate could easily be varied.



Figure 1. Experimental Layout

Pressure data were observed with a Heiss vacuum/pressure gauge and recorded with a CEC 0
to 250 psi pressure transducer. Probe velocity was 0.3 mm/s and the pressure data were
collected at 100 hertz (Hz). Pressure data were averaged over intervals of 0.1 seconds to
provide a quasi steady average static pressure at discrete locations.

Figure 2. Traversing Pressure Probe and Nozzle



A capillary purge was needed to keep water from entering the probe. The idea behind the
capillary purge was to provide a constant volume flow to minimize the effects on the final
pressure measurements over all flow regimes. The capillary purge consisted of a high-
pressure bottle of nitrogen gas connected to the probe line. A microvalve was placed in the
line to control the flow of nitrogen. The upstream pressure was set to 400 psig and the
microvalve was opened until a slow stream of bubbles exited the probe. This resulted in a
pressure increase of less than 0.25 psi in the probe.

3. RESULTS

Expansion ratios (nozzle exit pressure divided by ambient pressure) of 2, 3, and 4 were
selected for this set of experiments. The water in the tank was heated to remove dissolved
gases and allowed to cool overnight before testing. The static pressure and photographs were
taken at several different water temperatures. Plenum pressure and temperature were
monitored throughout with a standard deviation of 2%. Test conditions for this study are
summarized in Table 1.

Table 1. Summary of Test Conditions for Underexpanded Jets

Pe/Pÿ mÿ
(lbm/sec)

Reo/105 Rio/10-7 Weo/105 ÿÿ/ÿo B-1

Steam/Water
2
3
4

0.14
0.21
0.25

1.4
2.0
2.6

1.12
1.18
1.24

3.9
6.5
8.3

858
587
448

8.1-81
8.5-108
9.7-161

Air/Water
2
3
4

0.22
0.33
0.43

1.6
2.4
3.2

3.06
3.06
3.06

0.1
0.14
0.23

337.5
225
169

---
---
---

Air/Air
2
3
4

0.22
0.33
0.43

1.6
2.4
3.2

3.06
3.06
3.06

---
---
---

0.4
0.3
0.2

---
---
---

The parameters in Table 1 are:

The Reynolds number
ν

DU=Re
ho

o , where Uo is the nozzle exit velocity, and Dh is

the hydraulic diameter of the nozzle;

The Richardson number
U

aD=Ri
o

2
h

o , where a is the acceleration of gravity;

The Weber number
σ

ρ DU=We
ho

2

o , whereÿ is density and� is surface tension; and

The condensation driving potential is
h-h

h-h
=B

sfo

sf ∞ , wherehfs is the enthalpy of the

saturated liquid,h ÿ is the enthalpy of the bath, andh o is the enthalpy of the steam at
the exit of the nozzle.



Flash photographs of the steam jets were studied at three underexpansion ratios and different
water temperatures to determine the characteristics of the submerged steam jet. Dimensional
parameters were obtained from direct measurement of the photographs. These parameters
were made nondimensional by dividing by the height of the nozzle exit. Nondimensional data
summarized in Table 2 include:

� , the nondimensional penetration length of the jet;
� exp, the nondimensional penetration length of the first shock cell; and
� exp, the spread angle of the initial expansion zone.

Images of jets with B-1 less than 60 appear as clouds of fine white mist where the steam/water
interface is fairly well defined and the jet stays two-dimensional. For these high condensation
driving potentials,� is linearly related to B-1. For B-1 larger than 60, there is a marked
increase in the penetration length of the jet due to the increased amount of liquid that must be
entrained to cause the jet to condense. Large-scale structures are present in the jet, the
steam/water interface becomes much more irregular, and the jet becomes more three-
dimensional.

Pe/Pÿ Tb
(� F)

