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Executive summary 

 

Thermal-hydraulic (T/H) transient and accident analyses rely heavily on computer codes 

to simulate system answers to physical phenomena and engineer safety feature actions. The 

reliability of the methods and tools used should be fully demonstrated and the 

approximations, lack of knowledge and an evaluation of the uncertainties identified. 

Improving the reliability of codes used for T/H analyses is an important objective for both 

regulators and operators.   

All flows are by nature three-dimensional (3D). T/H system codes mostly rely on one-

dimensional (1D) models and their validation is mainly based on reduced scaled 1D 

experiments. In some geometries and within a certain range of given parameters, there may 

be one predominant flow direction and the 1D approach is sufficient. Nevertheless, for most 

applications, this approach was used to avoid solving the equations related to complex 

flows where all dimensions should be considered. Later, in the 1980s, some 3D capabilities 

were introduced into system codes. However, developed models include an overall 

contribution of interactions in all dimensions through empirically adjusted coefficients. 

Simple extrapolation of 1D closure laws to 3D models was used. Yet there is no guarantee 

that these simplifications will be relevant to all situations. 

This report aims to establish the status of current 3D capabilities in T/H system codes, 

covering all aspects and limitations, including the equations and simplifications considered, 

the time and space averaging procedures, the closure models and available or needed 

experimental support. These aspects are organised sequentially. The reasons for developing 

multidimensional capabilities in T/H system codes are first discussed to illustrate the 

variety of situations to be covered. The multidimensional phenomena and the general 

approach for modelling them are then described. These descriptions clarify the general 

picture, after which the report presents the current situation regarding codes, experiments 

and validation. The report presents a gap analysis between what is available and what is 

desirable. Finally, the main challenges are summarised and some proposals on how to 

tackle them are suggested. 

Multidimensional phenomena that can have a significant impact occur in the course of 

asymmetric design basis accident scenarios, such as a feed water line break (FWLB), main 

steam line break (MSLB) and loss-of-coolant accident (LOCA). Furthermore, 3D 

phenomena can play a key role under natural circulation flow regimes, in which flow 

mixing and stratification are predominant, similar situations occur when passive systems 

are involved. 

The reliability of heat removal passive systems and their components ï such as core make-

up tanks, passive residual heat exchanger, isolation condenser ï is driven by natural 

circulation and depends on which local 3D phenomena are taking place. These phenomena 

could be temperature stratification and mixing, heat losses under prolonged transients, 

competing driving forces, etc.  

Another scenario involves pressurised thermal shock in the reactor pressure vessel due to 

cold water injection in a quasi-stagnant loop condition. A local pressure stress results on 

the vessel wall, which can lead to crack propagation. This multidimensional phenomenon 

takes place under thermal stratification and inhomogeneous fluid temperature distribution. 
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In the case of the spent fuel cooling pool, hundreds of parallel fuel assemblies are stored in 

the racks. Under such conditions, 3D local vortices and 3D large recirculation structures 

exist, whereas temperature stratification is possible under a generally stable natural 

circulation convection regime. 

Flow regime, wall and interfacial friction, heat transfer, turbulence dispersion and diffusion 

are immediately identified as the main topics to be analysed and the approaches for 

considering them in multidimensional thermal-hydraulic system (SYSTH) codes are 

presented.  

The averaging hypotheses, in time and in space, are key subjects in fluid mechanics 

simulations. Averaging procedures filter the information and are deeply interrelated with 

multidimensional phenomena. The closure models are therefore linked to space and time 

considerations.  

This report also considers the crossflows in open geometry, such as in a pressurised water 

reactor core. Transverse flows are related to the power radial distribution and the pressure 

losses. These crossflows are fundamentally 3D and require specific treatment to provide a 

reliable description of the full core. These transverse flows can be beneficial when a 

chimney effect occurs, with flows converging from the cooler channels into the hotter areas 

of the core, where the higher power rods also undergo the highest peak clad temperature. 

Some typical T/H system codes with 3D capabilities implemented are briefly described in 

this report, as well as the approaches followed that enable multidimensional simulations, 

their advantages and drawbacks. The porous medium approach is widely adopted in T/H 

system codes. Although quite compatible with the geometries encountered in the reactor 

systems and components, this approach has inherent limitations. The relative importance 

of the diffusion terms highly depends on the porosity and hydraulic diameters. However, 

whatever the approach, computed quantities need to be time and space averaged, leading 

to a limited resolution of space and time variations. The associated very small scales 

involved in T/H phenomena, and the related computing resources and central processing 

unit (CPU) cost, mean that there are intrinsic limitations directly linked to the coarse 

nodalisation. Information on local flow processes (such as turbulence) is lost due to the 

averaging and has to be compensated by additional modelling. As a result, there are 

deficiencies due to numerical limitations and unavoidable imperfections of the closure 

laws. When system codes are used, attention should be paid to the following aspects: 

¶ Many physical phenomena heavily depend on the geometry and the models 

may only be valid for a specific geometry. 

¶ Closure laws can have large uncertainties due to simplification of the physics 

and non-modelled phenomena. Although intrinsic limitations will ultimately 

remain, more accurate models may be required to enhance the reliability of the 

computation. 

Since 1D equations have been modified and extended to 3D, one or more types of 

multidimensional components or modules have been implemented in current T/H system 

codes. The available closure laws were developed in association with 1D discretisation and 

therefore the simplest approach was to directly extend them to multidimensional 

applications. However, the closure laws are based on measurements in some typical 

geometries (circular pipe, rod bundle or tube bundle, annuli) and do not cover all situations. 

Due to their intrinsic origin as an extension of the 1D component equations, the current 3D 

models have deficiencies. Another option was to consider some terms as non-significant, 

for example the 3D diffusion terms that are sometimes not present in the 3D model. 

From the numerical solution perspective, the temporal discretisation is inherently 
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connected to the used solution method (implicit or semi-implicit). Although fully-implicit 

algorithms are more CPU time-consuming to solve, they have some advantages. Another 

option is to use the operator-splitting approach with a semi-implicit discretisation. The non-

iterative semi-implicit methods enable faster calculation (low computational cost of a 

single time step), yet the time step sizes are limited by the material CourantïFriedrichsï

Lewy condition. Time and space averaging procedures are not 3D specific and have already 

been addressed for the 1D approach. The problem lies in the extension of existing closure 

laws that are incompatible with 3D modelling. 

The growing role of 3D modelling of reactor core and pressure vessel requires additional 

experimental data for proper validation. Elements on available experimental support, which 

were used to develop some of the current T/H system codes, are proposed. Some tests were 

not specifically designed for 3D measurements, but still provide useful information for the 

validation of the 3D simulations of T/H system codes. More recent tests have larger two-

dimensional (2D) or 3D features. The experimental support is presented following the usual 

typology, separate or integral effect tests (SET and IET). Several test facilities (e.g. upper 

plenum test facility [UPTF], Loss-of-Fluid Test [LOFT]) are already known to have 

previously supported the validation of thermal-hydraulic codes; other facilities 

(e.g. Advanced Thermal-Hydraulic Test Loop for Accident Simulation [ATLAS]) were 

constructed to support the new generation of nuclear reactors.  

The qualification procedure is based on verification and then validation procedures. Typical 

verification tests for checking the correct implementation of 3D capabilities in the codes 

are suggested. The validation that was performed on T/H system codes is summarised for 

each code, which is separated into the validation performed by the code developers and 

comparisons carried out by independent users. Code developers must demonstrate the 

validation of their codes alongside an identification of the areas of applications. The bases 

of their demonstrations are summarised. Independent comparisons provide another 

illustration of the codesô capability. 

The results showed that although the 3D capabilities brought significant improvements 

compared to 1D usual discretisation, there are several axes for progress. Directions for 

developments consist of three main parts: (i) the type of geometry in relation to the 

identification of phenomena and their ranking (PIR), especially in the core, where radial 

power distribution is a major driver for 3D phenomena, and in the downcomer, because of 

the highly unsymmetrical geometry in case of broken loop and safety injection; (ii) the 

terms in the field equations; and (iii) the mesh size dependence.  

The first action should be to revisit the PIR to identify the physical models where closure 

laws showed significant deficiencies. The porous media approach must also be taken into 

consideration because it globally simulates the real geometry. One of the key issues is with 

the diffusion/dispersion models.  

Ultimately, there is a need for additional validation support. The definition of such 

experimental need is also associated with the mesh size dependence strategy and the 

measurement possibilities. The role of multiscale validation is a promising option that 

requires in-depth analyses to establish the limitations of this approach. Ideally, a solution 

to cases where local measurements are not feasible would be to evaluate them through 

computational fluid dynamics (CFD) calculations and then report the values in a coarser 

thermal-hydraulics system (SYSTH) modelling.  

In conclusion, capabilities of the current T/H simulation tools have reached a certain 

maturity. Although relative improvements can be achieved in 3D capabilities and numerics, 

significant investments in experimental support and specialistsô resources are needed to 

generate a breakthrough new step. Multiscale validation cannot provide all insights and 
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therefore experiments should ideally be performed and provide 3D velocity measurements. 

Steam is indeed preferable to using air as a surrogate. The use of heating rods with adjusted 

radial distribution would increase transverse velocities ï which are key parameters in heat 

transfer in rod bundles ï and consequently increase the reliability of core modelling. 

Regarding the more theoretical side, the derivation of equations for a porous 3D approach, 

in two-phase flows, must be documented in detail. All the assumptions and simplifications 

made must be identified and their treatment justified. Looking beyond the specific case of 

3D, ongoing work in numerics and uncertainty qualification should be continued. 
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1.  Introduction 

1.1.  Background 

The evaluation model and computational capabilities required for engineering design and 

safety analyses of nuclear installations have shown significant progress compared to the 

first tools established in the 1960s. For the specific case of thermal hydraulics (T/Hs), first-

generation codes were based on simple models associated with conservatisms intended to 

cover the lack of knowledge, simplifications and limited computational capabilities and 

experimental support available at that time. The second generation included the more 

advanced two-fluid six-equation model, adopted a best-estimate approach and benefited 

from an extensive experimental programme, which was a significant improvement on the 

first-generation tools. However, the current tools still have some limitations and 

deficiencies that industries and regulatory bodies intend to address. Any progress would 

improve confidence in the safety demonstration and extend the application of these tools 

to the recently developed components and new systems offered by designers and vendors, 

such as the systems that rely on passive phenomena. 

One of the limitations of the current evaluation tools relates to coarse nodalisation, 

particularly for three-dimensional (3D) aspects. Besides the loss of information due to 

averaging procedures, T/H system codes first focused on one-dimensional (1D) models and 

their validation was mainly based on reduced scaled 1D experiments, although full-height 

rod bundle tests were available. Large-scale multidimensional effects were identified in 

pressurised water reactor large break loss-of-coolant accidents (PWR LB-LOCAs) in the 

80s and the two-dimensional (2D)-3D international experimental programme provided 

(e.g. [1-1]) large-scale 3D validation data. Alongside these developments, 3D capabilities 

were introduced into system codes for the pressure vessel modelling. However, some 

important questions about the derivation and simplifications of 3D field equations remained 

unanswered and experimental data was not detailed enough to justify all simplifying 

assumptions. Many licensing studies used zero-dimensional (0D) and 1D modelling of the 

pressure vessel sub-components with potential parallel channel modelling of the core and 

a possible addition of crossflow junctions. Detailed 3D processes are then simplified and 

only a global validation on full-scale mock-up was proposed for model qualification. 

Progress has been made in the last two decades in the 3D modelling of two-phase flow 

thanks to the development of one-phase and two-phase computational fluid dynamics 

(CFD) tools and to the improvements of the subchannel analysis modelling and validation. 

Validation and international benchmarks on PWR Subchannel and Bundle Tests (PSBT) 

[1-2] and BWR Full-size Fine-Mesh Bundle Test (BFBT) [1-3] rod bundle tests could 

compare the predictions of PWR and boiling water reactor (BWR) core flow by 1D models, 

subchannel models and CFD in open medium. These investigations all provided a more 

precise identification of 3D processes in open medium and porous medium approaches and 

allowed a revisiting of 3D pressure vessel (PV) models of system codes to better evaluate 

the capabilities and limitations. 

All flows are 3D by nature. However, there can be one predominant flow direction in some 

geometries and within a certain range of given parameters, with the result that 1D analysis 

is sufficient. Nevertheless, the 1D approach was initially used even for some applications 

in complex flows, where all dimensions should be considered. Therefore, the developed 

models include an overall contribution of interactions from all dimensions through 

empirically adjusted coefficients associated to a particular geometry. For example, the 
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complex 3D flow phenomena in a PWR downcomer during a large break loss-of-coolant 

accident (LB-LOCA) refill phase was first treated in 1D with some tuning of interfacial 

friction and condensation models, with many other 3D processes not being explicitly 

considered. 2D downcomer modelling was then used to take the azimuthal flow repartition 

into account for the LB-LOCA refill phase. Following the development of 3D capabilities 

in T/H system codes, simple extrapolation of 1D closure laws to 3D models was used 

instead. This method provided reasonably good results. For example, the simulation of core 

reflooding experiments with significant 3D effects did not require significant reformulation 

of the models despite the simplifications used. However, there is no guarantee that these 

simplifications will apply to all situations. Increased computer power enables a finer 

nodalisation. A careful check of all simplifications and a more complete modelling of all 

3D processes is required to improve code reliability. 

The current validation database of system codes is mostly 1D and only large-scale 3D LB-

LOCA phenomena were experimentally simulated. A more extensive use of 3D modelling 

in system codes for other transients may require additional validation data. Current 3D 

models may also not include all phenomena. The state-of-the-art of 3D capabilities in T/H 

system codes should therefore cover all aspects and limitations, from the equations and 

simplification considered, to time and space averaging with unavoidable use of relatively 

coarse meshes, closure models, and a review of available or needed experimental support. 

This report presents the status of the current availability and development of 

multidimensional capabilities of T/H system codes. Situations are identified where a 

multidimensional description of the geometry would improve the accuracy and reliability 

of the calculations. Present applications and limitations are reviewed, and experimental 

support described. The rationale for future developments and additional experimental 

support is also proposed. 

1.2. Objectives and scope; safety issues with 3D T/H phenomena 

The main objective of this work is to identify actions that will allow for more reliable and 

accurate system code simulations through a better knowledge of the various 3D phenomena 

and by taking advantage of increasing computer power to use good and validated 3D 

models of system codes with an improved space resolution. This document will: 

¶ establish current code limitations for nuclear power plant applications; 

¶ determine small-scale flow processes in relation to 3D set of equations and identify 

all simplifications of current models; 

¶ present simplifying assumptions, checking that there is no flaw in the modelling; 

¶ clarify the role and impact of nodalisation and strategy for mesh convergence 

(develop physics dedicated to a specific mesh size and validate the code with this 

same mesh size or accept some non-convergence and estimate the error or any other 

possible strategy to be defined); 

¶ check whether the validation is sufficient or not; if not, propose additional 

experimental programmes; 

¶ suggest verification and validations (V&V) matrix for 3D capabilities system 

codes. 
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1.3. Related CSNI and international activities 

T/H system codes and related topics have been well documented since their initial 

deployment. International initiatives continue to foster collaboration and exchanges on 

code development, experimental support and model improvement. The present review of 

3D capabilities of T/H system codes should be placed in the historical and general context 

of the development of scientific tools that aim to generate reliable and accurate simulations 

of physical phenomena. 

The United States, Germany and Japan started an international programme in the early 

1980s on the T/H behaviour of emergency core cooling (ECC) during the refill and reflood 

phases of a LOCA in a PWR, involving the assessment and use of a best-estimate computer 

code (TRAC). The objectives were to study the multidimensional effects during post-

blowdown phases of a PWR LOCA and provide supplementary experimental data and 

analysis tools for this transient. Reference [1-4] presents a summary of the reactor safety 

issues investigated.  

Most of the international co-operation projects have been supported by the NEA and IAEA. 

This report does not include a comprehensive survey but focuses on the major contributions 

related to 3D capabilities of system codes. Two main areas are discussed below: (i) the 

transients, related physical phenomena and experimental support; and (ii) the transverse 

studies. 

1.3.1. Transients, physical phenomena and experimental support 

Among the significant international collaborations, those related to the identification and 

ranking of phenomena associated with LOCAs are important because they present a 

comprehensive description of the transients and their phenomena. 

The NEA Committee on the Safety of Nuclear Installations (CSNI) published a report [1-

5] in 1987 about a code validation matrix for the assessment of T/H codes for light water 

reactor (LWR) LOCA and transients. This report, updated in 1996 [1-6], introduces a set 

of tests in support of code validation. A specific validation matrix using separate effect 

tests [1-7] was made available in 1993. One section in it was devoted to global 

multidimensional fluid temperature, void and flow distribution in the upper plenum, core, 

downcomer and secondary side of a steam generator. Another report [1-8] describing 

LOCA and non-LOCA transients, phenomena identification, code modelling capabilities 

and the needs for experimental data was published in 1989. 

A 1996 workshop on transient T/H and neutronic codesô requirements [1-9] identified the 

needs for 2- or 3D hydrodynamics and their closure laws. Developments carried out in 2000 

after the 1996 workshop were discussed at another workshop in Barcelona [1-10]. 

Other significant international collaborations concern the experimental facilities. 

Documents about facilities with multidimensional features are briefly described. 

The need for using 3D T/H system codes for a better representation of complex phenomena 

that can occur during accidental transients in nuclear power plants was mentioned in 2003 

in the IAEA-TECDOC-1539 [1-12]. The need for code validation was also emphasised. 

The validation process could be carried out within dedicated frameworks like the NEA 

experimental T/H Primär-KreisLauf (PKL) (2004-2020) and the Advanced Thermal-

Hydraulic Test Loop for Accident Simulation (ATLAS) (2012-2020) projects. The PKL 

facility was built to simulate the integral behaviour of a typical 4-loop PWR [1-13]. 

However, the 1D geometry of the pressure vessel explains why the facility was not 

equipped to deal with 3D phenomena. An alternative approach was found by incorporating 

the Rossendorf Coolant Mixing Model (ROCOM) test facility in the project. A series of 
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tests were performed to set up a database for 3D code validation [1-14]. The two-loop half-

height scaled ATLAS integral effect test (IET) facility [1-15] was equipped with 

instrumentation for performing temperature measurement in several locations of the fully 

annular pressure vessel downcomer. Hundreds of thermocouples have also been installed 

in the inlet and outlet chamber of the steam generators. These features make the ATLAS 

facility suitable for investigating 3D phenomena occurring during the considered 

experiments.  

The NEA Rig-of-safety Assessment (ROSA) Project (2005-2009) [1-16] and the 

OECD/NEA ROSA-2 Project (2009-2012) [1-17] were performed to resolve issues in T/H 

analyses concerning PWR safety. The ROSA/Large Scale Test Facility (LSTF), which is a 

full -pressure and full-height IET facility, was used to simulate T/H phenomena in LOCAs 

and operational/abnormal transients of PWRs. The test data obtained in these projects is 

available for validation activities with 3D system-scale T/H codes. Chapter 5 summarises 

the experimental setup and results. 

The CSNI organised a PWR main steam line break (MSLB) benchmark in 1999 to examine 

the coupled system T/H and 3D kinetics codes [1-18]. The benchmark assumed a 

hypothetical MSLB at the Three Mile Island Unit 1 system. The nuclear and T/H data for 

the coupled codes were provided to the participants. The break in a steam line evoked 

asymmetric flow behaviour in the two-loop PWR that leads to 3D flows in the reactor vessel 

downcomer, the lower head and the reactor core. The result was further 3D reactor kinetics 

behaviour. The MSLB benchmark was not based on an experiment. Instead, a numerical 

benchmark using code-to-code comparisons was performed. The participants used either a 

1D system code, or a 3D module of a system code, or CFD codes for the reactor vesselôs 

T/H calculations. Among the various solutions, at least four of them, provided by the CEA, 

Siemens, Purdue University, and the Korea Atomic Energy Research Institute (KAERI), 

produced complementary results [1-19, 1-44]. Although they had used completely different 

codes, the results were extremely similar. 

The NEA organised the Nuclear Power Engineering Corporation BWR Full-size Fine-

Mesh Bundle Test (NUPEC BFBT) benchmark programme [1-3] to make comparisons of 

currently available computational approaches and encourage the development of novel 

next-generation approaches that focus on more microscopic processes. The full-scale 

NUPEC 8x8 rod bundle test facility has a wide range of steady-state test capabilities under 

typical BWR operating conditions and can simulate the unsteady characteristics of 

operational transients. The replacement of some heater rods with water rods or unheated 

rods enabled the testing of four different fuel assembly types. Void distributions were 

measured for a fine mesh using an X-ray computerised tomography scanner at a point 50 

mm above the heated zone for steady-state cases. The attained spatial resolution was as 

small as 0.3 mm by 0.3 mm, which is very valuable for the assessment of both subchannel 

codes and CFD codes [1-20]. Furthermore, three X-ray densitometers measured the cross-

sectional average void fractions during transients at three different axial locations. 

The NEA also organised the NUPEC PSBT benchmark programme [1-2], which is similar 

to BFBT but related to PWR core geometry. 

1.3.2. Transverse studies 

Multidimensional phenomena and their treatment in T/H system codes are considered in 

several international activities within a much larger framework.  

A specific chapter in [1-21] examines the relationship between scaling and T/H system 

codes, with a section related to the specific limits of porous 3D models. The chapter outlines 

how closure relations used in 2D and 3D models are generally extrapolated or simply taken 
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from 1D models (such as wall heat coefficients, wall friction and pressure losses and flow 

regime map) and interfacial friction is isotropic in a non-isotropic medium. The lack of 

turbulent diffusion and dispersion modelling in many 3D models is also highlighted. When 

these last models are taken into account, they derive from subchannel analysis, and they 

should be extended to larger space-filtering as used in applications of system code. 

Distortion on scaled-down geometries ï namely for IETs ï is also addressed and should be 

carefully analysed for 3D calculations in system codes.  

There are also important links between T/H system codes and passive systems, which can 

be highly multidimensional. The phenomena and specificities are described in several 

documents, most of them assembled by the IAEA. Document [1-22] provides a definition 

and classification of passive safety systems. Additional documents ([1-23], [1-24] and [1-

25]) are dedicated to natural circulation phenomena in advanced water cooled reactors. A 

CSNI status report describes analytical and calculation tools focused mostly on passive 

systems using natural circulation as a main driver [1-26].  

Another CSNI report involving multidimensional phenomena concerns the phenomena 

identification ranking table (PIRT) in spent fuels pools [1-27]. A CSNI status report on 

spent fuel pools (SFPs) under accident conditions [1-28] points out that the analysis of SFP 

accident scenarios requires a modelling of 3D effects in a large domain, which neither T/H 

system codes nor CFD methods can currently perform. The later PIRT exercise on SFPs 

[1-27] concludes that properly scaled experiments, model development and validation are 

required to study T/H behaviour and the large-scale natural circulation flow pattern from 

certain phases of accident scenarios. 

Significant developments and increased performances made CFD a major tool for the 

simulation of multidimensional phenomena. Several international activities present 

interesting studies that can be used for the development of T/H systems codesô 

multidimensional capabilities. The CSNI promoted activities related to the application of 

CFD to nuclear reactor safety. Three Writing Groups were created under the auspices of 

the Working Group for the Analysis and Management of Accidents (WGAMA) to produce 

state-of-the-art reports on different aspects of the subject. The first group, WG1, established 

Best Practice Guidelines [1-29] for CFD application to Nuclear Reactor Safety (NRS); this 

document was revised in 2014. The second group, WG2, documented the existing 

assessment databases [1-30] for CFD application to some identified NRS issues; this 

document was also revised in 2014. The third group, WG3, established requirements for 

the extension of CFD codes to two-phase flow safety problems [1-31]. These activities all 

identified safety issues that may benefit from a 3D modelling because it would improve 

knowledge of turbulence in reactor components in single-phase and two-phase flows, and 

of the current simulation toolsô capabilities. 

Four benchmark activities reports have been released so far [1-32], [1-33], [1-34] and [1-

35]. Three successive European projects addressed T/H multiscale analysis, including 

activities on CFD in open medium and porous medium approaches. The NUclear REactor 

SIMulation (NURESIM) Integrated Project [1-36] provided the initial step towards a 

common European Standard Software Platform for nuclear reactorsô simulations. The 

overall objective of NURESIM-TH is to improve the understanding and the predictive 

capabilities of the simulation tools for key two-phase flow T/H processes that can occur in 

nuclear reactors, focusing on the critical heat flux (CHF) and the pressurised thermal shock 

(PTS). The NURISP project (2010-2012) continued the NURESIM activities. The 

publication of a state-of-the-art in two-phase CFD in a special issue of Multiphase Science 

and Technology presents contributions on the various two-phase CFD approaches [1-37], 

on adiabatic bubbly flow [1-38], on boiling bubbly flow [1-39], on annular-mist flow and 

dryout [1-40] and on stratified flow [1-41]. The NUclear REactor SAFEty simulation 
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platform (NURESAFE) project (2013-2015) made new advances in the two-phase flow 

modelling [1-42], including a modelling of turbulent effects in LOCA conditions [1-43]. 

The maturity of CFD for single-phase applications (including computation capacities) is 

sufficient for some industrial cases. Nevertheless, significant research efforts concerning 

their use in safety assessment still need to be made. The uncertainty quantification or the 

coupling with larger scale (system scale) studies is particularly concerning. The 2019-2021 

activity of the task group aims for more accurate identification and to drive improvements. 

1.4. Structure of the report 

Chapter 2 explains the reasons for developing multidimensional capabilities in T/H system 

codes and describes some important transients and phenomena with multidimensional 

characteristics. Chapter 3 describes the 3D equations, models and closure laws. Chapter 4 

reports the current implementation of 3D capabilities in T/H system codes, including 

simplifications and limitations. Simulation tools require qualification, which is based on a 

comparison of measurements and experimental data. Chapter 5 summarises the available 

information concerning either separate effect tests that are focused on a single specific 

phenomenon (such as those described in Chapter 2), or IETs, where multiple phenomena 

are present. Chapter 6 provides the full process of code qualification. Chapter 7 attempts to 

synthetise the rationale behind suggesting actions that are detailed in Chapter 8. Finally, 

Chapter 9 presents some recommendations and concludes the report. 
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2.  Needs of 3D system-scale T/H codes for nuclear safety  

Thermal-hydraulic system (SYSTH) codes have been used for licensing and design issues 

of nuclear power plants. The purpose is to carry out numerical simulations of nuclear 

reactors under steady-state and transient conditions. SYSTH codes have been significantly 

modified and improved since the 60s. Firstly, the fluid model was progressively upgraded 

from homogeneous to two or three-fluid models. Secondly, a large number of facilities 

have been designed ï such as integral effect test (IET) facilities and separate effect test 

(SET) facilities ï that will  validate codesô predictions capabilities. As a result, a greater 

amount of experimental data is available that then contributes to additional code 

improvements. 

Multidimensional phenomena that have a significant impact occur in the course of many 

design basis accident (DBA) scenarios such as feed water line break (FWLB), steam 

generator tube rupture (SGTR), and (loss-of-coolant accident) LOCA (see the following 

chapters). Three-dimensional (3D) phenomena can also play a key role under natural 

circulation flow regimes, where flow mixing and stratification are predominant. More 

sophisticated SYSTH codes were therefore considered through the incorporation of 3D 

capabilities, alongside the typical one-dimensional (1D) modelsô representation. 

Until now, limited reactor components have been concerned by 3D representations. They 

are generally suitable for large vertical geometry components such as boiling water reactor 

(BWR) cores, pressurised water reactor (PWR) cores and pressure vessels, steam 

generators and spent fuel pools. The need for horizontal 3D components representation 

such as the hot and cold legs has not yet been handled because the velocity field remains 

mainly 1D, except for some very specific cases. Nevertheless, validation assessments of 

3D computational tools are still in progress due to the limited number of dedicated 

facilities. Recently, some international experimental programmes have examined this issue 

at the Rossendorf Coolant Mixing Model (ROCOM) [2.1-1] and Advanced Thermal-

Hydraulic Test Loop for Accident Simulation (ATLAS) [2.1-2] test facilities. The 

outcomes show reasonable prediction capabilities in comparison with experimental and 

computational fluid dynamics (CFD) codesô results [2.2.5-4]. 

2.1. Plant types, components and transients 

This report cannot provide a comprehensive survey of the identified needs of 3D system-

scale thermal-hydraulic (T/H) codes for nuclear safety. Only some typical transients will 

be hereafter presented to illustrate the applications where 3D phenomena should be 

considered in order to increase the accuracy and reliability of the simulations. These 

transients mostly relate to pressurised water reactors (PWR), although boiling water or 

other water reactors type are sometimes considered. Small modular reactors (SMR) are also 

quite sensible to 3D phenomena, not only because of the use of passive systems (cf. para. 

2.2.7), but also when water pools are surrounding the vessel. This report is not a 

comprehensive study of all 3D phenomena. For example, boron dilution is not presented, 

even though it is a transient where 3D phenomena (and mixing effects) are key aspects. 

Loss of residual heat removal system (RHRS) at mid-loop conditions or mixing transients 

inside the pressuriser are also possible examples of transients where 3D capabilities are of 

interest. 
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Vessel and core are principally mentioned in this report, although other components 

(e.g. steam generators, spent fuel pools, pool heat exchangers) are also places where 3D 

phenomena can occur. 

2.2. Identification of 3D phenomena for selected transients 

2.2.1. Loss-of-coolant accident ï large break LOCA 

The evolution of large break (LB) loss-of-coolant accidents (LOCAs) depends on the type 

of reactor (PWR, BWR, Canada Deuterium Uranium [CANDU], etc.), type of components 

(for PWR, especially the type of steam generator ï U-tube, but also once-through or 

horizontal) and the design of emergency core cooling systems (in particular the location of 

the safety injection, which can be in the vessel (direct vessel injection [DVI]), in the cold 

and/or hot legs and the location of the break. Some general trends can be identified and 

significant 3D phenomena are present in most designs. However, the following description 

mainly addresses large break loss-of-coolant accident (LB-LOCA) in the cold leg with cold 

leg safety injection. Some particularities for other situations are also provided. 

2.2.1.1. Transient description  

The course of a PWR large break LOCA has three main phases: 

¶ blowdown, during which the primary system depressurises and forces coolant water 

rapidly out of the broken leg, starting in liquid phase then coolant flashing to steam;  

¶ refill, during which emergency cooling water refills the lower plenum to the bottom 

of the fuel rods;  

¶ reflood, during which water refills the core, cools and rewets the fuel rods. 

The most detrimental scenario regarding the core thermal response described here below 

deals with a cold leg break. This break location leads to core flow stagnation conditions 

during blowdown, countercurrent steam/water flow in the downcomer during refill and a 

steam binding effect which limits core cooling during reflood. 

Blowdown 

During blowdown the primary coolant flows from the intact loops and the vessel to the 

break, through the broken loop. In a first stage a stagnation point is located in the core, 

where the boiling crisis occurs that then expands in the whole core. Within few seconds, 

the core is almost emptied of liquid water and the clad temperatures reach a first peak. 

Then, the stagnation point moves to the steam generator tubes once the primary pressure is 

below the secondary pressure and the core flow is negative (from top to bottom) in the 

whole core, with some water from the upper plenum flowing downwards through the core. 

During this period a film boiling heat transfer allows the clad temperatures to decrease until 

no more water crosses the core. At the end-of-blowdown, some of the water from the lower 

plenum is swept out by high-velocity steam moving downwards through the core and 

upwards in the downcomer, up to the broken cold leg. The removal of liquid from lower 

plenum by the impacting jet of steam (lower plenum voiding) has been identified as a 

dominant phenomenon during blowdown with significant 3D effects (see Figure 2.1), 

which controls the minimum mass inventory during the LB-LOCA. The main process is a 

Kelvin-Helmholtz instability at the free surface of the liquid pool in the lower plenum, 

which induces some liquid entrainment from the wave crest up to the break. Core radial 

power distribution will develop a 3D repartition of the energy stored in the core. The clad 

temperature evolution during the blowdown mainly depends on the local heat flux and the 
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boiling crisis occurrence (within the first seconds of the transient), which depends on the 

core flow conditions due to the critical flow at the break and the flow resistance in the 

pumps. Since the departure from nucleate boiling (DNB) is reached very rapidly, the first 

peak clad temperature is mainly due to the stored heat before the occurrence of the break 

and depends on fuel properties such as pellet conductivity and gap conductance. The 

locations of the highest clad temperatures at the time of the first peak depend on the 3D 

repartition of the stored energy in the fuel. 

Figure 2.1. The lower plenum voiding during the blowdown phase of a PWR LB-LOCA  

 

Refill 

The refill phase starts at the beginning of accumulator injection ï before completion of 

blowdown ï in the cold leg, or downcomer, or hot leg or upper plenum, depending on the 

emergency core coolingôs (ECCôs) PWR designs. When water is injected in the intact loop 

cold legs or directly in the downcomer from the accumulator, it cannot reach the lower 

plenum. Instead, some is swept out through the broken cold leg from the downcomer by 

the countercurrent flow of steam. This is the ñbypass phase of the refillò when some of the 

ECC water is lost at the break (See Figure 2.2). This bypass process depends on the 

difference between the pressure in the vessel and the one in the containment and decreases 

with time according to this pressure difference. Later, multidimensional effects occur in the 

downcomer, with steam converging to the broken leg and water flowing down to the 

opposite region [2.2.1-1]. Distribution of water in the vessel is a key parameter during the 

refill period. Flow is multidimensional in the downcomer during ECC bypass and the 

efficiency of safety injection is directed by the ratio of injected water finally reaching the 

lower plenum. Figure 2.3 shows a temperature field measured in an upper plenum test 

facility (UPTF) test (cf. Section 5.1.3), simulating a refill phase. The ECC water from the 

intact cold leg close to the broken leg is fully bypassed, whereas the water from the other 

two cold legs is only partly bypassed. 

Figure 2.2. Ideal sketch of the refill phase of a PWR LB-LOCA with bypass of the ECCSô water 

 

Source: US NRC, 1988.  
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Figure 2.3. Contour plot of fluid temperature distribution in downcomer during the refill phase of a LB-

LOCA as observed in a UPTF test 

 

Note: 1/2/3 are intact loops, and BR is the broken loop; pink region is at saturation and the blue region indicates 

subcooled temperatures, corresponding to the presence of liquid. 

 

Figure 2.4. Phenomena in the upper plenum during the refill phase in case of hot leg ECC injection  

 

Source: Damerell and Simons, editors, 1993. 

In the case of hot leg or upper plenum injection, ECC water is delivered into the local 

regions of the upper plenum and flows down through the core into areas located below the 

hot legs or injectors. This cold water creates condensation near the injection nozzle, 

resulting in subcooled water plugs that are intermittently delivered to the upper plenum. 

Despite extensive condensation in the upper plenum, ECC water still flows to the core with 

substantial subcooling. Fuel rods are mostly quenched in the water downflow regions, 

whereas they heat up in the other regions. Steam condensation by subcooled ECC water 

accelerates depressurisation of the primary system. However, ECC water accumulation in 

the upper plenum is limited (liquid fractions were about 10% in the upper plenum test 

facility [UPTF]) and the liquid distribution is two-dimensional (2D) (there is higher liquid 

accumulation above core downflow regions). Figure 2.4 illustrates the phenomena in the 



38 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

upper plenum with hot leg injection. Subcooled water delivered to the upper plenum 

condenses steam in the upper plenum and flows down through the tie plate to the core. 

Condensation in the upper plenum and delivery to the core are strongly affected by the rate 

of ECC delivery and water distribution in the upper plenum. Water delivery to the core is 

also affected by countercurrent flow phenomena at the tie plate. Figure 2.5 shows the area 

of the downflow region (where liquid water can reach the core) for UPTF separate effects 

tests (described in Section 5.1.3). The area of the downflow (or breakthrough) region is 

about ten fuel assemblies per injection nozzle in the high pressure tests (small break loss-

of-coolant accident [SB-LOCA], test 30) and 18 to 23 fuel assemblies per injection nozzle 

for the low pressure tests (LB-LOCA, tests 12, 20 and 26). The size of this area increases 

with increased ECC injection rate.  

Figure 2.5. Downflow area versus ECC flowrate for UPTF hot leg injection tests  

 

Source: Damerell and Simons, editors, 1993. 

Reflood 

Reflooding begins when ECC water enters the core. In the case of cold leg injection, it 

occurs as soon as the lower plenum is completely filled with water from the safety injection 

system. Water progressively quenches the fuel rods with a bottom-up quenching and a top-

down quenching (falling film of de-entrained water from upper plenum). During reflood, 

steam flow is generated by both heat release from rod quenching and residual power in the 

quenched zone of the core. Various flow regimes (bubbly flow, slug flow, inverse-annular, 

inverse-slug, annular-mist flows) and heat transfer regimes (forced convection to liquid, 

subcooled boiling, saturated boiling, transition boiling, inverse-annular film boiling, 

inverse-slug film boiling, dispersed flow film boiling) are encountered during the reflood 

process [2.2.1-2]. Droplets are created and entrained by steam out of the core and can be 

partially de-entrained in upper plenum, hot legs and in steam generator (SG) inlet headers. 

The steam flow from the core through the intact and broken loops creates friction and 

acceleration pressure losses which are balanced by the difference of collapsed water head 

between the downcomer and the core. This pressure difference limits the core cooling rate. 

The vapourisation of entrained droplets in the SG tubes creates an additional pressure drop, 

which further inhibits the gravity-driven reflooding of the core. This is the ñsteam binding 

effectò, which represents the flow resistance between the core and the break (see Figure 

2.6). The pressure loss is mainly due to wall friction in the SG tubes and in the pumps. 

There is also an acceleration pressure drop in the SGs due to evaporating drops and 
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superheating of the vapour. This total pressure loss and the corresponding steam flowrate 

in the loops are limited by the available downcomer head. In the most favourable case, the 

entire vapour is created in the core and participates to rod cooling. In the most realistic and 

less favourable case, some entrained liquid droplets vapourise in the SG, and only part of 

the total vapour flowrate is created in the core and participates to rod cooling. The higher 

the droplet entrainment to SGs, the lower the core cooling capacity. It is thus important to 

reliably evaluate the amount of water entrained to the SGs in order to correctly predict the 

reflooding duration. 

 

Figure 2.6. Sketch of the core reflooding in case of cold leg injection 

  

There is a first phase of reflooding, consisting of oscillations of the collapsed levels 

between the core and downcomer, and a progressive damping that reduces the amplitude. 

A second peak clad temperature can be observed at the beginning of reflooding because the 

first oscillations can induce efficient cooling by film boiling. When the reflooding is 

stabilised, there is usually a slow heating of the cladding in the dry zone, followed by a 

precooling when quench front approaches. Therefore, three successive clad temperature 

peaks can be observed: during blowdown, at the beginning of reflooding, and during the 

stabilised reflooding. 

The core and upper plenum coupling with steam generators drives the amount of water 

available. There are important multidimensional aspects due to the heterogeneous 

distribution of heat release with surrounding structures between the periphery and the 

centre of the core and between neighbouring assemblies that have different burn-up. Some 

of the entrained liquid is de-entrained in the core upper tie plate or in the upper plenum 

internals, forming a form of two-phase pool there. The liquid from this pool can re-enter 

(by gravity) the low-power region, where steam flow is lower, resulting in a three-

dimensional (3D) flow pattern. In the core, the two-phase flow is from low to high powered 

regions, beneath the quench front. As a result there is an increase of the heat transfer above 

the quench front (referred to as the ñchimney effectò cf. Section 3.8). 

Above the quench front, the highest power region benefits from increased liquid carryover 

due to transfer from colder regions (see Figure 2.7) as observed in PERICLES-2D tests 

(Section 5.1.5) and in slab core test facility (SCTF) tests (Section 5.1.4). In the upper 

plenum, the flow is in the opposite direction.  
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Figure 2.7. Radial transfers during reflooding due to radial power differences 

 

Source: Bestion and Matteo, 2015. 

During the reflood phase, the quench front progresses in association with top-down and 

bottom-up rewetting and is multidimensional due to the radial power profile, countercurrent 

flows, droplet entrainment and de-entrainment in very complex geometries (e.g. upper 

plenum or spacer grids). 

In the case of upper plenum or hot leg injection, ECC water flowing down into local regions 

of the core, just below the hot leg nozzles, contributes to the global reflooding process. 

Core cooling is enhanced in these regions and the fuel rods are quenched more quickly than 

those in other regions. 

2.2.1.2 Key processes 

One of the safety criteria is the peak clad temperature (PCT), directly related to residual 

power and heat transfer. Convection heat transfer is the main driver to rod and clad cooling. 

Flow condition is therefore one of the key parameters in determining PCT. The first peak 

(during blowdown) reflects the stored heat and depends mainly on hydraulic conditions in 

the core and time of critical heat flux (CHF) occurrence. The second peak (at the beginning 

of reflooding) depends on the duration of the refill phase and on all phenomena occurring 

in the downcomer during refill. The third peak (during reflood) is then controlled by the 

cooling of the dry zone of the core. The heat transfer to the steam is the main driver of rod 

and clad cooling with some radiation to droplets and to steam. The rod cooling depends on 

the steam temperature, which is also affected by convection to droplets and droplet 

vapourisation, which depends on the droplet size distribution. Droplet size is controlled by 

several processes, such as film sputtering at the quench front, dynamic break up by steam 

flow, break up on dry spacer grids, entrainment from liquid films along re-wetted spacer 

grids, coalescence between droplets, and vapourisation. Current system codes do not 

precisely model these processes but use an equivalent droplet size model based on 

prototypical reflood experimental data (e.g. PERICLES reflood tests with prototypical fuel 

assembly). Therefore, the equivalent droplet size is one of the key parameters in 

determining PCT by system codes during reflooding. 

2.2.1.3 Main 3D phenomena 

Core radial power distribution will result in 3D repartition of energy stored in the core. 

Therefore, 1D analysis may not be sufficient to depict the impact of this 3D repartition. 
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Additional multidimensional effects that have been identified as being of high importance 

([2.2.1-3] and [2.2.1-6]) are: 

¶ 3D flow in the lower plenum during the blowdown phase associated with the liquid 

entrainment by Kelvin-Helmholtz instability; 

¶ 3D flow in the downcomer during the refill phase for cold leg or downcomer 

injection; 

¶ 3D flow in the core and the upper plenum for hot leg or upper plenum injection; 

¶ 3D flow in the core during the reflood phase (chimney effect); 

¶ 3D flow in the upper plenum during the reflood phase (countercurrent flow limit 

[CCFL] at top of the core, pool formation, de-entrainment and re-entrainment of 

droplets). 

The multidimensional influence and significance during the course of a LOCA are not the 

same when direct vessel injection and hot leg/cold leg combined injection are considered. 

2.2.1.4 Known applications and main drawbacks of these applications 

LB-LOCA is the historical transient that helps the design and sizing of ECCS. Therefore, 

3D capabilities in thermal-hydraulic system (SYSTH) codes such as TRACE, Reactor 

excursion and leak analysis programme 5 (RELAP5), Code for Analysis of 

THermalhydraulics during an Accident of Reactor and safety Evaluation (CATHARE), 

Multi -dimensional Analysis of Reactor Safety (MARS) and Safety and Performance 

Analysis CodE (SPACE) ï among others ï have been used mainly for LB-LOCA ([2.2.1-

7] and [2.2.1-8]). Another typical example of LB-LOCA applications can be found for the 

new advanced power reactor (APR) 1 400 reactor [2.2.1-9 and 2.2.1-13] and for the Russian 

type PWR (VVER) 1 000 [2.2.1-10]. Nowadays, new requirements in safety demonstration 

related to other transients, and especially intermediate break LOCA, have resulted in 3D 

applications of SYSTH codes being extended to several other types of transients (cf. the 

remaining paragraphs in this chapter). 

3D SYSTH codes are based on the porous media approach and generally use rather coarse 

nodalisation that captures only large-scale 3D effects. Possible modelling strategies based 

on the phenomena identification and ranking technique (or table) (PIRT) could consider 

molecular and turbulent diffusion to be negligible (and therefore not modelled) compared 

to inertial force, interfacial friction and interfacial heat and mass transfer. 3D modules with 

coarse meshing might be required, especially when simulating the full reactor. In this case, 

scaling effects would be difficult to evaluate and full-scale (or at least very large-scale) 

experiments would be necessary for code validation, which will be restricted to specific 

configurations. 