B-1 � � exp � exp

2 90 8.1 13.2 3.7 12.0

2 129 11.8 18.7 3.7 13.0

2 168 22.3 35.0 4.0 13.5

2 195 57.3 68.0 4.0 15.5

2 200 80.75 73.2 4.0 16.0

3 96 8.5 16.0 6.7 17.0

3 125 11.4 24.2 6.0 17.0

3 162 19.8 33.0 6.5 21.5

3 193 51.7 71.5 5.5 19.0

3 203 107.9 92.5 5.5 23.5

4 102 9.1 21.5 9.5 24.5

4 120 10.8 31.5 7.7 23.5

4 157 18.1 39.0 7.5 25.0

4 187 39.6 72.2 9.7 25.0

4 206 161.0 110.0 * 25.0

Table 2. Results from Photographic Study of Condensing Steam Jets



Pressure data was taken air jets into air, as a simple check of the apparatus, and compared
reasonably well with other data on air into air [9]. Data on air into water was taken to provide
a baseline without condensation for analysis in the PhD. Thesis associated with this
experiment [10]. The centerline static pressure for air into water does not show the same level
of recovery as do the air jets in air. This is due to the increased viscous losses at the air/water
interface, losses associated with the entrainment and acceleration of liquid drops in the flow,
and the increased work required for the air to expand in the water. Based on the pressure
probe data, the initial expansion of the air jet is nearly the same for air jets into air as for air
jets into water.

The pressure recovery at the end of the expansion cells is much lower for the steam jets in
water than for the air jets in air and the air jets in water. This is caused by heat transfer from
the steam to the water, which is limited by the vapor side heat transport. Centerline pressure
measurements were repeated at a number of different bath temperatures, and the variation of
pressure at any location with bath temperature was less than experimental uncertainty (2%).
As a result, data provided in Table 3 should be assumed to be independent of bath
temperature.

4. CONCLUSIONS AND RECOMMENDATIONS

Two phase flows such as the condensing jets studied here present a significant problem for
validation of CFD codes. To obtain a high level of confidence in code predictions, we would
like to have data on pressure, velocity, turbulence, and the condensing surface at a reasonably
dense set of spatial locations. Unfortunately the two phase nature of the flow rules out
standard Laser-Doppler techniques that provide information on mean velocities and
turbulence. Taken alone, the experimental data presented in this paper can only eliminate bad
computational models, and increase confidence in good ones. We recommend that these
results be used in combination with comparisons to good single phase jet experiments which
characterize details of the flow. This will provide a more information about the quality of a
given CFD code’s turbulence model, and adequacy of nodalization in and around the jet.



Table 3 Centerline Static Pressure Ratios for Plane Jets (d=3 mm)

� Pe/Pÿ

Pe/Pÿ =2 Pe/Pÿ= = 3 Pe/Pÿ = 4

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

0.0 2.05 2.10 2.11 3.05 3.10 3.13 4.10 3.96 4.04

0.2 1.38 1.52 1.85 2.12 2.23 2.97 3.43 3.21 3.35

0.4 1.22 1.17 1.43 1.53 1.18 2.59 2.40 2.54 2.91

0.6 0.94 0.90 1.24 0.90 0.92 2.02 1.31 1.85 2.47

0.8 0.82 0.85 1.07 0.75 0.85 1.49 0.82 1.50 2.26

1.0 0.80 0.85 0.79 0.51 0.76 1.05 0.64 0.81 1.80

1.2 0.80 0.94 0.70 0.47 0.51 0.83 0.45 0.50 1.63

1.4 0.90 1.10 0.67 0.45 0.50 0.65 0.37 0.45 1.25

1.6 1.08 1.25 0.67 0.44 0.50 0.53 0.31 0.40 0.82

1.8 1.36 1.28 0.84 0.47 0.53 0.51 0.29 0.35 0.71

2.0 1.25 1.33 1.00 0.53 0.72 0.46 0.26 0.30 0.61

2.2 1.04 1.28 1.08 0.70 0.83 0.45 0.26 0.30 0.53

2.4 0.92 1.09 1.18 0.94 0.86 0.45 0.26 0.30 0.47

2.6 0.92 1.00 1.17 1.20 1.05 0.48 0.26 0.35 0.44

2.8 0.86 0.87 1.12 1.52 1.09 0.52 0.24 0.39 0.44

3.0 0.88 0.89 1.06 1.72 1.38 0.62 .024 0.44 0.44

3.2 1.02 0.94 1.00 1.80 1.52 0.73 0.30 0.56 0.45

3.4 1.04 0.81 0.98 1.71 1.27 0.83 0.45 0.71 0.45

3.6 1.23 0.81 0.95 1.38 1.03 0.93 0.60 0.84 0.46

3.8 1.22 0.96 0.92 1.07 0.90 1.02 0.68 0.95 0.50

4.0 1.14 1.02 0.89 0.95 0.88 1.14 1.03 1.01 0.52

4.2 1.07 0.96 0.87 0.83 0.86 1.22 1.14 1.12 0.53

4.4 0.99 1.16 0.87 0.75 0.86 1.05 1.35 1.16 0.60

4.6 0.94 1.16 0.89 0.72 0.85 0.99 1.42 1.20 0.60



Table A.1 Centerline Static Pressure Ratios for Plane Jets (d=3 mm) (continued)