The main 3D-related LB-LOCA safety issues initially suspected in the 1970s have been 

solved thanks to the full-scale 2D/3D programme [2.2.1-6], which provides relevant data 

at the reactor scale to validate the 3D code prediction. UPTF (para 5.1.3) can be used to 

validate LB-LOCA 3D effects in the downcomer (refill and reflood phases) and SCTF, 

cylindrical core test facility (CCTF) (para. 5.1.4) and PERICLES-2D (para 5.1.5) may be 

used to validate 3D effects during reflood. 

Nevertheless, finer multidimensional 3D aspects can be simulated with more recent T/H 

system codes (e.g. CATHARE3, SPACE, TRAC/RELAP Advanced Computational 

Engine TRACE). For example, modelling one mesh per assembly for the whole core and 

one mesh per subchannel for the hot assembly could become a standard practice in the near 
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future. To achieve this, experimental data will be needed to validate the code predictive 

capabilities at this scale on specific separate effect tests. 

Water reactor fuel behaviour during LOCA phenomena - ballooning, burst, oxidation, fuel 

relocation and possible fracture at quench ï are important aspects coupled with thermal-

hydraulics. Fuel ballooning, for example, modifies the flow path and heat transfer 

performance is degraded for very high flow blockage (yet can enhance the cooling for low 

flow blockage by local flow acceleration). 3D flows should be considered to conduct a 

proper evaluation of both flow parameters and fuel behaviour. 

2.2.2. Intermediate and small break LOCA 

The intermediate break loss-of-coolant accident (IB-LOCA) described in this section is 

usually relevant to PWRs and corresponds to a break in the primary circuit that is between 

two and 14 inches (0.5% to 25% of the cold leg section). This paragraph examines the main 

3D phenomena involved during this transient, where the use of 3D modules of system codes 

improves the simulation. 

The following chapters refer mainly to IB-LOCA, for small break LOCA, and references 

[2.2.2-1] and [2.2.2-2] provide some general information. 

2.2.2.1 Transient description 

In case of an intermediate break LOCA, the transient dynamics can be very different 

according to the break size, location or orientation and assumptions such as pumps tripping. 

However, only the cold leg break with loss of off -site power will be considered, in a 

conservative way. The following first describes the main phases of this transient, before 

focusing on the phenomena where 3D modules of system codes are required to be correctly 

modelled. A typical reactor coolant intermediate break transient in the cold leg consists of 

the following sequence of events: 

1. Single-phase natural circulation; 

2. Two-phase natural circulation and possible reflux condensation for smaller breaks; 

3. Loop seal filling and clearing with decrease in reactor pressure vessel (RPV) water level; 

4. Accumulator injection, water inventory recovery and core reflooding. 

Phase I: Single-phase natural circulation 

This phase corresponds, at the system scale, to the draining of the pressuriser followed by 

single-phase depressurisation through reactor coolant draining until saturation conditions 

are reached in the hottest parts of the system. At the fuel assembly scale, for large size 

intermediate breaks, the boiling crisis can appear in the core before control rods drop, 

leading to a possible first but short cladding temperature increase. 

Phase II: Two-phase natural circulation 

At the system scale, steam production due to flashing in the hottest areas considerably 

slows down reactor depressurisation. The core residual power is removed during this phase 

via the SGs by the secondary side, which controls the primary side pressure. 

After the reactor coolant pumps coast down, natural circulation replaces forced circulation. 

A void is created in the upper parts of the SG and at the top of the U-tubes. When overall 

circulation with continuous crossing at the top of the SG U-tubes is no longer possible, 

complete phase separation occurs (reflux condenser mode). Condensed steam then forms a 

countercurrent flow in the upward part of the SG U-tubes and returns towards the hot leg 
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and the RPV, falling into the upper plenum and the core, around and preferentially under 

the hot leg nozzles (3D water fall back). 

Phase III: Loop seal filling and decrease with a decrease in RPV water level  

The end of natural circulation creates a water slug in the crossover legs, which enables 

some independence between the pressure in the hot and cold legs. A pressure decrease is 

observed in the cold legs (partly due to the effect of the break and condensation by ECCS 

water) while pressure remains almost constant in the hot legs (it stabilises just above SG 

pressure so that the entire vapour created in the core is condensing in the SG tubes). As a 

result, the water level in the core decreases, possibly leading to cladding temperature 

excursion in the upper part of the core. 

When the level in the downward part of the crossover leg passes under its horizontal 

section, the steam can go up into the upward part to reach the break, also removing part of 

the water slug (loop seal clearing). The pressure equilibrium which then follows between 

the upper plenum and the downcomer rebalances the core and downcomer water levels, 

ending any previous uncovering of the core. 

Once the break has turned to steam, the volume balance between the steam produced by 

residual power and removed at the break (in addition to condensation in the SG tubes) is 

radically modified: depressurisation continues, reaching accumulator injection conditions 

and then low pressure safety injection (LPSI). 

The core uncovering at the hot fuel assembly scale dries out of the uncovered part of the 

fuel rods, which are then only cooled by steam produced by water vapourisation below the 

swell level. This single-phase cooling is insufficient for removing the residual power and 

consequently the cladding temperature begins to rise. The overheated cladding also 

undergoes thermal-mechanical loads, possibly leading to clad deformation and subchannel 

blockage.  

Phase IV: Accumulator injection, reactor coolant filling and core reflooding 

Reaching accumulator injection pressure results in an increased flow being injected into 

the reactor circuit, which provides an immediate rise in the total reactor coolant mass and 

is followed by the core reflooding. 

2.2.2.2 Key processes 

This section identifies the dominant 3D phenomena regarding the PCT related to the core 

uncovery level and duration and the downcomer water inventory during the refilling phase. 

Redistribution of liquid in the primary coolant system 

During the reflux condensation mode (Phases II and III), water flows back into the RPV. It 

flows back into the core in a multidimensional way. The downward water flow from the 

loops towards the core through the upper plenum takes place at the periphery of the core, 

where heat generation is generally lower and the steam flow weaker. This occurs 

preferentially close to the hot leg nozzles, from which the water from SG falls back. 3D 

modelling of the core in this scenario needs to account for this heterogeneous water fall 

back, and especially for its absence in some assemblies, including potentially the hottest 

assembly. 

Crossflows in the core 

The flow behaviour below and above the liquid during core uncovering is crucial to the 

core cooling. The heterogeneous core power induces 3D effects that generate crossflows 

whose nature is different above or below the swell level, depending on the pressure. More 
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powerful assemblies tend to produce more vapour below the swell level. One possible 

process is that the gravity tends to homogenise the void fraction and steam quality (see 

Figure 2.2.7 above). It is possible that the friction pressure drops above the swell level and 

at high pressure conditions is low compared to the gravitational component of the pressure. 

The hotter steam in the hotter assemblies is lighter and flows faster. It induces a crossflow 

from the colder to the hotter assemblies to balance the pressure field, which is also called 

the ñchimney effectò (see Section 3.8) and has a beneficial impact for the hotter assemblies 

cooling. 

Following the same assumption, the friction pressure drop becomes predominant when the 

pressure is low. A higher vapour velocity in this scenario means higher friction pressure 

drops. The steam crossflows thus appear from the hotter assemblies, where the velocity is 

higher, to the colder ones, where the velocity and the friction pressure drops are lower. 

Refilling by accumulator injection 

Condensation in the region surrounding the injected water for the largest intermediate 

breaks accelerates the primary depressurisation, leading to flashing of the downcomer 

water. When the cold accumulator water reaches the downcomer, it encounters boiling 

water and steam going upwards towards the break. The possibility to model geometrically 

differentiated flows in the downcomer requires the use of a 3D module in order to have 

different azimuths to let steam produced in the downcomer to go to the break, while 

accumulator cold water goes down in other azimuths below intact cold leg nozzles. In this 

configuration a 1D modelling of the downcomer would lead to a non-physical bypass of 

the accumulator water (going from intact cold leg directly to the broken leg). 

For these three phenomena, 3D representation of the core is required to enable computing 

of the steam and liquid crossflows between assemblies of different temperatures. 

2.2.2.3 Known applications 

3D applications for IB-LOCA are increasingly more common in the literature. In [2.2.2-3], 

for example, a three inchesô cold leg break is simulated with CATHARE 3 and a 3D vessel. 

In this paper, non-conform junctions are used to combine cylindrical and Cartesian 

modelling for the different vessel zones (Cartesian for the core and cylindrical for the 

plenums, the upper-head and the downcomer). 

Comparison of a Rig-of-safety Assessment/ large-scale test facility (ROSA/LSFT) test and 

the 3D module of CATHARE 2 is shown in [2.2.2-4]. Results provided by the 3D module 

showed promising capabilities. 

2.2.3. Main steam line break 

The main steam line break (MSLB) is relevant for PWR. The MSLB accident is initiated 

by a break of one of the main steam lines upstream from the main steam isolation valve. 

Following a brief description of the transient sequence, the key processes are identified and 

3D phenomena are detailed. The analyses hereafter are partially based on the reference 

reports [2.2.3-1] and [2.2.3-2]. Both reports are prepared for MSLB at full power condition, 

assuming single failure and the most reactive control rod is stuck. 

2.2.3.1 Transient description 

The initial condition for MSLB is normally assumed to be at the end of a cycle at full 

power, when the boron concentration is very small. The rapid decrease of moderator 

temperature caused by mass and energy discharge in the affected SG makes moderator 

density reactivity positive and the core returns to power after reactor trip.  
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The major concerns in a MSLB calculation are: 

¶ the evaluation of the positive reactivity developed by the moderator temperature 

reactivity feedback as the core returns to power; 

¶ the evaluation of the boron concentration injected by the safety injection system to 

reduce the reactivity rise; 

¶ the large temperature and flow asymmetric effects through the vessel downcomer, 

lower plenum and at the core inlet; 

¶ the heat transfer by single-phase vapour convection and nucleate boiling as the 

tubes start to be uncovered in the broken SG; 

¶ the steam discharge flow rate through the break; 

¶ the rapid radial and axial power redistribution due to moderator reactivity effect; 

¶ the primary water inventory at the top of the pressure vessel, where voiding can 

appear because the primary water shrinks rapidly and this voiding can mitigate the 

primary pressure decrease. 

According to the MSLB phenomena identification ranking table (PIRT), developed by 

KEPRI [2.2.3-1], the transient was divided into three phases. The first phase is the fast 

cooldown of primary coolant before the reactor trip on low primary pressure. The second 

phase corresponds to the rapid cooldown after the reactor trip and before safety injection. 

The third phase is after starting safety injection.  

1st phase: period before reactor trip 

The accident is initiated by a main steam line break. During this phase, the discharge flow 

through the break is choking flow. The large amount of steam discharge cools down the 

primary side. The primary temperature decrease makes the moderator temperature 

reactivity positive and reactor power increase. The reactor power increase and primary 

pressure decrease results in a decrease of the departure of nucleate boiling ratio (DNBR). 

The reactor is tripped by either high reactor power, low pressuriser pressure, low SG 

pressure or low DNBR. 

2nd phase: period for rapid cooldown 

This phase is the period between the reactor trip and start of safety injection. After the 

reactor trip, the pressuriser and pressure vessel dome void and the positive reactivity 

continuously increases. The water level of broken SG decreases or dries out if auxiliary 

feedwater is not supplied to the broken SG. The main steam isolation valve closes and the 

main feed water ceases. Minimum DNBR can occur just after the reactor trip signal due to 

the delay for reactor scram after the reactor trip signal and the time required for control rod 

drop. 

3rd phase: period for safety injection 

This phase is the period after broken SG dryout if no auxiliary feedwater flow exists. 

However, it is commonly defined as the safety injection phase when auxiliary feedwater 

flow is available in the plant design. The safety injection system is initiated if the 

pressuriser pressure falls below the safety injection set-point pressure. The reactivity 

reaches a maximum just before borated water enters the reactor core. The reactor power 

may experience return-to-power condition if the steam discharge through the broken SG 

cools down the primary side coolant. 
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2.2.3.2 Key processes 

The key parameters for steam line break (SLB) are: 

¶ possibility of a post-trip return to power; 

¶ possible DNB before the reactor trip. 

The phenomena cited below are linked with the previously mentioned key processes. The 

below paragraph describes the main 3D phenomena involved in this transient, phenomena 

for which a 3D modelling would improve the simulation performed by the system code. 

The most relevant 3D phenomena affecting these processes are asymmetric power and 

temperature distributions. 

These phenomena are closely connected and a coupled 3D system T/H and 3D neutron 

kinetics calculation is essential for predicting the interactions between the core kinetics and 

fluid behaviour. Turbulent mixing and crossflow modelling in the downcomer and lower 

plenum are important for predicting the asymmetric moderator temperature in the core. 

Due to the importance of coupled calculation of core neutronics, core T/H and system T/H 

simulation, OECD member countries performed PWR MSLB benchmark exercises [2.2.3-

2]. Three exercises were performed, and the first two exercises were utilised to for the final 

exercise. A comparison of the results from the first exercise (performed using point-kinetics 

models) and the last (performed using 3D neutronics models and 3D -or pseudo-3D- T/H 

models) demonstrate that 3D analysis removes some of the conservatism inherent in point-

kinetics analysis and reduces the peak local power by up to 25%. The differences are mainly 

caused by the inability of the standard point-kinetics approach to properly account for the 

detailed T/H feedback. As a result, the 3D core transient modelling provides a margin to 

recriticality over the point-kinetics approach during an MSLB analysis. This difference is 

highly significant concerning extended refuelling cycles and high burn-ups, which result in 

increasingly negative moderator temperature coefficients. 

2.2.3.3 Known applications 

In some existing safety analysis methodologies for MSLB, the T-H system, 3D reactor 

kinetics and hot channel analyses are performed separately (or chained) by independent 

codes and the results of one code are transferred to another as boundary conditions. During 

this process, some bounding hypotheses are introduced for a conservative analysis. For 

example, an accident event may have been analysed with a beginning of cycle moderator 

temperature coefficient and an end of cycle Doppler feedback coefficient. Al though the use 

of these assumptions simplifies the safety analysis, it results in potentially large 

conservatisms. However, using coupled codes with consistent assumptions removes the 

excessive conservatism while sufficiently demonstrating the safety of the plant. 

In this regard, numerous coupled ñsystem T/H and 3D reactor kineticsò codes such as 

RELAP5/NEM, RELAP5/PARCS, RELAP5/PANBOX, CATHARE/CRONOS, TRAC-

PF1/NEM and MARS/MASTER have been developed [2.2.3-3]. Their performance has 

been assessed using the NEA MSLB benchmark problem [2.2.3-4]. The calculation result 

of power history during MSLB scenario 2 is shown in Figure 2.8. In scenario 2, the problem 

is enforcing the return-to-power phenomenon by decreasing the negative scram rod 

reactivity. The NEA MSLB benchmark report concludes that the application of the state-

of-the-art coupled 3D computer code systems can help improve the performance of nuclear 

power plants. It is necessary to develop a more in-depth knowledge of such code systems 

because 3D kinetic/T/H codes will play a critical role in future nuclear analysis.  
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Figure 2.8. Core-averaged total power time history for scenario 2 of OECD MSLB benchmark problem 

 

Source: Joo et al., 2003. 

2.2.4. Feed water line break 

2.2.4.1 Description of the transient 

A FWLB event is a DBA scenario for nuclear PWRs. When it occurs, it is followed by a 

rapid depressurisation and emptying of all the SGsô secondary sides, which triggers the 

reactor trip due to a low secondary-side SG level. During the reactor trip, the reactor cooling 

pumps (RCPs) are shut down, the steam lines are isolated via their main steam isolation 

valves (MSIV) and the auxiliary feedwater (AFW) starts delivering water to the unaffected 

SGs. The safety relief valves (SRV) evacuate the core decay power until the operator starts 

the cooldown procedure via the atmospheric relief valves (ADV). The objective is to reach 

the conditions that enable the RHRS connection. 

2.2.4.2 Key parameters 

A FWLB accident followed by a loss of offsite power (LOOP) is an asymmetric scenario 

where the presence of active and inactive SG can lead to the natural circulation (NC) 

interruption in the loop of the affected and isolated SG. The operators are generally 

instructed in these conditions to apply a prescribed linear cooldown rate in order to bring 

the plant to RHRS conditions. A cooldown rate limit is prescribed in the emergency 

operating procedures (EOP) in order to avoid both the formation of a steam bubble under 

the reactor vessel head during the depressurisation phase and the interruption of NC, which 

could be the origin of several problems, such as:  

¶ The connection of the RHRS could be jeopardised because the temperature (in the 

suction lines of the loop of the affected SG) and /or the primary pressure is too high. 

¶ A steam bubble could form during the depressurisation phase at the top of the 

inverted U-tubes (or elsewhere) of the corresponding SG. 

¶ If there is poor or no circulation in a loop, the homogeneous boration of the RCS 

during the cooldown process could become problematic. Problems related to core 

recriticality could arise. 
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¶ Pressurised thermal shock phenomena could occur due to extremely low or stagnant 

flow and an operating safety injection (SI) system. In these conditions, fluid 

temperature stratification would take place and cold plumes could lead to welds 

and cracks appearing in thermal loads, which could threaten the pressure vesselôs 

integrity. 

¶ For some accidents, NC interruption leads to an increased release of radioactive 

products due to a longer cooldown phase; the latter also requires a larger SG 

feedwater supply. 

2.2.4.3 Main 3D phenomena involved 

Flow mixing in the reactor pressure vessel (RPV) can play an important role in the course 

of the transient during a FWLB. This can impact the natural circulation flow during the 

cooldown phase of the primary system, particularly the flow in the affected loop. As soon 

as the cooldown phase begins, a counter buoyancy force in the affected loop begins to build 

up and this loopôs mass flow rate gradually decreases. Continuous cooldown causes the 

counter driving force to become high enough to overcome the driving forces in the reactor 

vessel. As a result, the mass flow in the affected loop rapidly decreases until it stops 

altogether. The density difference in the downcomer and the reactor core causes the driving 

forces in the RPV. Consequently, the 3D flow and temperature mixing in the RPV during 

the cooldown phase, as well as the stratification in the downcomer, are the key parameters 

that govern the RPV buoyant driving forces. 

2.2.4.4 3D applications 

The emergency operating procedures under a postulated FWLB accident can enable the 

safe cold shutdown conditions by imposing a cooldown rate of 14K/h. This value was likely 

obtained using computational tools based on a 1D approach. However, until now, open 

literature has rarely investigated flow mixing in the RPV during a FWLB scenario using a 

3D vessel model. The impact of a 1D or 3D RPV model on the NC interruption prediction 

is also not well known. An investigation using the CATHARE code shows differences in 

the NC interruption prediction when a 1D or 3D RPV downcomer model is examined 

[2.2.4-1]. The calculation results are shown below in Figure 2.9, which depicts how similar 

trends of the mass flow rates in the active loop have been predicted. Yet discrepancies have 

also been obtained between the coolant mass flow rates in the inactive loop. These 

differences increase when the cooldown starts. The 1D model does not predict the 

occurrence of natural circulation interruption (NCI) when a cooldown rate of 14 K/h is 

considered. However, when the 3D model with the same cooldown rate is used, NCI occurs. 

The presence of the stratification phenomenon and flow vortices in the downcomer is 

supposed to have an impact on the net flow rate through the inactive loop. Part of the total 

momentum goes to these vortices, and their presence forces the flow coming from the 

inactive loop to go in the azimuthal direction, instead of in the downward direction. 

Additionally, full mixing in the downcomer takes place when a 1D model is used and 

consequently the RPV driving force is uniform and remains high enough to allow for 

continuous positive flow in the inactive loop.  

Overall, complex 3D mechanisms taking place during asymmetric cooldown single-phase 

natural circulation flow could not be accurately simulated using standard 1D code 

nodalisation. Detailed 3D representations would likely improve the simulation results.  
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Figure 2.9. 1D vs. 3D loop mass flow rates in the loop with inactive SG (loop-A) and the loop with active SG 

(loop-B) during FWLB+LOOP  

 

Source: Salah and Vlassenbroeck, 2014. 

2.2.5. Pressurised thermal shock (PTS) 

2.2.5.1 Description of the transient 

A fast depressurisation can be observed during a LOCA event in a pressurised water reactor 

(PWR) due to a break of the primary coolant loop. The pressure decrease induces the 

production of a large amount of vapour ï the amount varying according to the break size ï 

due to flashing. The flow in the core and part of the primary loop, can become two-phase. 

The pumps being switched off leads to a liquid vapour stratified flow in the cold legs and 

free surface in the downcomer with a plume of cold water, which flows from the cold leg 

into the downcomer in the vicinity of the wall.  

The depressurisation results in the EEC being put in operation to cause primary circuit 

cooling. The first effect of the injection is the mixing with the ambient fluid in the cold leg 

and, consequently, a cooling of the flow in the downcomer and core. Large and fluctuating 

temperature differences between the liquid temperature and the vessel wall induce a heat 

exchange between the wall and the fluid. As a result, a temperature gradient appears inside 

the structure, which brings about a significant thermal stress in this part of the wall. 

The pressure in the cold leg also slowly decreases during the ECC injection. The (still) high 

pressure in the primary circuit produces a mechanical stress on the vessel wall. Thermal 

stress in combination with high pressure is known as PTS. It can cause crack propagation 

through the wall in the region of the cold leg nozzle and downcomer [2.2.5-1]. A PTS 

analysis is thus required to ensure the vesselôs integrity and monitor the reactorôs life 

duration. 

The probability of a vessel failure increases if the ECC injection induces thermal 

stratification in the liquid layer of the cold leg. The ECC injection is colder than the main 

liquid flow in the leg and therefore has greater density. Gravity effects thus tend to get the 

colder flow at to the bottom of the horizontal channel, with minimal mixing with the main 

flow until it reaches the downcomer and creates a thin cold layer along the vessel wall. It 

is possible to observe not only a vapour-liquid flow stratification, when there is the 

presence of vapour in the cold leg, but also a thermal liquid-liquid stratification in the cold 

leg and downcomer. The temperature of this cold layer can be much lower than the average 

coolant temperature in the other parts of the cold leg and downcomer. The associated 
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thermomechanical stress on the vessel wall can be more intense than in the case of well 

mixed flow.  

The liquid stratified layer temperature distribution is highly important to the evaluation of 

the vessel wall stress. It can be calculated using a local modelling approach such as CFD 

codes. However, the most penalising conditions must be found for the purposes of a safety 

demonstration and vessel integrity has to be demonstrated for the most penalising cases. 

Many calculations must therefore be made. However, the required calculation time ï as for 

a whole reactor CFD calculation ï is not yet compatible for an industrial context. A 

calculation scheme based on short central processing unit (CPU) time is therefore 

extremely useful. The system code approach aims to provide calculations with an 

acceptable accuracy quickly. The system codes must be able to simulate the principal 

phenomena involved in this transient to perform this. 

The envelop transient for PTS is the small break LOCA. The phenomena identified for SB-

LOCA in paragraph 2.2.2 are therefore still relevant for the PTS, albeit with different levels 

of importance. 

2.2.5.2 Key parameters 

As previously mentioned, the most severe PTS conditions arise during a small break 

LOCA. However, the consequences are different from those caused by small break LOCAs 

because they are relative to the thermomechanical impact on the vessel wall. The key 

parameters for PTS are as follows: 

¶ The primary circuit behaviour: the primary pressure tends to increase the 

thermomechanical stress in the vessel wall. Moreover, the safety injection rate is a 

function of the primary pressure. This parameter plays a major role. 

¶ The vessel wall cooling: this includes both the liquid temperature near the vessel 

wall, and the heat transfer between the wall and liquid that influences the local wall 

cooling, temperature gradients and stresses inside the structure. 

2.2.5.3 Main 3D phenomena 

Each phenomenon that impacts either the primary circuit pressure and/or vessel wall 

cooling is relevant for PTS studies.  

The primary pressure depends on the break flow rate and safety injection flow rate. These 

related processes are relevant to 3D phenomena. They are briefly mentioned below and in 

reference [2.2.5-2]: 

¶ Phenomena involving safety injection in the horizontal cold legs: stratification, 

countercurrent flow, jet impingement on the wall (transverse flow), bubble 

entrainment and condensation. In system codes, these phenomena are generally 

modelled by a 1D module and complemented by specific closure laws, which take 

these 3D effects into account. 

¶ Phenomena related to break flow: flashing and flashing delay, wall friction in the 

break location and interfacial friction in the break vicinity. 

The phenomena which play a role in vessel cooling are: 

¶ Phenomena involved in the downcomer liquid temperature in the vessel wall 

vicinity: one of the main issues of PTS studies is defining the liquid temperature in 

the vicinity of the vessel wall. The mixing phenomena in the downcomer are 

extremely important. In this scenario, the turbulent mixing, axial and transverse 
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mixing must be taken into account (the diffusion and dispersion of energy and 

momentum). Regarding the identification of SB-LOCA phenomena, the 

accumulator penetration in the downcomer must be well simulated in order to 

predict the cold water flow. The condensation in the downcomer is also an 

important parameter for the temperature evaluation. This includes direct contact 

condensation at the free surface and below the swell level, where bubbles can 

condense and affect the liquid temperature. 

¶ Phenomena involved in the downcomer liquid velocity: this parameter, combined 

with the temperature difference between vessel wall and liquid temperature, is 

involved in the calculation of the heat transfer coefficient. The parameter is driven 

by gravitational effects, and accordingly the temperature must be accurately 

predicted. Other parameters influencing the liquid velocity are the interfacial 

friction, the wall friction, transverse flow fluctuations and bubble entrainment. 

¶ Phenomena involved in the liquid/vessel wall heat transfer: Closure laws for all 

heat transfer regimes that can occur during a PTS transient at the downcomer 

location are extremely important (both natural and forced convection for both 

laminar and turbulent flows). 

The main identified parameters for the PTS simulation at a 3D system-scale approach, at 

least for the downcomer, are: 

¶ turbulence modelling (diffusion, dispersion for energy and momentum); 

¶ transverse flow in the downcomer; 

¶ accumulator penetration in the downcomer; 

¶ direct contact condensation at the free surface and below the surface in case of 

bubble presence; 

¶ interfacial friction; 

¶ wall friction; 

¶ liquid/wall heat transfer closure laws. 

2.2.5.4. 3D applications 

The pressure vessel or downcomer 3D modelling produces highly representative results for 

the liquid temperature distribution in the pressure vessel, but few results have been 

published that are dedicated to the PTS. The references [2.2.5-3] and [2.2.5-4] should 

nevertheless be mentioned, which illustrate 3D modelling with system codes for the mixing 

phenomenon in the downcomer. The reference [2.2.5-5] presents comparisons of 

temperature fields in a downcomer, obtained using SYSTH code and CFD for several 

representative PTS cases in VVER reactors. 

Some advice regarding improvements to be made to the 3D modelling with system code 

can be provided. Non-conform junctions are not yet possible in most codes and therefore 

the downcomer azimuthal meshing is usually a function of the number of loops. Every 

junction between the downcomer and the cold leg must be affected to only one mesh cell 

and consequently the downcomer azimuthal mesh size is at least equal to the cold legôs 

diameter. This constrain means that the downcomer is often modelled by an azimuthal 

nodalisation equal to the double the loop number. The non-conform meshing development 

will be a step forward for PTS applications by allowing a finer meshing in the downcomer. 
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Currently, when the porous 3D approach does not model the turbulent diffusion and 

dispersion in an open medium, usually only one mesh is used in radial direction. Physical 

model development would also be a major improvement for PTS modelling in the system 

code by allowing for the use of finer mesh. A fine mesh in the downcomer (3D meshing 

instead of 2D) would be a significant improvement and would simulate the relevant PTS 

mixing phenomenon in this area more precisely. Consequently, the turbulent diffusion and 

dispersion terms must be modelled and validated to prove their relevance for downcomer 

flow conditions. This approach would create the possibility of modelling a quasi-open 

medium with the system code 3D module. 

2.2.6. Spent fuel pool loss-of-cooling and LOCA 

This section describes the safety issues related to a spent fuel pool loss-of-cooling or loss-

of-coolant accident (SFP-LOCA). The main safety-relevant T/H phenomena are then 

described, which will be shown to be mostly 3D by nature.  

2.2.6.1. Description of the transient 

The first phase of a SFP-LOCA, whatever the scenario, involves a loss of water from the 

SFP to the point that the top of the spent fuel assemblies is uncovered. As long as the fuel 

is immersed in water and effectively cooled, it will not be damaged or degraded so that it 

releases radioactive fission products, provided that subcriticality is maintained in the pool. 

Subcriticality could be lost during the spent fuel pre-uncovery phase due to decreasing 

neutron absorption, caused by an increase in coolant void fraction and/or a decrease in 

coolant soluble boron concentration. Criticality in the SFP would provide an additional 

source of heat and radiation and also generate an inventory of short-lived fission products 

in the fuel that could add to the release of radioactive material later on in the accident. 

Immediate fuel damage by the criticality excursion cannot be precluded, although very little 

is currently known about the likelihood of its occurrence. 

Besides the risk posed to criticality, safety issues during the pre-uncovery phase are also 

linked to an increased release of hydrogen, tritium and radioactive contaminants from the 

pool water while it heats up. These safety issues moreover include an insufficient protection 

against radiation, should the pool water level drop to less than about 0.6 m above the spent 

fuel assemblies (FAs). These issues could obstruct access to the SFP building, thus 

hampering mitigation measures, surveillance and control. Furthermore, the increasing 

water temperature and decreasing water level in the SFP could prevent the recovery of the 

SFP cooling when the normal cooling system is restarted, e.g. by pump cavitation or the 

loss of suction to the strainers in the upper part of the pool. 

Boiling in the SFP could have several potential consequences if it occurs during the 

accident. Firstly, boiling would increase the release of hydrogen and radionuclides from 

the pool water to the building. Hydrogen is produced in the pool mainly by the radiolysis 

of water, and the radiolytic yield of H2 increases in boiling conditions. Moreover, the 

solubility of hydrogen and other gases in the pool water would decrease as the pool heats 

up, releasing pre-existing gaseous species in dissolution to the building. Radionuclides in 

the pool stem from activated corrosion products deposited on the spent fuel, leaking fuel 

rods (if any) and tritium. Tritium (3H) poses a particular problem because it cannot be 

removed from the pool water by the normal purification system. It is mainly formed by 

10B neutron capture and is therefore a problem predominantly in PWR and VVER plants, 

where boric acid is used for reactivity control in both the reactor and the SFP. Tritium is 

formed in the SFP but is also carried over from the reactor to the pool during refuelling. 

Since it has a half-life of 12.4 years, the SFP tritium inventory builds up over time. 
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Secondly, spent fuel pools are not designed to operate at high temperature. If boiling occurs 

the normal pool cooling system may prove difficult to restart because of pump cavitation 

and/or loss of suction at the strainers. Damage to the steel-lined concrete structure also 

cannot be precluded if the pool is operated in boiling conditions for a significant length of 

time. The technical safety limit for the SFP water temperature typically ranges between 65 

and 90°C. This limit ensures the proper operation of the pool cooling and purification 

system and an acceptable SFP building environment for its personnel. 

Thirdly, boiling may lead to loss of subcriticality when the storage racks are of a low 

density design (i.e. a design with large pitch between the stored fuel assemblies that make 

no use of borated structural materials). In this case, the water between the FAs would 

provide the main neutron absorption and a reduction in the effective water density by 

boiling would reduce the subcriticality margin. 

2.2.6.2. Key parameters to be calculated 

The key parameters are the level of water in the pool, water temperature and rate of 

evaporation when boiling occurs in the pool. 

As the pool water heats up, the evaporation rate at the pool surface increases. Evaporation 

of water from the pool surface is considered the dominant mechanism for heat removal 

from a SFP with an inoperable cooling system, and it increases dramatically alongside the 

temperature when the water temperature exceeds about 340 K. The evaporation rate is 

sensitive to the air velocity and humidity above the pool surface. The evaporation rate also 

depends on the 3D natural convection heat transfer from the lower part of the pool to the 

pool surface. 

Boiling mechanisms - The contribution of boiling mechanisms to the overall SFP loss of 

mass (in addition to the free surface evaporation), depends on the possible vapour bubble 

nucleation within the pool and vapour bubble flow across the pool. Bubble nucleation can 

occur due to different physical processes, each corresponding to specific conditions. One 

of the most common processes, wall heterogeneous nucleation on heated structures, is 

likely to first occur in the upper part of high-power FAs. Bulk nucleation processes by 

homogeneous nucleation (sometimes referred to as bulk or surface boiling) or 

heterogeneous nucleation (either on suspended solid particles or on free-moving non-

condensable gas bubbles) are unlikely to significantly contribute to the SFP loss of mass, 

since it would require very large liquid superheats and/or high concentrations of suspended 

particles or non-condensable gas bubbles. Bubble nucleation along unheated solid surfaces 

such as pool walls or immersed solid structures ï namely ñpool flashingò - must be 

considered as a possible mechanism of vapour formation when the local liquid temperature 

well exceeds the saturation temperature. This condition would be expected to arise near the 

pool surface. Generally, the occurrence of nucleate boiling in an SFP depends on the 3D 

liquid temperature distribution within the pool, thereby on convective thermal mixing and 

power distribution between the FAs. It also depends on local conditions (wall heat flux and 

wall temperature of heated structures, surface roughness, wettability for unheated walls), 

as well as the water content in non-condensable gases, and the pool water level. The hot 

water that exits from high-power FAs and initiates nucleation processes is mixed with 

colder water as the fluid rises and bubbles may condense when the pool water level is high 

above the fuel racks. The impact of steam generated by bubble nucleation processes on the 

SFP loss of mass could therefore be weakened. Notably, even though bubble nucleation 

processes do not directly contribute to the SFP loss of mass, they could significantly 

contribute to the overall heat transfer from FAs to the pool surface; bubbling is understood 

to powerfully enhance convective heat transfer in comparison to single natural convection. 
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Water supply as a mitigation measure - Mitigation measures for the pre-uncovery phase 

of a SFP-LOCA include SFP building ventilation, to evacuate steam and heat, and pool 

water injection to compensate for evaporation and leakage. However, an injection of un-

borated water into a SFP that normally uses boric acid for criticality control would possibly 

reduce the subcriticality margin. The distribution of un-borated water within the pool is a 

3D phenomenon by nature. This fact should be taken into account during SFP safety 

evaluations. 

2.2.6.3. Main 3D phenomena 

A SFP-LOCA is dominated by 3D T/H phenomena by nature. Analyses using CFD show 

that natural convection loops develop in the pool. The most modern storage rack designs 

for spent light water reactor (LWR) fuel have a closed cell design, in which each fuel 

assembly is enclosed in a separate cell within walls made of stainless steel or aluminium, 

and sometimes combined with neutron absorbing materials containing boron. This closed 

cell design allows for lateral crossflow in only the regions below and above the racks. The 

overall shape of the natural convection flow pattern in the pool largely depends on the 

location of free paths for water to flow downwards and on the distribution of fuel 

assemblies with regard to their power generation. The power generation stems from the 

radioactive decay of unstable fission products and actinides. 

Flow reversal is made possible in low-power FAs due to natural convection in a large 

number of parallel heated channels that are fed by the same downcomer. As a result, 

unstable natural circulation flow can occur. Furthermore, the flow could be reduced and 

the cooling of the FAs perturbed in some channels, leading to local nucleate boiling. 

Another possible reason for the occurrence of local boiling is the natural convection flow 

in some FAs being perturbed by the outflow of water through a nearby leak. This is also a 

3D thermal-hydraulic process by nature. 

2.2.6.4. Known applications and main drawbacks of these applications 

Several SPF accident analyses were performed using CFD [2.2.6-1] or SYSTH codes such 

as RELAP [2.2.6-2] but with pseudo-3D simulations and a junction between several 

channels to stimulate crossflows. Detailed information is provided in a specific chapter of 

NEA/CSNI report [2.2.6-3]. 

2.2.7. Passive safety systems 

2.2.7.1. Introduction 

A passive safety system (PSS) is defined as ña system which is composed entirely of 

passive components and structures or a system which uses active components in a very 

limited way to initiate subsequent passive operationò [2.2.7-1]. 

In contrast to active safety systems, which are the basis of the safety concept of currently 

operated reactors, a passive safety system uses physical processes such as natural 

convection heat transfer, vapour condensation, liquid evaporation, pressure-driven coolant 

injection or gravity-driven coolant injection. 

According to [2.2.7-2], PSSs can be classified into two different groups: 

1. PSSs used for decay heat removal; 

2. PSSs used for containment cooling and pressure suppression.  
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The PSSs considered for the removal of decay heat from the core after a reactor scram are: 

¶ accumulator: pre-pressurised core flooding tanks; 

¶ core make-up tanks: elevated tank natural circulation loop; 

¶ gravity drain tanks; 

¶ passively cooled steam generator natural circulation; 

¶ passive residual heat removal heat exchangers; 

¶ passively cooled core isolation condensers; 

¶ sump natural circulation. 

The PSSs used to remove heat from the containment and reduce pressure inside the 

containment following a loss-of-coolant accident are: 

¶ containment pressure suppression pools; 

¶ containment passive heat removal/pressure suppression systems; 

¶ passive containment spray. 

The application of PSSs has a wide spectrum of embodiment; plant design specific features 

and common T/H phenomena of natural forces, large advanced light water reactors 

(ALWRs) and innovative SMRs. The weak driving forces of passive safety systems based 

on natural circulation, careful design and analysis methods should be considered to assure 

their intended safety functions. 

2.2.7.2. Phenomena involved in the PSS 

The T/H characterisation for the same systems requires a consideration of certain 

phenomena, i.e. PSS phenomena. 

The identification and characterisation of phenomena involved in the operation of passive 

systems are presented in Table 2.1 [2.2.7-2].  

Table 2.1. PSS phenomena identification 

Phenomena identification Characterising thermal-hydraulic aspect 

1) Behaviour in large pools of liquid (including 

surrounding SMR) 
Thermal stratification 

Natural/forced convection and circulation 

Steam condensation (e.g. chugging, etc.) 

Heat and mass transfer at the upper interface (e.g. vapourisation) 

Liquid draining from small openings (steam and gas transport) 

2) Effects of non-condensable gases on condensation 

heat transfer 

Effect on mixture to wall heat transfer coefficient 

Mixing with liquid phase 

Mixing with steam phase 

Stratification in large volumes at very low velocities 

3) Condensation on containment structures Coupling with conduction in larger structures 

4) Behaviour of containment emergency systems 

(PCCS, external air cooling, etc.) 

Interaction with primary cooling loops 

5) Thermo-fluid dynamics and pressure drops in 

various geometrical configurations 

3D large flow paths, e.g. around open doors and stair wells, 

connection of big pipes with pools, etc. 

Gas liquid phase separation at low Re and in laminar flow 

Local pressure drops 

6) Natural circulation Interaction among parallel circulation loops inside and outside the 

vessel 

Influence of non-condensable gases 

Stability 

Reflux condensation 

Source: IAEA, 2009. 
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Table 2.1. PSS phenomena identification (Continued) 

Phenomena identification Characterising thermal-hydraulic aspect 

7) Steam liquid interaction Direct condensation 

Pressure waves due to condensation 

8) Gravity-driven cooling and accumulator behaviour Core cooling and core flooding 

9) Liquid temperature stratification Lower plenum of vessel 

Downcomer of vessel 

Horizontal/vertical piping 

10) Behaviour of emergency heat exchangers and isolation 

condensers 
Low pressure phenomena 

11) Stratification and mixing of boron Interaction between chemical and thermo-hydraulic 

problems 

Time delay for the boron to become effective in the core 

12) Core make-up tank Thermal stratification 

Natural circulation 

Source: IAEA, 2009. 

The T/H performance of PSSs is characterised by no less than a dozen key phenomena, 

which were then characterised through specific descriptions, including multiple relevant 

T/H aspects as shown in Table 2.1. 

Particular attention should be paid to the natural circulation phenomenon, which is an 

important aspect in a PSSôs operation (see e.g. phenomena 1, 6 or 12 of Table 2.1).  

The implementation of natural circulation as a central mechanism (e.g. for nuclear core 

heat removal, either directly or through the use of passive safety systems) appears to require 

a thorough understanding of local and integral system natural circulation phenomena, 

validated benchmark data, accurate predictive tools, as well as comprehensive and reliable 

analysis methods. 

There are three important reasons for identifying the local and integral system phenomena 

that can impact the natural circulation behaviour of a PSS or nuclear plant design: 

1. Some local and integral system phenomena could adversely affect the reliability of 

PSSs.  

2. Some model developments may be needed to accurately model these phenomena 

using predictive tools. 

3. All significant phenomena must be faithfully simulated in the test facilities when 

used to assess the safety and operation of an advanced plant design. 

A predictive tool, such as a computer code, must be assessed against applicable 

experimental data before it can be used in the design or analysis of a reactor system. The 

uncertainty in the codeôs predictions of key safety parameters must be established and its 

ability to model system operation during normal and transient conditions demonstrated. 

These are the typical requirements for obtaining final design approval and plant 

certification. Although numerous natural circulation experiments have been conducted, it 

can be difficult to find a database that directly relates to new design. A new, properly scaled, 

test facility will likely need to be designed and operated to obtain a sufficiently broad range 

of data for the code to be fully exercised and assessed. 

T/H aspects related to passive systems are studied in another Working Group for the 

Analysis and Management of Accidents (WGAMA) activity [2.2.7-3].  
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The principal local transport phenomena encountered in the natural circulation systems of 

an advanced water cooled reactor are detailed below: 

¶ a) reactor core phenomena; 

¶ b) interconnecting piping; 

¶ c) heat sinks (steam generators); 

¶ d) passive residual heat removal systems; 

¶ e) containment shells (external air or water cooling); 

¶ f) containment cooling condensers/heat exchangers; 

¶ g) large cooling pools (for heat exchangers, spargers and as a source of coolant). 

The integral system behaviour is complex due to the coupling of many local transport 

phenomena occurring in components and subsystems. The predictive tools used to describe 

integral system phenomena typically consist of systemsô analysis computer codes. The 

system transport phenomena are detailed below: 

1. working principles of a natural circulation loop. 

The buoyancy force (that drives the fluid through the loop) produced by the density 

difference and acted on by gravity over the difference in elevation between the source and 

the sink is known as natural circulation. 

2. instabilities in natural circulation systems. 

The T/H instability is any periodic time oscillation of flow, flow pattern, temperature, fluid 

density, pressure or core power in a T/H system. Such oscillations can arise in multiple 

parameters simultaneously, may be in-phase or out-of-phase with each other, and can be 

present at multiple locations in the system. 

The evident advantages of using natural circulation as a means of core heat removal have 

prompted the worldwide development of separate effects and integral system test facilities. 

The data from these facilities has been used to both identify a wide range of T/H phenomena 

that are important to natural circulation systems and also to assess the predictive 

capabilities of a variety of T/H analysis codes. 

Passive heat removal using large water pools 

Large pools of water at near atmospheric pressure have been incorporated into several 

advanced reactor designs. Some examples include: 

¶ the pressure suppression pool (wet well) of the economic simplified boiling water 

reactor (ESBWR); 

¶ the in-containment refuelling water storage tank (IRWST) of the advanced 

pressurised 1 000 (AP-1000) and advanced power reactor 1400 (APR1400); 

¶ the flooding pool of the KERENA reactor (Siedewasserreaktor-1000 [SWR-

1000]); 

¶ the pool of the passive auxiliary feedwater system (PAFS) of the advanced power 

reactor plus (APR+); 

¶ the gravity-driven water pool of the advanced heavy water reactor (AHWR);  
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¶ the flooded reactor pool of the NuScale modular reactor; 

¶ the reactor water storage tank of the mPower. 

These large pools provide a heat sink for either heat removal from the reactor or 

containment by means of natural circulation inside the pool and evaporation of the water 

inventory, as well as a source of water for core cooling. Heat exchangers consisting of 

vertical or almost horizontal tube bundles are used for the heat transfer. Due to the limited 

zone in terms of volume, a wide spectrum of geometric configurations in the large pools is 

possible, which results in an inhomogeneous distribution of pool temperature and thermal 

stratification. Depending on the considered reactorôs design, the water reservoir (together 

with connected components, e.g. those used for heat transfer) is especially important to the 

control of many of the initiating events. The following paragraphs provide a description of 

the processes typically occurring inside the pool during operation. 