� Pe/Pÿ

Pe/Pÿ= = 2 Pe/Pÿ= = 3 Pe/Pÿ= = 4

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

4.8 0.96 1.15 0.89 0.72 0.87 0.97 1.24 1.02 0.63

5.0 1.00 1.19 0.87 0.70 1.10 0.94 1.19 0.93 0.68

5.2 1.08 1.13 0.89 0.75 1.05 0.90 0.92 0.92 0.70

5.4 1.11 1.10 0.90 0.82 0.99 0.87 0.81 0.90 0.85

5.6 1.10 1.09 0.92 0.90 0.93 0.85 0.66 0.93 0.93

5.8 1.07 1.09 0.97 1.00 0.84 0.86 0.62 0.94 1.02

6.0 1.02 1.07 0.97 1.07 0.84 0.83 0.56 0.97 1.09

6.2 0.98 1.00 0.98 1.17 0.96 0.83 0.53 0.99 1.14

6.4 0.98 1.00 1.03 1.16 1.04 0.86 0.52 1.02 1.17

6.6 1.00 1.00 1.02 1.11 1.05 0.90 0.51 1.01 1.19

6.8 1.04 1.00 1.07 1.11 1.05 0.94 0.52 0.99 1.21

7.0 1.02 1.00 1.08 1.00 1.03 0.98 0.54 0.99 1.22

7.2 1.01 1.00 1.08 0.99 0.98 1.05 0.58 0.98 1.21

7.4 1.02 1.00 1.10 0.94 0.98 1.07 0.62 1.00 1.18

7.6 1.00 1.00 1.12 0.90 0.97 1.10 0.68 1.00 1.16

7.8 0.98 1.02 1.13 0.86 0.92 1.11 0.74 0.98 1.14

8.0 0.98 1.02 1.12 0.85 0.96 1.13 0.85 0.99 1.12

8.2 1.00 1.00 1.11 0.83 1.07 1.13 0.90 1.00 1.12

8.4 1.00 1.00 1.13 0.83 1.05 1.11 0.94 1.00 1.07

8.6 0.98 0.98 1.11 0.87 1.04 1.10 0.97 0.98 1.06

8.8 0.98 0.98 1.11 0.87 1.02 1.10 0.97 0.98 1.04

9.0 0.98 0.98 1.10 0.95 1.02 1.07 0.92 1.00 1.06

9.2 0.98 1.00 1.10 0.97 1.02 1.07 0.86 1.00 1.06

9.4 0.97 1.00 1.08 0.94 0.98 1.05 0.83 0.98 1.06



Table A.1 Centerline Static Pressure Ratios for Plane Jets (d=3 mm) (continued)

� Pe/Pÿ

Pe/Pÿ= = 2 Pe/Pÿ= = 3 Pe/Pÿ= = 4

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

Air-Air Air-
Water

Steam-
Water

9.6 0.96 1.00 1.08 1.00 0.98 1.03 0.80 0.98 1.06

9.8 0.96 1.00 1.08 1.03 1.01 1.02 0.77 1.00 1.03

10.0 0.96 0.98 1.07 1.05 1.01 1.04 0.73 1.00 1.09

10.2 0.97 0.98 1.05 0.98 1.01 1.02 0.73 1.00 1.14

10.4 0.96 0.98 1.03 1.00 0.98 1.00 0.72 0.98 1.12

10.6 0.96 1.02 1.05 1.00 0.98 1.02 0.72 0.98 1.16

10.8 0.96 1.02 1.04 0.96 0.98 1.00 0.70 0.98 1.14

11.0 0.96 0.98 0.99 0.70 0.97 1.14

11.2 1.00 1.00 0.97 0.67 1.00 1.19

11.4 0.98 1.00 0.99 0.68 1.00 1.19

11.6 0.96 1.00 0.99 0.67 1.00 1.19

11.8 0.96 0.98 0.97 0.67 0.97 1.18

12.0 0.85 0.98 0.97 0.69 0.97 1.16

12.2 0.92 1.01 0.98 0.67 0.98 1.19

12.4 0.77 1.01 1.00 0.65 1.01 1.21

12.6 0.75 1.00 0.99 0.66 1.01 1.16

12.8 0.77 1.00 0.97 0.68 1.00 1.16

13.0 0.79 1.00 0.97 0.76 0.98 1.14

13.2 0.72 0.98 1.16
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