Description of the operation method 

Thermal stratification can occur during the heating of the water inside the pool by an 

immersed heat exchanger, with the lowest temperatures below and the highest within the 

heat exchanger. Temperature decreases above the heat exchanger due to mixing with 

unheated water at the top of the pool. The inhomogeneous temperature distribution causes 

natural circulation inside (parts of) the large water pool. Subcooled boiling can occur on 

the heat exchangerôs surface, with the rest of the water inventory temperature below 

saturation. Pressure inside the containment only increases slowly during this state of the 

operation. Once all the water inside the pool is in saturation conditions, boiling strongly 

increases pressure within the containment. Additionally, injected steam may be released 

from the pool into the containment and further increase pressure. Unlike most large pools, 

the pool of PAFS of the APR+ is located outside the containment. However, temperature 

stratification is also important in the pool of PAFS because thermal stratification and 

natural circulation play a key role in heat transfer between the heat exchanger and the water 

pool. 

If  other passive systems with non-active (i.e. small) driving forces are implemented in the 

facility, the processes inside the pool would trigger these systemsô activation. An example 

is the interaction of the emergency condenser and the containment cooling condenser of 

the KERENA SWR-1000 design. The containment cooling condenser is located above the 

flooding pool, which is heated up by the emergency condenser. After the steam evaporated 

from the flooding pool comes into contact with the containment condenserôs tubes, heat 

removal is initiated. The heat transfer is affected by the local concentration of non-

condensable gases within the containment. Ultimate heat sink of the containment cooling 

condenser also occurs in a large water pool. 

Several advanced reactor designs implement core make-up tanks (CMTs) to provide natural 

circulation cooling to the core. CMTs are elevated tanks connected to the reactor vessel 

and primary loop at the top and bottom of the tank. Special lines connect the bottom of the 

tank with the reactor vessel, termed DVI. An important interaction occurs between the 

CMT, accumulator and IRWST in relation to DVI and the actuation signal for automatic 

depressurisation. The tanks are filled with cold borated water and can provide coolant 

injection at system pressure. The tanks are normally isolated from the reactor vessel by an 

isolation valve located at the bottom of the vessel. The fluid always senses the full systemôs 

pressure through the top connection line. In the event of an emergency, the bottom isolation 

valve opens to complete the natural circulation loop and permit cold borated water to flow 

to the core. The relative elevation of the core compared to the CMT, and the density 

difference between the hot primary system water and the cold CMT water creates a 
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buoyancy-driven natural circulation flow that eliminates the need for a pump. Decay heat 

is removed from the core by convective heat transfer from the fuel to the single-phase liquid 

in the reactor vessel. CMT behaviour includes natural circulation, liquid thermal 

stratification in the tank, and liquid flashing during plant depressurisation. 

2.2.7.3. Key parameters 

The most important parameter of a PSS using a large water pool for heat removal is the 

heat exchanger tube bundlesô heat transfer capacity. The heat transfer depends on the 

single- or two-phase flow states on the tubesô inside and outside. Heat transfer capacity on 

the pool-side of the heat exchanger tube bundle, where pronounced 3D flows establish, is 

mainly influenced by the following parameters: 

¶ single- and two-phase heat transfer in (almost) horizontal or vertical tube bundles, 

depending on the particular design; 

¶ fluid temperature in the pool; 

¶ fluid velocity in the pool and around the tubes; 

¶ the degree of temperature mixing inside the pool; 

¶ heat and mass transfer between the water inventory of the pool and the containment. 

2.2.7.4. Main 3D phenomena 

The parameters identified in the previous section are the most significant for the heat 

transfer capacity of a PSS and are mainly influenced by the flow state inside the pool. A 

3D two-phase modelling of the macroscopic natural circulation processes inside the pool 

would capture flow behaviour and corresponding temperature distribution and evaporation 

in the pool. 

The following most significant 3D phenomena that have to be simulated by a SYSTH code 

can be considered: 

¶ 3D natural circulation: it determines the temperature distribution and fluid velocity 

inside the pool and in the region of the tube bundles. 

¶ (Subcooled) nucleate boiling at the tubeôs surface and rising bubbles: both directly 
affect the degree of 3D mixing inside the pool due to increasing buoyancy effects 

and fluid velocity. 

¶ The condensation of bubbles inside the water reservoir and release of vapour out of 

the pool into the containment: the strength of these interdependent processes 

influences the heat and mass release out of the pool and thereby the degree of 

subcooling inside the pool. A sufficiently exact description of the free water surface 

inside the pool must be provided by the employed simulation code in order to 

capture this phenomenon. 

¶ The condensation and evaporation at the free surface of the water: these processes 

affect the water inventory of the pool. Their simulation requires a detailed 

resolution of the free water surface as well as a consideration of the effect of non-

condensing gases in the atmosphere on the mass transfer rate across the water level. 

The fluid at the top of the pool can reach the saturation temperature while the bulk 

fluid is still subcooled, depending on the actual temperature distribution. 

Temperature stratification thus influences local evaporation. Condensation and 

evaporation also impact the pressure increase inside the containment. 
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Another important quantity that directly affects the heating and natural circulation in the 

pool is the two-phase heat and condensation transfer at the heat exchanger tubesô inner and 

the outer surfaces. Adequate heat transfer correlations for the prevailing flow regimes and 

fluid conditions must be implemented. The correlations need to account for the 3D bundle 

character of the horizontal or vertical tubes used. 3D flows and the 3D nature of the 

temperature stratification in all the above described phenomena require appropriate 

modelling. The simulation of a large pool with an acceptably fine grid to capture the 

relevant flow processes is generally also necessary. The turbulent diffusion and dispersion 

terms are significant for temperature mixing phenomena. The processes at the free water 

surface must also be considered for the simulation of two-phase flows, interfacial friction 

and heat and mass transfer. 

Some rather coarse 3D nodalisations were used to model such passive systems with a 

porous region and open medium that captured the phenomena rather well. These situations 

usually have turbulence mixing effects over-shadowed by density gradients. However, 

other situations more sensitive to turbulence mixing may require a finer nodalisation of all 

zones with shear flows. 

2.2.7.5. Known applications 

In the past, several CFD codes have been employed to simulate (single-phase) natural 

circulation and temperature stratification inside a water pool, which was used as heat sink 

in a PSS [2.2.7-4]. Recently, the 3D model of Analysis of THermal-hydraulics of LEaks 

and Transients (ATHLET) was employed to simulate the flooding pool of the INtegral Test 

Facility KArlstein (INKA) test facility, representing the KERENA SWR-1000 design. The 

T/H aspects that had to be captured with ATHLET were: 

¶ heat transfer from the primary side to the poolôs water inventory; 

¶ single- and two-phase natural circulation inside the pool; 

¶ tracking of 3D water level; 

¶ boiling and vapour release to the containment across the free water surface. 

The following tests were simulated [2.2.7-5]: 

¶ separate effect tests; 

¶ emergency condenser tests for the simulation of thermal stratification within the 

core flooding pool during heat-up by the EC; 

¶ passive core flooding test, with focus on the mixture-level-tracking model of 

ATHLET to capture drainage of the flooding pool; 

¶ IET;  

¶ main steam line break (MSLB);  

¶ additional calculations are intended for the future: feed water line break, RPV 

bottom leak and station blackout. 
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3.  Physical models 

3.1. Flow regime identification 

Flow regime identification is highly important to the development of physically-based 

mechanistic closure laws. Interfacial transfers greatly depend on the interfacial structure, 

which can include bubbles and drops of various sizes, and large interfaces such as free or 

film surfaces. Wall heat and momentum transfers also depend on the flow regime. Flow 

regime maps exist on an experimental basis for two-phase flows in horizontal and vertical 

pipes and for pre- and post-critical heat flux (CHF) conditions in the context of wall 

heating. However, no such flow regime map exists for the various sub-components of a 

light water reactor (LWR) pressure vessel. This was a difficulty for the zero-dimensional 

(0D) and one-dimensional (1D) modelling of the annular downcomer, lower plenum, core 

rod bundle, upper plenum and upper-head. There is limited information available for flow 

regimes in the core, which is the most important component in safety analyses. Various 

system codes have implemented flow regime maps that depend to a certain extent on flow 

geometry. For example, the Code for Analysis of THermalhydraulics during an Accident 

of Reactor and safety Evaluation (CATHARE) code developed in the 1D module gives 

specific interfacial friction correlations for tubes, rod bundles and annuli. This is almost the 

same case for Analysis of THermal-hydraulics of LEaks and Transients (ATHLET), for 

which the geometry, tube or bundle is additionally considered for the wall heat transfer. 

However, all other closure laws do not depend on geometry. For example, in CATHARE, 

with a 3D modelling of a core, the rod bundle interfacial friction that was developed for 1D 

is used whatever the flow direction. Therefore, there is no consideration of the impact of 

the flow direction on the flow regime. A specific set of interfacial friction models is used 

in the annular downcomer, which was based on the upper plenum test facility (UPTF) testsô 

analysis. A keyword was necessary in the CATHARE code development for a 0D 

modelling of lower plenum and upper plenum. The keyword identified the component and 

activated specific closure laws controlling the lower plenum voiding, remaining mass at 

the end of a large break loss-of-coolant accident (LB-LOCA) blowdown and de-

entrainment in the upper plenum during a LB-LOCAôs reflooding phase.  

Much more has to be done to achieve a complete and detailed modelling of the geometrical 

effects in a pressure vesselôs sub-components in all situations of the domain of simulation. 

Only dominant phenomena in some LOCA situations have so far been considered and 

treated in some dedicated closure laws that model some geometry-dependent flow regimes. 

3.2. Scale-dependent modelling and mesh convergence 

All principal variables in 1D models of system codes are functions of abscissa and time 

solutions of the set of partial differential equations. The equations are discretised to be 

solved, and mesh convergence and time step convergence tests are necessary to minimise 

numerical error. The tolerance criteria depend on the situation of interest and required 

simulationsô accuracy. In many cases, the use of rather coarse meshes is acceptable 

although the first-order upwind scheme induces rather high numerical diffusion. The axial 

evolutions of flow parameters are often dominated by convective and source terms due to 

wall and interfacial transfer. As a result, axial diffusion (molecular and turbulent) is 

negligible, as well as numerical diffusion. 

What is often termed 1D flows are in fact 3D flows with a privileged direction, for example 

in a pipe or rod bundle, when the flow is parallel to the rods. However, strong gradients of 
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flow parameters (phase velocities, phase temperatures and void fraction) exist in the radial 

direction due to wall friction and wall heat transfers. Such gradients induce high molecular 

and turbulent diffusion terms, which are simply modelled as algebraic wall transfers (wall 

friction and wall heat fluxes).  

The use of a time and space averaging, or the integration over the given space domains of 

a pressure vessel (PV) in a porous 3D model filters all mixing processes at the space filter 

scale. All turbulent time fluctuations are filtered. Some of the space gradients are also 

filtered. Both time and space filters can lead to mixing processes that affect the mean 

variables and require specific models. Time averaging can be assumed to cover the 

spectrum of turbulent time fluctuations ï as in a single-phase Reynolds-averaged Navier-

Stokes (RANS) approach ï and requires turbulent diffusion models. However, the use of a 

space averaging or integration requires scale-dependent dispersion terms to model the 

mixing effects, which depends on the space filter scale. Dispersion terms can therefore be 

treated as a turbulent viscosity (conductivity) in single-phase large eddy simulation (LES) 

model.  

Two slightly different approaches can be used in porous 3D SYSTH codes: 

1. A homogenised space-filtering approach: all equations are filtered using 

convolution products. This results in a homogenised problem and the solution will 

produce continuous filtered flow variables in time and space. In this approach, the 

required mesh size is smaller than (or at least equal to) the space filter. 

2. A space integration approach: space integration is used for volumes linked to the 

solid structures. For example, there is the subchannel analysis approach in a core, 

with integration over the volume of each subchannel in the radial direction. There 

may be other more macroscopic approaches with an integration over the assembly 

or part of the assembly, or even a volume containing several assemblies. The result 

is a discretised problem with a juxtaposition of 0D interconnected control volumes. 

In this approach, the mesh size is equal to the space integration scale. 

The former is a rather theoretical approach, which can help for the general derivation of 

equations. However, using it results in the link to the physical reality being partly lost and 

the second approach might make physical modelling easier, which is preferable for 

engineering applications.  

The homogenised filtered approach requires time and space convergence in the same way 

as the 1D models, with the difference that there are greater chances of having gradients in 

three directions than in the axial direction of the flow.  

For the space integration approach, the models for all diffusive processes must depend on 

the mesh size. The validation should also be made dependent on the mesh size and 

determination of the uncertainty of each closure law. No mesh convergence is required, but 

only a time step convergence. However, determining the model accuracy or uncertainty as 

a function of the space scale is a similar exercise to doing mesh convergence study in a 

homogenised space filtered model. 

The mesh size in the code application to reactor transients should be similar to the one used 

for the validation, and the uncertainty should account for the mesh size dependence. 

3.3. Wall friction and singular pressure losses 

Wall friction terms in gas and liquid momentum equations in a standard 1D two-fluid model 

are usually derived from old correlations that were developed for 1D three-equation models 

[3-1] and [3-2]. Such models were developed from tube data, and therefore not flow regime 



66 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

dependent, but covered the whole domain of void fraction in a continuous way. A phase 

repartition of the total friction term for the two-phase mixture is necessary, which requires 

further result interpretation from data analysis because it is impossible to measure wall-to-

vapour and wall-to-liquid friction separately. This repartition can result from physical 

assumptions about the flow regimes. Successive modifications of the old models were 

found necessary in the CATHARE code after the comparison of a large data base and two 

flow regime transitions in the final modelling. The stratification criterion and the onset of 

droplet entrainment are used in the wall friction model, which now considers three possible 

situations1: 

¶ stratified flow regime; 

¶ non-stratified bubbly-slug-churn-annular flow regimes; 

¶ non-stratified annular-mist flow regime. 

The general formulation of the wall-to-phase k friction term †  in 1D models is: 

† …ὅ ὅὪ ”
ȿὠȿὠ

ς
 

…  is the friction perimeter (m) 

ὅὪ is the single-phase wall friction coefficient  

ὅ is a two-phase multiplier that depends on the flow regime 

In a portion of duct of length L, the friction pressure loss is therefore: 

Ўὖ
τὒ

Ὀ
ὅ ὅὪ ”
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with: 

Ὀ
τὃ

…
 

The models for ὅ and ὅὪ are validated for tubes and have been extrapolated to annuli and 

rods, or tube bundles, due to the lack of experimental data in all geometries.  

The same friction terms can be used in 3D models with two possible extrapolations: 

† ȟ …ὅȟ ὠȟ  ὅὪȟ ὠȟ  ”
ὠȟὠȟ

ς
 

or 

† ȟ …ὅȟ ὠᴆ  ὅὪȟ ὠᴆ ”
ὠᴆὠȟ

ς
 

… is the friction perimeter for a flow along the j direction (m) 

ὠȟ is the j-component of the velocity vector for phase k (m/s) 

† ȟ is the j-component of the friction for phase k (N/m) 

 
1  As implemented in CATHARE. 
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The second formulation is supposed to be more physically based (the friction vector is 

collinear to the velocity vector) but the first formulation may be preferable when large 

meshes are used for numerical reasons. 

The pressure repartition along walls in singular geometries induces some pressure losses 

that are expressed in the following way in 1D one-phase models: 

Ўὖ ὑ ”
ȿὠȿὠ

ς
 

The form loss coefficient can only be a constant dependent on geometry, or a function of 

the Reynolds number. A repartition of the singular pressure loss term is necessary in two-

phase flow. A simple repartition is implemented in the CATHARE code: 

Ўὖ ȟ ὑ‌ ”
ȿὠȿὠ

ς
 

However, this repartition induces a rather strong perturbation of the void fraction and slip 

ratio. Since no experimental data can provide sufficient information for this repartition, the 

total singular pressure loss term is usually modelled and a repartition may be chosen which 

does not influence the slip ratio. It must satisfy the following conditions: 

Ўὖ ȟ Ўὖ ȟ Ўὖ  

ρ ‌Ўὖ ȟ ‌Ўὖ ȟ π 

This is obtained with the following repartition 

Ўὖ ȟ ‌Ўὖ  

Ўὖ ȟ ρ ‌Ўὖ  

The total singular pressure, loss may be expressed as follows: 

Ўὖ ὑ 
ȿȿ

 or Ўὖ ὑ 
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In a 3D module, the simplest extrapolation of wall friction and singular pressure losses was 

first implemented: 
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However, more complex formulations can be proposed where each component of the Ўὖ 

vector depends on the two angles ɗ and ű between the velocity vector and the axis (see the 

figure below) such as the following expressions: 
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No experimental data are currently available to determine the functions Ὂ—ȟ•  in the 

reactor core where friction can play a significant role. 

3.4. Interfacial friction  

In 1D models, the interfacial friction is expressed as: 

† ὃὅ”ȿЎὠȿЎὠ 

ὃ  interfacial area density (m-1) 

ὅ interfacial friction coefficient 

” gas or liquid density (depending on the flow regime) 

Ўὠ velocity difference between phases (m/s) 

ὃȟὅȟὥὲὨ ” depend on the flow regime that is determined in the codes on the basis of flow 

regime maps. 

In a 3D module, the simplest extrapolation of interfacial friction was first implemented 

with the assumption of isotropic behaviour: 

† ὃ ὅ ” ᴁЎὠᴁᴆ Ўὠᴆ 

However, more complex non-isotropic formulations can be made, where each component 

of the interfacial friction vector depends on two angles, ɗ and ű, for example in the 

following expression: 

† ὃ ὅ ” Ὃ —ȟ•ᴁЎὠᴁᴆЎὠᴆ 

† ὃ ὅ  ” Ὃ —ȟ•ᴁЎὠᴁᴆЎὠᴆ 

† ὃ ὅ ” Ὃ —ȟ•ᴁЎὠᴁᴆЎὠᴆ 

A tensor formulation of the friction coefficient can also be made: 

† ὃ

ὅ ὅ ὅ

ὅ ὅ ὅ

ὅ ὅ ὅ
 ” ᴁЎὠᴁᴆ Ўὠᴆ 

No experimental data are available to determine the functions 'ʃȟʒ  or the tensor 

components in the reactor core where the geometry is non-isotropic. 
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3.5. Wall heat transfer 

Wall heat transfers were first established and validated in 1D models. Heat transfer 

coefficients only depend on one geometrical scale (the hydraulic diameter) and the two 

phasic velocities. The simplest extrapolations just replaced the two phasic velocities with 

the modulus of the two velocities. No other geometrical effects were taken into account, 

even in the presence of singular geometry such as spacer grids. However, a bundle 

geometry (horizontal or vertical) might have a significant impact on heat transfer. 

A more complete modelling would account for the possible effects of the flow velocity 

direction (e.g. on angles ɗ,ű) in a core and geometrical parameters other than the hydraulic 

diameter. Some work has focused on the effects of spacer grids in a core, but no 

experimental data are available to determine the functions of ɗ and ű. 

3.6. Interfacial heat transfer 

Interfacial heat transfers were first established and validated in 1D models. Heat transfer 

coefficients depend on only one geometrical scale (the hydraulic diameter) and the two 

phasic velocities. In 3D models the simplest extrapolations simply replaced the two phasic 

velocities by the modulus of the two velocities. No other geometrical effects were taken 

into account, even in presence of singular geometry such as spacer grids. One exception is 

the splitting of drops on spacer grids in reflooding, which increases the steam-to-droplet 

heat transfers and the wall-to-droplets radiative heat transfer. 

A more complete modelling would include the possible effects of the phase velocity 

directions (e.g. on angles ɗ,ű in a core) and geometrical parameters other than the hydraulic 

diameter on all possible interfacial transfers, but no experimental data are currently 

available. 

3.7. Turbulence and dispersion 

The time averaging of momentum convection terms causes momentum turbulent diffusion 

(the first right-hand side term of the below equation). Space averaging or integration of 

momentum convection terms causes momentum dispersion terms. Both terms can be 

modelled as diffusion terms. The dispersion term can become significantly larger than 

turbulent diffusion terms in components consisting of many internal structures, for example 

a reactor core. The components are highly sensitive to geometry details and in particular to 

mixing vanes of spacer grids in core that are designed to promote radial transfers between 

subchannels. Some component codes have modelled the effects of spacer grids as a non-

isotropic wall friction tensor in a subchannel model to better account for the specific 

arrangement of various mixing vanesô orientations.  

ɻʍ
ᴆ
ɻʍ6ᴆȢɳ6ᴆ  Ȣɳהɻʍ4 ɻ 0ɳ & & ɻʍÇ 

Turbulent dispersion of the void fraction results from the time and space averaging of 

viscous and pressure interfacial forces. It is included in the interfacial momentum transfers 

&  and represents the transport of a dispersed phase (bubbles or drops) by the turbulent 

eddies of the continuous phase. 

Turbulent diffusion of heat (the third right-hand side term of the below equation) results 

from the time averaging of enthalpy convection terms. Heat dispersion terms result from 

the space averaging or integration of enthalpy convection terms. Both terms can be 

modelled as diffusion terms. The dispersion terms can become significantly larger than 

turbulent diffusion terms in components consisting of many internal structures, for example 
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a reactor core. The components are highly sensitive to details of the geometry, in particular 

to the mixing vanes of spacer grids in a core. 

Ћ
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Momentum and heat diffusion and dispersion coefficients are coupled and may be related 

through a diffusion-dispersion Prandtl number.  

Diffusion and dispersion terms also exist for a scalar transport (e.g. boron concentration), 

which can be coupled to momentum diffusion-dispersion terms through a diffusion-

dispersion Schmidt number. 

There is some information available from small rod bundle experiments (cf. Chapter 5) 

about such diffusion-dispersion terms in rod bundles such as a pressurised water reactor 

(PWR) Subchannel and Bundle Test (PSBT), boiling water reactor (BWR) Full-size Fine-

Mesh Bundle Test (BFBT), AGATE (cf. 5.1.13.4), GRAZIELLA (cf. 5.1.13.3), OMEGA 

(cf. 5.1.13.2), PERICLES-rectangular (cf. 5.1.5), cylindrical core test facility (CCTF) and 

slab core test facility (SCTF). These terms are usually neglected in system thermal-

hydraulic (T/H) codes and some explanations for these simplifications are as follows: 

¶ It can be reasonably assumed that the turbulent void dispersion of momentum plays 

a minor role when crossflows arise due to radial power profiles that induce void 

radial gradients and buoyant recirculation (below a swell level in a core uncover).  

¶ It can be reasonably assumed that the turbulent void dispersion of momentum plays 

a minor role when crossflows arise due to radial power profiles that induce 

temperature and density radial gradients. 

¶ It can be reasonably assumed that the turbulent void dispersion of momentum plays 

a minor role when wall heat transfers and interfacial heat transfer are high (core 

during core reflooding or core uncovery). 

However, it would be better to quantify such terms than qualitatively neglecting them. The 

modelling of such diffusion-dispersion terms is also important, as is the fact that the effects 

of crossflows depend on the space integration scale and mesh size.  

3.8. Modelling of the chimney effect and other crossflows  

Core uncovering phases are expected during loss-of-coolant accident (LOCA) transients. 

A lack of water cooling can result in a two-phase mixture up until the swell level and a pure 

vapour flow in the coreôs upper part. Such configuration takes place after the scram when 

the power decay is below 5% nominal power (NP) [3-3]. 

Water is generally at the saturation temperature under the swell level and boiling occurs 

due to power decay. Hot assemblies with high-power regions produce more vapour than 

others, and gravity-driven natural circulation creates a radial flow from high-power regions 

to low-power regions. This phenomenon tends to homogenise the void fraction. This radial 

homogenisation means that swell level is almost uniform. The phenomenon has been 

observed in experiments [3-4] and [3-5]. The vapour mass flux leaving the swell level also 

tends to be homogenised due to radial flows. The prediction of these crossflows is 

controlled by the wall and interfacial friction models for non-axial two-phase flow. 
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In the dry zone, where cladding temperature excursion occurs, the vapour flow is mainly 

axial. There can be a higher cladding temperature in the highest power assembly. Then, 

crossflow can occur between assemblies according to the radial power profile. Two 

situations could arise: the ñchimneyò effect, where crossflows come from the lowest power 

assemblies to the higher power ones, and the ñdivergingò effect, where crossflows come 

from the highest power assemblies to the lower power ones. The cladding temperature is 

linked to the local vapour mass flux: higher cladding temperatures are expected with lower 

mass flux. Crossflows therefore impact the peak clad temperature (PCT): the ñchimneyò 

effect tends to decrease the PCT, while the ñdivergingò effect tends to increase the PCT by 

providing or removing cooling to the highest power assemblies. Figure 3.1 presents both 

situations. The prediction of these crossflows is controlled by the axial and radial wall 

friction and singular pressure losses models in non-axial vapour flows. 

 

Figure 3.1. Chimney (right) and diverging (centre) effect phenomena (radial power profiles appear in grey) 

 

 

Source: Bestion and Matteo, 2015. 
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4.  Implementation of 3D capabilities in 3D system-scale T/H Codes 

Engineering design and safety analyses of nuclear installations often require modelling the 

entire power plant coolant system. Some general information, not specific to three-

dimensional (3D) modelling, on features implemented in system thermal-hydraulics 

(SYSTH) codes can be found in [4-1] and [4-2]. 

The current simulation tools still have limitations that industries and regulatory bodies 

would like to address. Some limitations are related to the simplifications and assumptions 

behind the models of the system-scale codes describing physical phenomena. 

The field equations are averaged in time and in space in system-scale codes. Flow systems 

of a nuclear power plant are mainly built of pipes and therefore one-dimensional (1D) flow 

equations are usually sufficient. However, all flows are 3D by nature and 3D phenomena 

predictions are nowadays quite essential for correctly reproducing the system behaviour 

pertaining to recent nuclear power plantsô generation. The development of 3D capabilities 

in thermal-hydraulic (T/H) system codes was followed by a simple extrapolation of 1D 

closure laws to 3D models. There is no guarantee that these simplifications are relevant to 

all situations. The growing role of 3D modelling of reactor cores and pressure vessels 

requires additional experimental data for a proper validation of at least transients that the 

2D-3D experimental programme did not address. 

Some information related to some of the present 3D SYSTH codes is summarised in Table 

4.1. 

Table 4.1. Overview of main features of 3D modules in SYSTH codes 

CODE Models and 
correlations  
(3D related) 

Numerics (Time) Equation 

discretisation 

Numerics 
(Advective 

terms) 

Solution 
Algorithm 

Notes 

E SI NI FI O FV FD U HO O 

ATHLET Multidimensional 
flow model 

  X       X   X     Linear implicit 
Newton method  

Extrapolation 
method to 

achieve higher 
order accuracy 

CATHARE Multidimensional 
flow model  
3D diffusion 

terms 

  X       X X X     Full Newton 
iterative method 

  

MARS-KS Multidimensional 
flow model  
3D diffusion 

terms 
3D conduction 

terms 

  X       X X X     1. Solve for 
phasic velocities 
as function of 
pressure and 
substitute to 

mass and energy 
equations 
2. Solve for 
linearised 
pressure 
equation 
3. Back 

substitution for 
remaining 
variables  

Linearise seven 
equations 

including non-
condensable gas 

continuity 
equation 
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Table 4.1. Overview of main features of 3D modules in SYSTH codes (Continued) 

CODE Models and 
correlations  
(3D related) 

Numerics (Time) Equation 

discretisation 

Numerics 
(Advective 

terms) 

Solution 
Algorithm 

Notes 

E SI NI FI O FV FD U HO O 

SPACE Multidimensional 
flow model 

  X       X X X     1. Solve for 
phasic velocities 
as function of 
pressure and 
substitute to 

mass and 
energy 

equations 
2. Solve for 
linearised 
pressure 
equation 
3. Back 

substitution for 
remaining 
variables  

Linearise ten 
equations 

including non-
condensable 
gas continuity 

equation 

RELAP Multidimensional 
flow model 

  X X     X X X     Border profile 
lower upper  

Backward-Euler 
(BPLU) 

  

TRACE Multidimensional 
flow model  

no models for 
turbulent diffusion 
and shear between 

fluid cells 

  X     SETS X X X   CD   Stability-
enhancing  
two-steps 

(SETS) 

FV: finite-volume FD: finite difference 

E: explicit SI: semi-implicit 

NI: nearly implicit FI: fully implicit 

U: upward difference HO: higher order upward difference 

CD: central difference O: other 

The existing 3D T/H system codes are too numerous to be presented in this report. 

However, the ones presented hereafter (Multi -dimensional Analysis of Reactor Safety 

[MARS], Safety and Performance Analysis CodE [SPACE], Analysis of THermal-

hydraulics of LEaks and Transients [ATHLET] and Code for Analysis of 

THermalhydraulics during an Accident of Reactor and safety Evaluation [CATHARE]), 

which are based on the contributions received from the task group members, are sufficiently 

representative of the current status to cover most 3D capabilitiesô features.  

General considerations are followed by specific code descriptions. The main characteristics 

of these codes are summarised, and propositions given for the codesô capabilities and 

limitations, aiming to clarify what the conditions are for a correct application of the codes 

for safety analysis. 

4.1. Approaches 

4.1.1. Field equations 

The derivation of the field equations used in SYSTH codes starts from the fundamental 

physical principle of mass, momentum and energy conservation. The time-behaviour of 

each field considered in the system-scale codes model is described using field equations 
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that are averaged in time and in space. The spatial and temporal averaging means that 

additional models are needed to compensate for the loss of information. 

Further simplifications would reduce the number of solved field equations in system-scale 

analyses. Different simplifications produce different flow models and several field 

equations:  

¶ homogeneous equilibrium model (HEM); 

¶ drift -flux model; 

¶ the two-fluid model; 

¶ multi-field models. 

Fewer assumptions are associated with a larger number of field equations and therefore the 

predictions are more accurate. However, using more field equations also demands more 

constitutive equations and thus greater quantities that must be measured. 

One or more types of multidimensional components or modules have been implemented in 

current SYSTH codes from the equations of 1D components that have been modified and 

extended to 3D components, such as the Multi -dimensional Analysis of Reactor Safety - 

Korea Institute of Nuclear Safety (MARS-KS) code, which has two kinds of 

multidimensional components. Furthermore, specific options for 3D modules exist in the 

codes TRACE, reactor excursion and leak analysis programme 5 (RELAP5) and 

CATHARE for modelling the reactor pressure vessel. 

Nearly all current two-phase flow models used in present SYSTH codes are based on the 

ñtwo-fluid modelò. Phases are treated as interpenetrating media and ñmacroscopicò 

separate balance equations for each phase are obtained by a space and/or time, or ensemble 

averaging of the local instantaneous basic flow equations. For the ensemble averaging, 

source terms represent the wall and interfacial transfers for mass, momentum and energy. 

Generally, the non-equilibrium two-phase three-field (of continuous liquid, gas/vapour and 

droplets) governing equations are implemented into the codesô 3D module in Cartesian and 

cylindrical co-ordinates. The droplet field is sometimes considered separately, but only in 

the mass and momentum equations. The field equations and assumptions are occasionally 

component- or geometry-specific. 

The porous media approach has been widely adopted, with the aim of including the 

geometric features of the system part in the modelling while also enabling a coarse mesh 

nodalisation of the reactor vessel. Non-condensable gas and a boron transport equation 

have also been considered. 

4.1.2. Numerical scheme and solution algorithms  

The field equations have to be discretised in time and in space for numerical solutions. The 

temporal discretisation is inherently connected to the (implicit or semi-implicit) solution 

method used. Fully-implicit algorithms are more demanding of central processing unit 

(CPU) time to solve but may have some advantages (they bring about neither material 

CourantïFriedrichsïLewy condition [CFL] nor diffusion time step limitation) [4.2-2]. 

The first-order upwind scheme is most commonly used for the convection terms in spatial 

discretisation. This produces a stable and robust solution scheme, which is also associated 

with a high level of numerical diffusion.  

The system codeôs user carries out the actual spatial discretisation while building the 

simulation model. Guidance is usually provided by code developers and should be 

followed. 
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Practically all system-scale codes use the so-called staggered-grid discretisation. In this 

scheme, the momentum equations are discretised at different points than the other (scalar) 

field equations: 

¶ pressures, enthalpies and void fractions are solved in a calculation cellôs centre; 

¶ velocities are solved at the cellsô boundaries. 

Solving all the field equations with fully-implicit discretisation at the same time is possible 

when the general approach is used with non-linear partial derivative equationsô (PDEsô) 

generalised Newton method. This solution method is used in the CATHARE or ATHLET 

codes, among others. The drawback to this approach is that the matrix that has to be 

inverted (the Jacobian of the coefficient matrix) becomes relatively large, resulting in the 

inversion requiring a large CPU. This is especially the case in 3D situations, where the 

coefficient matrix is far denser than in 1D situations. Efficient methods for calculation and 

storage of the Jacobian are therefore required. The drawback can be bypassed by a 

numerical estimation of the Jacobian, or the use of a Jacobian-free Newton-Krylov method. 

The other option is to use non-iterative semi-implicit methods, which produce a rapid 

calculation speed (low computational cost of a single time step). However, the time steps 

sizes are limited by the material CFL condition. Non-iterative semi-implicit methods are 

used in the following computer codes: RELAP5, TRAC, TRACE, MARS and SPACE. 

High-order numerical methods with flux-limiters or other low diffusivity methods have 

also been considered during recent development of SYSTH codes [4.1-1] and [4.1-2]. 

4.2. Simplifications and limitations 

The system-scale codes use simplified approaches and methods to achieve their goal. The 

following limitations must be kept in mind when system codes are used [4.2-1]: 

¶ Many physical phenomena highly depend on geometry and the models therefore 

may only be valid for specific geometry. 

¶ There can be significant uncertainty associated with closure laws due to the 

simplification of physics used or the presence of non-modelled phenomena, and a 

better and more accurate model therefore might be required. 

¶ Correlations are derived for fully-developed flow, which is certainly not the case 

for nuclear technology. 

¶ Computed quantities are time and space averaged, providing a limited time and 

space resolution of time and space variations. 

Another important limitation of present system codes concerns the coarse nodalisation of 

the reactor circuit due to CPU cost. The geometrical complexity is highly simplified for 

this case and specific effects cannot be predicted. 

Information about local flow processes, such as turbulence and transfers at the interface 

separating the two phases or at the region near the walls, is lost due to the averaging. This 

lost information must be compensated for by additional modelling for specific phenomena, 

which leads to errors due to the closure lawsô imperfections and numerical issues. 

Closure laws are empirical correlations based on measurements in different geometries 

(circular pipe, rod bundle or tube bundle, annuli) that do not cover all pressure vessel (PV) 

sub-components and situations: 

¶ The correlations are always based on steady-state measurements. 

¶ The parameter ranges used for deriving the correlations are often limited. 

¶ The correlations are usually tuned during the validation process of a code.  
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Their intrinsic origin as an extension of the 1D component equations has resulted in the 3D 

model showing some limitations, which are mainly related to the typically-employed coarse 

numerical grids and the closure relations used for the physical modelling. Models and 

correlations that were developed for 1D flow (the condition of a fully -developed 1D flow 

and simple geometry) have also been extended to the 3D module code in a simplified way. 

The coarse meshes limit the spatial resolution of flow phenomena to large-scale effects, 

while the adoption of models and correlations developed specifically for 1D situations 

means that there is now a great need for the development of a specialised set of experiments 

to validate the 3D modules (e.g. in the bundle region, downcomer) in more 3D flow 

situations. Confidence in the simulation results obtained from system-scale tools has to be 

established through an extensive verification and validation effort. 

The 3D diffusion terms (the viscous and turbulent stress terms in the momentum equation, 

the fluid molecular and turbulent energy diffusion and the dispersion terms due to space 

averaging) are sometimes not present in the 3D model. This can impair the modelling of 

natural circulation at low flow or quasi-stagnant flow in large tanks (e.g. passive cooling 

tank). The MARS-KS codes apply a simple Prandtlôs mixing length model to the 

implementation of the turbulent diffusion terms. However, this application of such a 

simplified model is only suitable for relatively fine grids. Models for turbulent and 

diffusion phenomena are also implemented as options in some 3D modules. 

The relative importance of the diffusion terms strongly depends on the porosity and 

hydraulic diameters. The transfers with walls (friction and heat transfers) in a fairly low 

porosity small-hydraulic-diameter component such as a light water reactor (LWR) core can 

play a dominant role compared to diffusion terms. Natural circulation phenomena are then 

controlled by a balance between wall friction and buoyancy forces, instead of a balance 

between diffusion and buoyancy forces as in an open medium. The objective is to clearly 

identify the sub-component and physical situations in which diffusive terms should be used 

and validated. 

Additional effort is also likely required to identify the flow regime in complex geometry 

multidimensional components and develop suitable theoretical physical models for 3D 

applications, such as transport equations for an interfacial area or turbulent scales, or multi-

field modelling. 

4.3. Review of 3D system-scale analysis codes 

The development of the present generation of system codes was initiated in the years from 

1970 to 1980. The main objective of developing these codes was to replace evaluation 

models that used conservative assumptions in a best estimate approach with more realistic 

predictions of the accidental transients of a pressurised water reactor (PWR) or boiling 

water reactor (BWR). 

SYSTH codes have a wide range of applications, from research to safety and design 

purposes. Examples of its applications are listed below [4.2-1]: 

¶ Safety analysis; 

¶ The quantification of the conservative analysesô margin; 

¶ The investigation of plant operating procedures and accident management (AM); 

¶ The definition and verification of emergency operating procedures (EOPs); 

¶ Investigations for new types of fuel management; 



78 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

¶ The preparation and interpretation of experimental programmes with scaling 

analyses; 

¶ Licensing when used in a best estimate plus uncertainty (BEPU) approach; 

¶ The design of new reactors and systems, including the passive features for the third 

and fourth generations of nuclear power plants. 

¶ The implementation in a full scope plant simulator. 

The system code application has often been extended to the field of severe accidents. They 

are coupled with other codes that model core degradation and fission product release. 

3D modules were implemented into SYSTH codes with the main objective of modelling 

large-scale 3D phenomena in a nuclear power plant pressure vessel during large break loss-

of-coolant accidents (LB-LOCAs), for example emergency core cooling systems (ECCS) 

water downcomer penetration or reflooding of the core with transverse power profile 

effects. The range of application of the 3D module code usually relate to the reactor 

pressure vessel (RPV) and core. A 3D component is rarely used to model the water pools 

of passive safety systems, moderator tanks in pressurised heavy water reactor (PHWR) and 

the spent fuel pool, where multidimensional flow processes are expected to occur. 

Other applications could be developed relating to research reactors, pool-type liquid metal 

cooled reactors and steam generators, or other heat exchangers. There are few applications 

to cold leg and hot leg: CATHARE 3 used the 3D module for some pressurised thermal 

shock (PTS) analyses. 

The transient application is mainly relevant to: 

¶ LOCAs (LB-LOCA and intermediate break [IB-]LOCA); 

¶ Steam line breaks (SLBs); 

¶ Boron dilution transients. 

Other transients could benefit from 3D simulations, but only a few applications have been 

performed so far. These include the departure of nucleate boiling ratio (DNBR) analysis 

for transient accidents, control rod (CR) ejection, protected loss of flow, BWR reactivity 

insertion accidents (RIAs), design extension conditions (DEC), PTS, station blackout 

(SBO) and steam generator tube rupture (SGTR). 

The heavy computational effort required has led to 3D modules being mainly used for fast 

(short) transients such as large break LOCA. Rather coarse nodalisation schemes are 

applied in most applications and consequently the advantage of a 3D modelling of the flow 

processes can be offset to a certain extent. However, large-scale 3D effects can be better 

modelled with 3D models than with 1D models. 

The applications of 3D models that have been briefly introduced above originate from the 

experiences of the projectôs partners. A questionnaire about the use of 3D SYSTH codes 

was filled-out by them, whose main content is summarised in Appendix A. 

4.4. MARS-KS code 

MARS-KS is the code for simulating the T/H behaviour of a reactor system during transient 

conditions. The backbones of MARS-KS are the RELAP5/MOD3.2.1.2 [4.4-1] and the 

COBRA-TF codes [4.4-2] and [4.4-3]. The RELAP5 code is a versatile and robust code 

based on a 1D two-fluid model for two-phase flows. The COBRA-TF codeôs specific 

purpose is to predict nuclear fuel channel behaviour during a LOCA and it employs a 3D, 
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two-fluid, three-field model on rectangular Cartesian or subchannel co-ordinates. In order 

to fully exploit the features of each code, these two codes have been consolidated into a 

single code in the form of system analysis module (RELAP5) and 3D vessel analysis 

module (COBRA-TF) through the integration of a hydrodynamic solution scheme and the 

unification of various T/H models, equation-of-state and I/O features. The codesô sources 

were entirely restructured using the modular data structure and a new dynamic memory 

allocation scheme of FORTRAN 90. 

The system analysis module employs a two-fluid model for two-phase flows. The two-fluid 

equations consist of (a) two phasic continuity equations, (b) two phasic momentum 

equations, (c) two phasic energy equations, and (d) several additional continuity equations. 

The 3D vessel analysis module adopts a two-fluid, three-field model on rectangular 

Cartesian or subchannel co-ordinates. The adopted field equations are (a) four continuity 

equations for vapour, continuous liquid, and entrained liquid droplets, (b) three momentum 

equations for continuous liquid, entrained liquid, and the mixture of vapour and non-

condensable gases, and (c) two energy equations for the mixture of vapour and non-

condensable gases and mixture of continuous and entrained liquid. 

The MARS-KS code runs on a Windows platform and is currently used as a 

multidimensional T/H tool to analyse reactor transients, to experiment facility simulations 

and for various safety research purposes. The code can also be connected through dynamic 

linkage using DLLs to other codes such as the 3D kinetics code, containment analysis codes 

and severe accident codes. The MARS-KS code has been updated with several features 

such as a Canada Deuterium Uranium (CANDU) Channel component, new reflood model, 

interfaces for uncertainty analysis, and more [4.4-4]. The first version of the MARS-KS 

code was developed by Korea Atomic Energy Research Institute (KAERI) and released in 

early 1997. The Korean Institute of Nuclear Safety (KINS) has used and maintained the 

MARS-KS code for regulatory purposes since 2007. The latest code version is MARS-KS 

V1.4, which was released in 2016. 

4.4.1. Description 

The MARS-KS has two kinds of multidimensional components: 

¶ the VESSEL component of the 3D vessel analysis module; 

¶ the MULTID component of the system analysis module. 

Two multidimensional components can be solved independently or together in the same 

hydrodynamic scheme, while each multidimensional component adopts distinct field 

equations and assumptions. 

4.4.2. Field equations of MULTID component 

The field equations of one-dimensional mass, momentum and energy equations have been 

modified and extended to the 3D form to develop the MULTID component. The control 

volume is assumed to be porous media and therefore an area fraction factor or volume 

fraction factor are multiplied to appropriate terms. The mass equations implemented the 

3D convection term, while the momentum equations implemented the full 3D convection 

and diffusion terms. The energy equations implemented the 3D convection and conduction 

and diffusion term for turbulent mixing. The dissipation term in energy equations is 

proportional to the square of volume velocity, while other dissipation effects due to 
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interface mass transfer, interface friction and virtual mass are neglected. The field equations 

of MULTID components are given by: 

‎ ‌” Ͻɳ‎‌”ὠᴆ ‎ῲ    (4.4.2-1) 

‎ ‌”ὠᴆ Ͻɳ‎‌”ὠᴆὠᴆ ‎‌ ὖɳ ‎‌”Ὣᴆ ᶯ‎‌†ᴆ ‎Ὂ ‎Ὂ (4.4.2-2) 

‌”Ὗ Ͻɳ‎‌”Ὗὠᴆ 0 Ͻɳ‎‌ὠᴆ ɜ 5     

 

ᶯ‎‌ ήᴆ ήᴆ ήᴆϽὃᴆ ήᴆϽὃ ᴆ ‌ὗ ὈὍὛὛ  (4.4.2-3) 

k is a subscript as phase indicator, ɾ is an area porosity, ɾ is a volume porosity, Ὥ is a 

subscript for phase interface, ύ is a subscript for a wall, ‌  is a volume fraction of k phase 

and ὈὍὛὛ is an energy dissipation term. 

4.4.3. Field equations of the VESSEL component 

The VESSEL component employs field equations for three fields without porosity factors, 

with the 3D effect terms implemented in similar way as for the MULTID component. The 

mass equations implemented the 3D convection term, while the momentum equations 

implemented the full 3D convection and diffusion terms. The energy equations 

implemented the 3D convection, conduction and diffusion term for turbulent mixing. 

‌” Ͻɳ‌”ὠᴆ ῲ      (4.4.3-1) 

k=l, v, e or n for continuous liquid, vapour, entrained liquid and non-condensable gases 

respectively. 

‌”ὠᴆ Ͻɳ‌”ὠᴆὠᴆ ‌ ὖɳ ‌”Ὣᴆ Ͻɳ‌†ᴆ ὓᴆ ὓᴆ  (4.4.3-2) 

k=l, v+n, or e for continuous liquid, gaseous phase, entrained liquid respectively.  

The ὓᴆ and ὓᴆ stand for the average supply of momentum to phase k due to mass transfer 

to phase k and the average drag force on phase k by other phases. 

‌”Ὗ Ͻɳ‌”Ὗὠᴆ 0 Ͻɳ‌ὠᴆ ɜ 5 Ͻɳ‌ ήᴆ ήᴆ   

    ήᴆϽὃᴆ ήᴆϽὃ ᴆ ‌ὗ     (4.4.3-3) 

k=l+e, or v+n for liquid and gaseous phase respectively. 

4.4.4. Simplifications and limitations 

Although the 3D VESSEL analysis module can handle the multi-channel flow, there are 

limitations in the application of shear terms and the cylindrical co-ordinate system. 

Overcoming these limitations required the development of a new multidimensional 

(indicated by MULTID in the input cards) component, which has been installed as a new 

component of the system analysis module. The MULTID component also provides more 

flexible 3D capabilities in the system code and allows the user to more accurately model 

the multidimensional hydrodynamic features of reactor applications, primarily in the vessel 

(i.e. the core and downcomer) and steam generator.  
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The MULTID component defines a one-, two- or three-dimensional array of volumes and 

the internal junctions connecting these volumes. The geometry can be either Cartesian 

(x,y,z) or cylindrical (r,ɗ,z). Full 3D convection and diffusion terms are implemented in the 

momentum equation. A simple Prandtlôs mixing length model is applied for the 

implementation of turbulent viscosity. The 3D turbulent thermal mixing terms are also 

implemented in the energy equation. The flow regime map of MULTID component is 

identical to that of the one-dimensional component of the system analysis module, except 

for the fact that the horizontal stratified flow is removed from the horizontal flow regime 

map. 

3D diffusion term 

The viscous stress gradient term as a 3D diffusion term in the second term of the right-hand 

side (RHS) of momentum equations contains two terms, which are the viscous diffusion 

term (†) and the turbulent diffusion term (†).  

†ᴆ †ᴆ †ᴆ     (4.4.4-1)  

For the Cartesian co-ordinate, the viscous diffusion term is given by:  

†ᴆ ‘ ȟ‘ ȟ‘    (4.4.4-2) 

For the cylindrical co-ordinate, this viscous diffusion term is given by: 

†ᴆ ‘ ȟ‘ ὶ ȟ‘ ὶ  (4.4.4-3) 

The Prandtlôs mixing length model is applied for the turbulent diffusion term and the 

momentum mixing length and the energy mixing length must therefore be defined. MARS-

KS allows users to define the lengths based on the experience and Table 4.2 provides 

reference. As MARS-KS does not adopt the wall function, the recommended range of 

mixing length is also suggested. The turbulent diffusion term is defined by: 

†ᴆ ς‘Ὀᶻ      (4.4.4-4) 

where Ὀᶻ  is the deleted bulk deformation tensor and ‘  is the turbulent or eddy viscosity. 

For the Cartesian co-ordinate, the deleted bulk deformation tensor is given by: 

Ὀᶻ πȢυ

ở

Ở
ờ

π

π

π Ợ

ỡ
Ỡ
    (4.4.4-5) 

For the cylindrical co-ordinate, the deleted bulk deformation tensor is given by: 

Ὀᶻ πȢυ
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    (4.4.4-6) 
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The turbulent viscosity is given by: 

‘ ”ὰ ”ὰ ςὈᶻȡὈᶻ     (4.4.4-7) 

For the Cartesian co-ordinate, the product of deleted bulk deformation tensor is given by: 

ςὈᶻȡὈᶻ     (4.4.4-8) 

For the cylindrical co-ordinate, the product of deleted bulk deformation tensor is given by: 

ςὈᶻȡὈᶻ      (4.4.4-9) 

The mixing length range is recommended as: 

Ў
ὰ Ўὼ      (4.4.4-10) 

Table 4.2. Turbulent length 

Flow Turbulent length scale (lm) Length scale, L 

Mixing layer 0.07L Layer width 

Jet 0.09L Jet half width 

Wake 0.16L Wake half width 

Axisymmetric jet 0.076L Jet half width 

Boundary layer 

Viscous sub-layer 

Log-law layer 

Outer layer 

0.09L Boundary layer thickness 

Channel L[0.14-0.081-yL2-0.061-y/L4 ] Channel half width 

3D heat diffusion terms 

The 3D heat diffusion is the third term of the RHS of the energy equation , consisting of 

the viscous conduction term (ήᴆ) and turbulent thermal mixing term (ήᴆ), which are given 

by: 

ήᴆ ήᴆ  Ὧ Ὧ ​Ὕ    (4.4.4-11) 

where Ë is the thermal conductivity and Ὧ  the turbulent thermal conductivity. 

The turbulent thermal mixing term is similarly treated with the turbulent viscosity term. 

The turbulent thermal diffusivity of the mixing term for the mass cell centre is computed 

from the double dot product of the deformation tensor, in the same manner that the turbulent 

viscosity was obtained.  

Turbulent thermal mixing term is given by: 

ήᴆ  Ὧ ​Ὕ      (4.4.4-12) 

Ὧ ”ὅ‐ ”ὅὰὰ ςὈᶻȡὈᶻ     (4.4.4-13) 

where ὰ is the momentum mixing length and ὰ the energy mixing length. The momentum 

and energy mixing length is defined by user input. 
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4.5. SPACE code 

The Korean nuclear industry launched the Safety and Performance Analysis CodE 

(SPACE) for nuclear power plants code development project in 2006. The project aims to 

develop a new T/H system analysis code by adopting advanced physical modelling of two-

phase flows, mainly using multi-field models and with a multidimensional simulation 

capability by the use of structured and/or unstructured meshes. The code development and 

validation process was completed in early 2013. After this, the licensing work for plant 

application was started in mid-2013 and accomplished in March 2017. 

SPACE includes multidimensional non-equilibrium two-phase flow models, heat transfer 

models, nuclear fuel kinetics models and a reflood models, based on a two-phase (liquid 

and gas phase) three-field (continuous liquid, gas, and droplets field) governing equations 

which is a nine-equation model. SPACE also offers a six-equation model similar to 

RELAP5 [4.4-1], which neglects the droplet field in the nine-equation model. SPACE was 

programmed in an object-oriented manner using C++ programming language. SPACE can 

simulate the loss-of-coolant accidents, main steam line break, main feed water pipe rupture, 

and main steam generator tube rupture accidents, which are necessary for pressurised water 

reactor safety analyses. SPACE can also stimulate the transient phenomena, such as the 

loss of offsite power (LOOP), turbine trip and nuclear reactor shutdowns. This use of 

SPACE could be applied to establish strategies for mitigating accidents, developing 

operating guides and planning T/H tests and analyses. SPACE was developed to simulate 

transient phenomena in nuclear power plant reactor cooling systems. However, because it 

is a general purpose T/H system code, it can be also used in the non-nuclear-power fields 

where a steam-water-non-condensable gas mixture is included. SPACE has various 

interfaces with other codes for the multiphysics analysis. Figure 4.1 shows the summary of 

major code interfaces of SPACE. 

The SPACE includes, among other items, input and output packages, a hydrodynamic 

model package, heat structure model, control system model and reactor kinetic model. The 

input and output packages read the input and restart-files and inspect input errors, memory 

allocation and variable initialisation, generating output files that include restart-files. It also 

transfers data between different modules such as the input module and hydraulic solver. 

The hydrodynamic model package consists of a hydraulic solver, constitutive models, 

special process models and component models. The hydraulic solver offers a numerical 

solution scheme for the multidimensional two-phase three-field governing equations as 

well as the 1D flow model. The governing equations (including the mass, energy and 

momentum equation) deal with the three fields comprised of water, steam and droplets. 

The governing equations require porosity to account for the structural material impact on 

the fluid flow. A mass conservation equation of non-condensable gas and boron transport 

equation are also considered. The finite-volume method (FVM) was applied to establish 

the discretised governing equations. The non-linear temporal and source terms are 

linearised by using Taylor expansion. The SPACE codeôs primitive variables are non-

condensable gas pressure, phasic temperatures, phasic volume fractions, total pressure and 

phasic velocities. The non-primitive variables, such as the density and internal energy, are 

therefore linearised with respect to the primitive variables, by applying the first-order 

Taylor expansion. The mesh system uses a structured or unstructured mesh system. It is 

also possible to use a combination of the two mesh systems. Such a combined mesh system 

could not only depict a 1D pipe flow network, but also describe more complex 3D geometry 

by using the structured mesh Cartesian, or cylindrical co-ordinate system, and the 

unstructured mesh system.   
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Figure 4.1. SPACE code interfaces [4.5-4] 

 

Source: Lee et al., 2016. 

A semi-implicit scheme is implemented into SPACE as the basic numerical time 

advancement scheme, similar to the RELAP5 solution scheme, and developed so that a 

simultaneous solution could be obtained with structured or unstructured mesh schemes. 

The constitutive models include the flow regime map, interfacial heat transfer models, wall 

and interfacial friction models, droplet entrainment and de-entrainment models and wall-

to-fluid heat transfer models. The SPACE code also contains component models, 1D and 

2D heat structure models, and reactor kinetics models that are based on the point-kinetics 

model. The component models include a pump, pressuriser, valve, steam separator, safety 

injection tank and turbine. Finally, a special process model contains the critical flow model, 

countercurrent flow limitation model, abrupt area change model, offtake model (liquid 

entrainment by vapour) and water level tracking models, which can simulate the nuclear 

power plantôs special T/H phenomena. Furthermore, for the code userôs convenience, 

SPACE also provides the functions of steady-state run and restart run. 

4.5.1. Governing equations 

The multidimensional component of SPACE, whose component name is ñ3Dò, can handle 

one, two and three-dimensional flow in Cartesian and cylindrical co-ordinates [4.5-1]. The 

governing equations used in the SPACE code are derived, applying the time-volume 

averaging scheme to the local instantaneous conservation equations. This is described in 

detail in the reference [4.5-2]. The resulting two-fluid, three-field formulation uses a 

separate set of conservation equations for each field. The three fields include vapour, 

continuous liquid and entrained liquid. The method of dividing the liquid phase into two 

fields is a convenient and physically reasonable way of handling flows where the liquid 

appears in both continuous liquid and droplet form, because the thermal and hydraulic 

behaviours of the droplets can differ significantly from those of the continuous liquid. The 

governing equations of SPACE are described as follows: 

Continuity equation for vapour phase 

( ) ( ) ( )w w

g v g v g l d l d
t

e a r ea r e
µ

+ÐÖ = G +G +G +G
µ

U     (4.5.2-1) 
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Continuity equation for continuous liquid phase 

( ) ( ) ( )w

l l l l l l E D lS S
t

e a r ea r e
µ

+ÐÖ = -G - + -G
µ

U    (4.5.2-2) 

Continuity equation for entrained liquid phase 

( ) ( ) ( )w
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µ

U   (4.5.2-3) 

where the subscript v, l, d and g refer to the vapour, continuous liquid, droplet and 

vapour/non-condensable gas mixture respectively. The mass transfer due to phase change, 

denoted by ,l dG G, occurs at continuous liquid-vapour and droplet-vapour interfaces. The 

two liquid fields can also exchange mass by entrainment or de-entrainment, which is 

denoted by ,E DS S  respectively, and ʀ refers to the cellôs fluid porosity. 

The energy conservation equation is set up for each of the vapour/gas mixture, continuous 

liquid, droplet fields with the assumption that all fields are at thermal non-equilibrium. 

Internal energy equation for vapour-gas mixture 
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Internal energy equation for liquid phase 
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 (4.5.2-5) 

Internal energy equation for droplet phase 
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 (4.5.2-6) 

In the above phasic energy conservation equations, the interfacial heat transfer rate per 

volume and the associated mass transfer rate are denoted by Q and G respectively.  
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Each fieldôs momentum conservation equations have been derived using semi-conservative 

momentum flux term and phasic intensive form, in which the governing equation is divided 

by phasic volume fraction and phasic density, as follows: 

Momentum equation for vapour phase 
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where ,g glC  and ,g gdC  are coefficients of virtual mass and B is body force. 

Momentum equation for continuous liquid phase  
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where , ,l l E l CG =G -G
. 

 

Momentum equation for droplet phase 
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 (4.5.2-9) 

where , ,d d E d CG =G -G
. 

As shown in the equations above, there are no 3D diffusion terms that are the viscous stress 

term in the momentum equation, and the fluid conduction term in the energy equation. 

However, the momentum flux terms in the governing equations and convection terms in 

the mass/energy equation consider the full -3D flow model. 
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SPACEôs staggered mesh system is based on the orthogonal hexahedral shape of a cell and 

its surrounding faces. All the geometric quantities are described in terms of cell volume, 

centroid, face area and face centre, so that Cartesian and cylindrical mesh systems can be 

expressed in same manner. Each scalar cell normally has six faces in three-dimensional 

Cartesian or cylindrical mesh blocks. But two-dimensional Cartesian meshes or one-

dimensional pipes can be also represented by simply reducing the numbers of the 

surrounding faces. Each momentum cell is shifted by the half size of scalar cell, so that it 

consists of the front half-part of the owner scalar cell and the back half-part of the neighbour 

scalar cell, as shown in Figure 4.2.  

Figure 4.2. Momentum cells in the SPACE staggered mesh system  

  

4.5.2. Simplifications and limitations  

As mentioned in the section above, SPACEôs multidimensional flow model does not have 

3D diffusion terms such as viscous stress terms and viscous/turbulent heat conduction terms 

in the governing equations. SPACE therefore cannot be used for an analysis where 3D 

diffusion effects are dominant, for example to analyse natural circulation in the large tank 

or almost stagnant flow. However, the multidimensional component used in the safety 

analyses of nuclear power plants is related to bundle geometries such as a reactor core and 

U-tubes in the steam generator. As a result, a multidimensional component of SPACE can 

be applied to all major nuclear reactor components, with the exception of large tanks such 

as a passive cooling tank and in-containment refuelling water storage tank (IRWST). 

The constitutive models (including the flow regime map, wall and interfacial drag models, 

interfacial and wall heat transfer models and droplet entrainment and de-entrainment 

models) are based on the correlations that were established with fully -developed 1D flow 

and simple geometry such as pipe and bundle. For example, the wall drag model of SPACE 

is based on the Churchill (1977) [4.5-3] correlation, which was developed in pipe flow 

conditions. The same correlation is applied to all directions with different hydraulic 

diameters and velocities, depending on flow direction. 

4.6. ATHLET code 

4.6.1. Description 

The T/H system code ATHLET is being developed by Gesellschaft für Anlagen- und 

Reaktorsicherheit (GRS) for the analysis of the whole spectrum of operational conditions, 

design basis accidents and beyond design-basis accidents without core degradation for 

nuclear energy facilities. The code provides specific models and methods for the simulation 

of nuclear power plants covering all common LWR designs, advanced Generation III, III+ 

and IV reactors as well as small modular reactors. The latest code version is ATHLET 3.2, 
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which was released in June 2019 [4.6-1] as part of the GRS code package AC²-2019 

(including ATHLET, ATHLET-CD [core degradation], COCOSYS and complemented by 

the interactive simulator software ATLAS) [4.6-2]. 

ATHLET consists of several basic modules used for the simulation of the fundamental, 

multi-physical phenomena involved in the operation of a nuclear reactor, including thermal 

fluid dynamics (TFDs), heat transfer and heat conduction, neutron kinetics and the control 

and balance-of-plant. Dedicated interfaces for other independent modules are available, 

such as 3D neutron kinetic codes, computational fluid dynamics (CFD) codes or the GRS 

containment simulator COCOSYS. The extended code ATHLET-CD is applicable for the 

analysis of beyond design-basis accidents with core degradation. Figure 4.3 gives an 

overview of the most important code interfaces implemented in ATHLET. 

The TFD-module of ATHLET offers two different sets of model equations for the 

simulation of the fluidȤdynamic behaviour: (i) the two-fluid model with fully phase-

separated conservation equations for liquid and vapour mass, momentum and energy; and 

(ii) the five-equation model with separate conservation equations for liquid, vapour mass 

and energy, supplemented by a mixture momentum equation. Both models account for 

thermal and mechanical non-equilibrium. The five-equation model includes a mixture-

level-tracking capability, designed to capture the dynamic motion of and two-phase 

processes at a horizontal phase interface. A full-range drift-flux model is available for the 

calculation of the relative velocity between the fluid phases and considers different 

geometries such as horizontal and vertical pipes, annuli or bundles. The solution variables 

are the pressure, vapour temperature, liquid temperature and vapour mass quality, as well 

as the mass flow rate (fiveȤeq. model) or the phase velocities (sixȤeq. model) respectively. 

The range of working fluids covers light and heavy water and takes the transition between 

subcritical and supercritical fluid states into consideration. Helium, liquid sodium, lead and 

lead-bismuth eutectic (LBE) can be selected as the coolant. These extensions aim to 

simulate future Generation IV reactor designs. All liquid metal working fluids have thus 

far been treated as single-phase liquid. Code extensions towards evaporation and two-phase 

sodium flows are currently under development. 

ATHLET also allows for the simulation of non-condensable gases. This applies to water as 

well as to liquid metal working fluids. Fluid properties are provided for hydrogen, nitrogen, 

oxygen, air, helium and argon. Additional mass conservation equations can be included for 

the description of boric acid or zinc-borate transport within the coolant system, as well as 

of the transport and release of nitrogen dissolved in the coolantôs liquid phase. 

The heat transfer package covers a wide range of single-phase and two-phase flow 

conditions of water. Correlations for critical heat flux and minimum film boiling 

temperature are included. The influence of spacer grids on the post-critical heat flux (CHF) 

can be considered. Evaporation and condensation occurring directly at heating or cooling 

surfaces can be calculated. A quench front model for bottom and top reflooding is available. 

Special heat transfer correlations are also available for supercritical water, liquid metal 

working fluids and helium, which accounts for specific geometries such as rod bundles or 

pebble beds. ATHLET enables the simulation of two-dimensional heat conduction in 

structural components, for which in-built or user-provided material properties can be used. 

The timeȤdependent behaviour of the nuclear power generation is calculated by either a 

pointȤkinetics model or a 1D neutron kinetics model. The pointȤkinetics model is based on 

the application of the kinetics equations to one group of prompt and six groups of delayed 

neutrons. The reactivity changes due to control rod movement and reactivity feedback 

effects for the fuel temperature, moderator density, moderator temperature and boron 

concentration are considered. The 1D kinetics model solves the timeȤdependent neutron 
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diffusion equations with two energy groups of prompt neutrons and six groups of delayed 

neutrons. ATHLET also offers a general interface for the coupling of 3D neutron kinetic 

models. Several 3D codes for rectangular and hexagonal geometries have been successfully 

coupled, as referenced in Figure 4.3. 

Figure 4.3. ATHLET code interfaces 

 

Source: Lerchl et al., 2019. 

Specific models are provided for the simulation of valves, pumps, accumulators, heat 

exchangers, steam separators, steam and gas turbines, compressors, steam condensers, 

single and double-ended breaks, fills and leaks. Critical flow ï e.g. discharge flow ï is 

calculated by a dedicated 1D thermal nonȤequilibrium model with consideration of the 

given flow geometry. 

The time integration of the thermoȤfluid dynamic model is performed with a standard 

ordinary differential equation (ODE) solver. The model provides the implicit solution of a 

first-order ODE linear system. The linearisation of the underlying conservation equation 

system is done numerically by calculating the Jacobian matrix. A block sparse matrix 

package can be used to efficiently handle the repeated evaluations of the Jacobian matrix 

and calculate the solution of the resulting system of linear equations. A rigorous error 

control is carried out by a higher order scheme for the time integration, obtained by an 

extrapolation analysis. 

4.6.2. 3D model description 

In the current release version 3.2, the TFD-module of ATHLET provides (i) a standard one-

dimensional flow model, (ii) a well-established and often-used pseudo-multidimensional 

method, where the one-dimensional momentum equations are applied separately to each 
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co-ordinate direction of a multidimensional numerical grid, and (iii) an enhanced model 

with a genuine multidimensional set of thermal-hydraulic conservation equations. The 

latter is available only together with the six-equation two-fluid model. As a key element, 

this approach includes the phase-separated three-dimensional momentum equations 

presented in conservative form in equation (4.6.2-1), where ‘ stands for the phase index, 

liquid or vapour, ‌ for void fraction, ” for density, ύᴆ for velocity, ὴ for pressure and ὙὌὛ 
summarises further contributions such as gravitation, wall and interfacial shear or phase 

momentum change due to mass transfer. 

 ‌”ύᴆ ᶯ‌”ύᴆṧύᴆ ‌ὫὶὥὨὴ ὙὌὛ (4.6.2-1) 

By substituting the continuity equation into equation (4.6.2-1), the well-known primitive 

form of the momentum equation in terms of the phase velocity is obtained: 

 ‌” ύᴆ ‌”ύᴆϽɳύᴆ ‌ὫὶὥὨὴ ὙὌὛ (4.6.2-2) 

A simplified description of the three ATHLET flow models can be given in terms of the 

convective part of the momentum balance (4.6.2-2). As illustrated for Cartesian co-

ordinates in Table 4.3, only the fully multidimensional flow model accounts for the mixed 

momentum flux contributions originating from the underlying vectorial character of the 

momentum equation. 

Table 4.3. ATHLET flow models  

1D flow model ύᴆϽɳύᴆ ύ   

Pseudo 3D flow model ύᴆϽɳύᴆ
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3D flow model ύᴆϽɳύᴆ
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Source: Lerchl et al., 2019. 

The implementation of the set of balance equations is performed on the basis of a finite

volume staggered-grid approach. The equations for the scalar solution variables include 

pressure ὴ, mass quality ὼ and phase temperatures Ὕ and Ὕ, which are derived from mass 

and energy conservation [4.6-1]. These are solved within control volumes, whereas the 
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momentum equations are integrated over so-called junctions connecting the centres of 

adjacent control volumes (see Figure 4.4). 

Figure 4.4. Staggered-grid approach of ATHLET  

 

The implemented momentum balance of the multidimensional flow model is not derived 

directly from equation 4.6.2-2, but from an expanded formulation: 

 ‌” ύᴆ ᶯ‌”ύᴆṧύᴆ ύᴆϽɳ ‌”ύᴆ ‌ὫὶὥὨὴ ὙὌὛ  (4.6.2-3) 

As illustrated by Figure 4.4, the adopted finite-volume scheme integrates equation 4.6.2-3 

across a junction-associated control volume ὠ. The discretisation of the integral form of 

equation 4.6.2-3 is accomplished through use of the Gauss theorem and a first-order upwind 

scheme for the convective terms. 

The multidimensional flow model that is implemented in Cartesian and cylindrical co-

ordinates applies to 2D and 3D numerical grids. This application enables a numerically 

efficient solution of axis-symmetric problems, which can be simulated using a wedge-

shaped 2D grid of arbitrary angle. The 3D model is generally used with structured grids. 

Multi -block grids can be used to geometrically approximate complex geometries like the 

RPV. The grid can also include gaps and consider internal structures. 

Regarding software engineering, the multidimensional flow model is integrated in 

ATHLET as an extension of the phase-separated 1D balance equations of the two-fluid 

model. The multidimensional equations therefore directly benefit from the model basis that 

is already available in ATHLET, such as the comprehensive two-phase modelling or the 

coupling with other code modules for heat transfer, etc. Moreover, since 1D and 3D 

equations are based on same discretisation schemes, a close coupling of them using one 

common Jacobian can be easily achieved, which ensures improved numerical stability and 

efficient calculation with large time step sizes. Provided that a particular 3D grid is given, 

the required CPU times are comparable for the pseudo-3D and fully 3D flow model. This 

is the case due to the semi-implicit implementation of the multidimensional contributions, 

which keeps the structure and sparseness of the Jacobian matrix of the ODE system to be 

solved unchanged. 

The main objective of the 3D T/H model is to enable complete system analyses at low 

numerical cost with a consideration of the impact of 3D flow phenomena on overall system 

behaviour. The low CPU time demand is especially important for the codeôs intended scope 

of application, which covers long-term analyses of nuclear facilities and safety assessment 

using numerically challenging uncertainty analyses. Coarse numerical grids are usually 
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employed for the discretisation of the TFD domain, which is adequate for the modelling 

basis of a system code approach and ensures reasonable computing power demands. The 

range of potential applications of the 3D model typically concerns vessels such as (parts 

of) the RPV, or huge water pools of passive safety systems where multidimensional flow 

processes are anticipated. There are currently no intrinsic restrictions and therefore the 3D 

model can also be applied to other components or geometries.  

4.6.3. Simplifications and limitations 

The multidimensional flow ATHLET model aims for a better and a more realistic 

representation of the complex flow phenomena occurring at macroscopic scales in large 

geometries such as the RPV. Its origin as an extension of the 1D TFD model means the 3D 

model currently has some limitations that are mainly related to the rather vague geometry 

representation by coarse grids and the closure relations used for the physical modelling. 

The typically-employed coarse numerical grids limit the spatial resolution of flow 

phenomena to large-scale effects because only processes above grid scale can be captured. 

If the characteristic cell length is equal or even larger than the hydraulic diameter, the grid 

does not exactly resolve internals and details of the structureôs geometry, which structure-

aligned grids with nodes placed on the structure surface would do. Small-scale components 

can therefore only be considered in a simplified way by adapting the control volume 

geometry parameters (a kind of porosity influencing flow area and volume) and/or by using 

form losses that are often imprecise. The numerical schemes were used in addition to the 

coarse numerical grid (such as the first-order upwind scheme), which suffer from a rather 

high numerical diffusion that limits the exact treatment of steep gradients of the physical 

quantities. Dedicated models, such as those for boron transport, are implemented in 

ATHLET to attenuate this effect. 

The closure laws, for example for wall and interfacial transfer, are based on algebraic 

equations that were originally derived from fully established 1D flows in specific 

geometries (e.g. pipe or bundle). The suitability of applying these models to general and 

more complex geometries is contested. If the fluidic domain is discretised by a 

multidimensional grid with a characteristic cell length that is smaller than the hydraulic 

diameter (e.g. in an open medium), wall-distant control volumes appear. Friction cannot be 

captured by source terms such as wall transfer for these internal volumes but must be 

modelled as transfer between adjacent fluid volumes. The multidimensional flow model in 

ATHLET optionally allows for the consideration of stresses due to fluid viscosity and 

turbulence-induced momentum diffusivity. The Reynolds stresses are calculated using an 

algebraic turbulence model, the Prandtl mixing length model, to close the equation system. 

The application of a turbulence model is only reasonable for relatively fine grids. A zero-

equation turbulence model is also limited in its predictive capability. 

4.7. CATHARE code 

System codes like RELAP and ATHLET first developed ñcrossflow junctionsò between 

1D modules as a way of representing multidimensional flow features. Following TRAC, 

the CATHARE team developed an explicit 3D module for the reactor pressure vessel. It 

was a simple extension of the 1D module to 3D in porous medium using cylindrical and/or 

Cartesian co-ordinates. The main objective of such 3D modules was to model large-scale 

3D effects in a pressure vessel during LB-LOCA, for example the downcomer penetration 

of ECCS water and reflooding of the core with transverse power profile effects. The heavy 

computational effort required resulted in the 3D module being mainly used for fast (short) 

transients such as large break LOCAs. With the increasing computer power, the 
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CATHARE 3D module is now used for SB- and IB-LOCAs. The rather coarse nodalisation 

schemes (about 1 000 nodes for a CATHARE pressure vessel 3D nodalisation) are usually 

applied and consequently the advantage of a 3D modelling of the flow processes can be 

offset to a certain extent. However, large-scale 3D effects could be better modelled than 

using 1D models. 

The use of coarse nodalisation is not converged in space. These 3D modules must validate 

the physical model, numerical scheme and reference vessel nodalisation using full-scale 

experiments such as upper plenum test facility (UPTF) tests for the downcomer refill and 

PERICLES-2D and slab core test facility (SCTF) for the core reflooding (see Chapter five 

for the description of these experiments). This does not prevent compensating errors from 

arising. However, the large scale of the validation tests means that these compensations are 

expected to be similar in the reactor and the validation. 

Figure 4.5 shows a nodalisation of a PWR pressure vessel using a CATHARE 3 3D module. 

The figure on the left shows an old nodalisation of a three-loop reactor, which has a 

cylindrical co-ordinate and five meshes in the radius, six meshes in the azimuthal direction 

and 21 meshes in the vertical direction for a total of only 630 meshes (198 meshes in the 

core). The figure on the right shows the reactor vessel in cylindrical co-ordinates, except 

for the core that is Cartesian [4.7-1] and described by one column of meshes per assembly. 

There is one only mesh in the downcomer in the radial direction, one for the core baffle, 

and five radial meshes in lower plenum, upper plenum and upper-head. This nodalisation 

makes the core better described, with about 6 000 meshes. This type of representation is 

new for CATHARE 3 [4.7-2] and not possible with CATHARE 2. 

 

Figure 4.5. Illustration of the nodalisation of a PWR pressure vessel using a 3D module. On the left an old 

coarse nodalisation; on the right a recent finer nodalisation particularly in the core 

 

Source: Préa et al., 2017. 

The continuous progress of computer power will make it possible to combine various sub-

components using Cartesian, cylindrical or elliptical frames of reference, depending on the 

local geometry as in Figure 4.6. Local mesh refinements in one or a few fuels assemblies 

are also likely to become possible, which would be treated by a subchannel analysis model, 

i.e. with one raw mesh for each subchannel.  
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A 3D pressure vessel will be extended to applications such as: 

¶ LOCAs: including SB-LOCAs, IB-LOCAs and LB-LOCAs;  

¶ main steam line break (MSLB): in low flow, low power and high flow, high power 

conditions; 

¶ boron dilution transients; 

¶ loss of residual heat removal (LORHR); 

¶ any other transient that might benefit from 3D simulations. 

Other applications for research reactors, steam generators or other heat exchangers may be 

developed.  

CATHARE 3 enables connections between 3D modules that do not have the same meshes 

to couple different types of 3D modules, which are non-conformal junctions. A third mesh 

is created when two different meshes are merged: the intersection mesh. Figure 4.7 

illustrates a merge between two Cartesian regular meshes (3*3 in blue and 4*4 in red). A 

velocity is calculated by CATHARE 3 for each elementary exchange face belonging to the 

two meshes (in the example, there are 36 elementary faces). Non-conformal junctions are 

also available for Cartesian-cylindrical connections. 

Figure 4.6. Illustration of a CATHARE advanced pressure vessel 3D modelling [4.7-1] 

 

Source: Préa et al., 2017. 

Figure 4.7. Scheme for non-conformal junctions 
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4.7.1. Description  

The standard 3D description of two-phase flows used in CATHARE is a ñporousò version 

of the two-fluid six-equation model. This model has been obtained from the local 

instantaneous two-phase balance equations using a double averaging. First, a time 

averaging to filter the pseudo-random variations of the flow variables due to turbulence 

and two-phase intermittence. Then, a space averaging accounting for the presence of 

complex and relatively small solid structures within the flow, such as in the case of the 

core, rod bundles, grids and guide tubes (referenced by [4.7-3] and [4.7-4]). These internal 

structures are homogenised and accounted for via a porous medium approach, which is 

similar to the one used in component scale codes. This approach allows for the nodalisation 

of the reactor vessel with coarse meshes. 

Base 3D model in CATHARE 2 and CATHARE 3 

CATHARE 2 and CATHARE 3 include a base 3D model used for reactor vessel 

applications. The porous approachôs mass, momentum and energy balance equations are 

written for each phase k (liquid or gas): 
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In these equations Ŭk, ɟk, Vk, ek and Hk are the void fraction, density, velocity, internal 

energy and enthalpy of the phase k respectively, while f is porosity (defined as the ratio of 

the fluid volume over the total volume including the structures), p pressure, ũ interfacial 

mass exchange, pi interfacial pressure, Űi interfacial friction, Űpk wall friction and g gravity. 

qki and qpk denote the interfacial and the wall-to-phase k heat transfer. 

The mass (4.7.2-1) and energy (4.7.2-3) balance equations are written in a conservative 

form, whereas the momentum (4.7.2-2) balance equation is written in a non-conservative 

form. As a result, the porosity term f can be eliminated from the momentum balance 

equation and from the convective term, whereas it must be taken into account in the 

convective term of both the mass and energy balance equations. The system of equations 

(4.7.2-1)-(4.7.2-2)-(4.7.2-3) models neither the turbulent diffusion nor the dispersion 

terms. The system is suitable for simulating LOCAs with a coarse mesh, where the 

interfacial and wall transfer terms have the most influence, but less suitable for mixing 

problems such as MSLB or boron dilution. 

CATHARE 3 3D models 

The CATHARE 3 3D module for core applications also includes extended capabilities to 

improve the accuracy of simulations of light water reactor accidents. This option features 

models for turbulent and diffusion phenomena that can affect the temperature map in a rod 

bundle. Moreover, in the case of an occurrence of two-phase crossflows between adjacent 

subchannels, the void dispersion phenomena are accounted for by a mixing term in the 
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momentum balance equations. Equations (4.7.2-2) and (4.7.2-3) have been accordingly 

modified in the following ways in [4.7-3] and [4.7-5]: 
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The three different mixing terms implemented are represented by the void dispersion term

k
T
ip aÐ , stress tensor

T
kt that accounts for turbulent and dispersive effects in the 

momentum equation and the turbulent, and dispersive heat flux 
T
kq . 

CATHARE 3 also includes a three-field model (continuous gas, continuous liquid and 

droplets) in the 3D module. It is intended to calculate 3D components where the behaviour 

of the droplets can be significant, for example in the core or upper plenum. 

4.7.2. Simplifications and limitations  

For the interfacial and wall transfers, in the base 3D model, the mass, energy and 

momentum balance equations are directly extrapolated from the 1D models, in which the 

code includes two flow patterns: the stratification limit and the onset of entrainment (see 

[4.7-6] for an overview of the 1D models). The 3D model of CATHARE also assumes no 

stratification. Only the onset of droplet entrainment criterion is therefore explicitly written. 

Finally, no added mass term is considered in the 3D model equation system. 

Specific laws in the downcomer 

The 3D module assessment against the downcomer refill tests (UPTF tests six and seven) 

[4.7-7] and [4.7-8] and end of reflood phase tests (tests UPTF 25 and Japan Atomic Energy 

Research Institute [JAERI]-SUDO refill tests) [4.7-9] and [4.7-10] have led to a specific 

set of suggested correlations compared to those dedicated to the 1D approach that better 

describe the annular refill phase during a LB-LOCA and the end of reflood phase. These 

correlations concern the liquid-to-interface heat flux condensation coefficient, entrainment 

fraction used in the interfacial friction models and interfacial friction in bubbly/slug/churn 

flow regimes [4.7-4]. The entrainment fraction E (ratio of the droplet flow rate over the 

total liquid flow rate) is adapted for such calculations in the downcomer by the modification 

of the inception entrainment velocity used for 1D calculations, i.e. the critical gas velocity
DV1

0 allowing entrainment phenomena: 

G
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The critical velocity 
DV1

0 is based on the Steen-Wallis correlation. The adapted correlation 

for the downcomer is: 

DDC VV 1
00 3³=      (4.7.3-2)  
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The entrainment rate is thus computed as: 
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where af is a function of the void fraction. 

The liquid-to-interface heat flux condensation is also modified in the downcomer: 

D
le

DC
le qq 10.5 ³=      (4.7.3-4) 

where 
D

leq1
is the liquid-to-interface heat flux condensation for the 1D module, based on the 

Shah and Chen correlations, and taking into account the condensation on droplets. 

The interfacial friction term needed to be decreased in the simulation of UPTF test 25 and 

JAERI-SUDO experiments in the case of bubbly-slug-churn flow for the 3D 

module/annular downcomer, with respect to the one used in the 1D module: 
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Mixing terms for rod bundle calculations 

The momentum and energy turbulent and dispersive diffusive terms came out during the 

double (time and space) averaging process of the local convection terms. Further details 

can be found in [4.7-3]. 

The turbulent diffusion and dispersion tensor 
T
kt in equation (4.7.2-4) is modelled 

following the microscopic eddy-diffusivity concept: 

( ) ( ) ( ) ( )ù
ú

ø
é
ê

è
ÖÐ-Ð+Ð+= IVVV kk

T
kdktk

T
k fffnnt ff

3

2
   (4.7.3-6) 

The macroscopic turbulent viscosity 
f
tkv can be modelled using a macroscopic k-Ů model. 

The sum of the dispersive momentum coefficient and the macroscopic turbulent viscosity 

comes from a correlation developed by Teruel [4.7-11], which averages microscopic results 

obtained from numerical computations of flows in arrays of cubes and is dependent on the 

hydraulic diameter hD : 
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where Cm=0.09, CD=1.4 and Re is the Reynolds number based on the hydraulic diameter.  
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The turbulent and dispersive heat flux 
T
kq

is given by: 

kdktk
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   (4.7.3-8) 

The macroscopic turbulent thermal conductivity 
fatk is related to the macroscopic turbulent 

viscosity
f
tkv  via a macroscopic turbulent Prandtl number, 

fffa tktktk v Pr/= . This term is 

usually dominant over the macroscopic turbulent heat flux in rod bundle calculations by 

two or three orders of magnitude. The transverse component of the thermal dispersive 

tensor is correlated as: 

f

f

tk

hf
trans

dk

DkA
D

Pr

, =      (4.7.3-9) 

where A is a parameter adjusted to 0.5 for the PWR Subchannel and Bundle Tests (PSBT) 

benchmark (see Chapter 5 for the description of the experiment) and the macroscopic 

turbulent Prandtl number is equal to 1. The spatial averaged turbulent kinetic energy fk  

is given by a correlation established for a single-phase flow in tubes or subchannels, far 

from spacer grid: 

612
Re0367.0 -= Lfk V     (4.7.3-10) 

The turbulent interfacial pressure in the void dispersion term k
T
ip aÐ has the following 

expression: 

LfL
T
i kBp Vr=     (4.7.3-11) 

where B is a parameter adjusted to 0.2 for the PSBT benchmark and fk  is given by 

equation (4.7.3-10). 
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5.  Experimental support with 3D capabilities 

5.1. Separate effects tests 

5.1.1. ROCOM 

5.1.1.1 Objective of the experiment 

The ROCOM (Rossendorf Coolant Mixing Model) test facility was built at the German 

research centre HZDR (Helmholtz Centre Dresden Rossendorf) for the investigation of 

coolant mixing in the reactor pressure vessel of pressurised water reactors (PWRs). 

ROCOM was a 1:5 model of a four loops German PWR. 

The test facility was designed for the investigation of a wide spectrum of mixing scenarios 

[5.1.1-1]. Experiments were carried out to measure the time-dependent distribution of the 

transport variables such as the coolant temperature and boron concentration inside the 

reactor pressure vessel. The leading input variables were the time history of the flow rates 

in the four loops of the primary circuit and the coolant temperature, or boron concentration 

at the inlet nozzles. The differences in either boron concentration or coolant temperature 

were modelled using salt, sugar or ethanol tracer solutions, which influence electrical 

conductivity. 

The test facility was equipped with wire mesh sensors, which enabled a high resolution 

measurement of the transient tracer concentration in time and space. 

5.1.1.2 Description of the test loop 

The reactor pressure vessel manufactured from acrylic glass is the main part of the test 

facility (Figure 5.1). The model matches the original reactorôs geometrical similarity, of 

the scale 1:5, from the bends in the cold leg that are closest to the reactor inlet until the core 

inlet. The inlet nozzlesô geometry, with their diffuser segments and the curvature radius of 

the inner wall at the junction with the pressure vessel, was closely replicated in the model. 

Similarity was also taken into account for the perforated sieve drum and core support plate 

with the orifices for the coolant. The entry into each fuel assembly was an orifice with a 

diameter of 30 mm, containing one measurement position of the integrated core inlet wire 

mesh sensor. Furthermore, all inlet nozzles of the reactor pressure vessel were equipped 

with sensors. Two different types of sensors were installed in the test facilityôs downcomer. 

The first type measures tracer concentration in one radial plane. One sensor of this type 

was installed at the inlet (just below the nozzle plane) and at the outlet of the downcomer, 

and 64 measurement positions along the circumference were distributed in a distance of 

5.625°. The conductivity was measured at each of these positions at four measuring points 

over the width of the downcomer (pitch: 13 mm). A second type of sensor was developed 

and installed for an improved visualisation and quantification of the mixing processes in 

the downcomer. This type consists of two measuring grids of 64 azimuthal positions and 

29 positions over the height of the downcomer, which were arranged in a formation of two 

concentric cylinders. Additional sensors could be installed at additional positions along the 
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flow path, for example in the outlet nozzles or by the emergency core cooling (ECC) water 

injection. 

The vessel core itself was only represented by a hydraulic resistance of the fuel elements. 

A core basket was inserted as a hydraulic short circuit between the core inlet and outlet. 

The pressure vesselôs model was equipped with a plane vessel head. The upper plenum did 

not contain any internals. 

ROCOM was equipped with four speed-controllable circulation pumps in each loop. These 

circulation pumps were controlled by individual frequency transformers that enable any 

desired combination of flow rates to be set in each loop. The corresponding pumps were 

operated at reduced rotation speed for natural circulation conditions. The volume ratio of 

vessel to loop was the same for both test facility and original reactor, ensuring identical 

coolant travelling times. 

Figure 5.1. The ROCOM facility  

 

Source: Grunwald et al., 2002. 

5.1.1.3 Tests performed 

The experiments performed in the ROCOM facility with coolant mixing include the 

following.  

Coolant mixing in stationary flow regimes 

For this flow regime, a constant mass flow rate over time is present at the inlet nozzles of 

all loops or in part of the loops, while the coolant temperature or boron concentration in 

one of the running loops changes. Such scenarios become possible during forced 
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convection (main coolant pumps in operation) as well as natural circulation in the primary 

circuit of a nuclear reactor. A typical cause of temperature perturbation is a leak in one of 

the main steam lines, which causes overcooling of the coolant in one loop. This overcooled 

water can reach the reactor before the main coolant pumps are switched off. 

Start-up of a reactor coolant pump 

The inadvertent start of the main coolant pump in a loop, where there is coolant with 

reduced boron concentration, is the main topic of investigations into flow scenarios using 

changing coolant flow rates in one or more loops of the reactor. Coolant with decreased 

boron concentration can build up, for example due to a malfunction of the make-up system 

of a switched-off reactor, or during a steam generator tube rupture when a flow of de-

borated water goes from the secondary to the primary circuit. 

Buoyancy-related mixing experiments 

Density differences between the injected coolant and primary loop inventory can play an 

important role during a loss-of-coolant accident; the injection of the relatively cold 

emergency core cooling water can induce buoyancy-driven stratification. This stratification 

can cause high-temperature gradients and increased thermal stresses in the reactor pressure 

vesselôs wall. A boron dilution transient could be initiated in the case of inadvertent 

injection of emergency core cooling water with low boron concentration. 

Coolant mixing under natural circulation conditions following a postulated small 

break loss-of-coolant accident 

Under-borated coolant can accumulate in the loops and can be transported towards the 

reactor core during a loss-of-coolant accident. The mixing of weakly borated water inside 

the reactor pressure vessel was therefore investigated in experiments at the ROCOM test 

facility. The mixing in the downcomer was strongly focused on, which was observed with 

a measuring grid of 64 azimuthal and 32 vertical positions. The boundary conditions for 

these experiments were derived from thermal-hydraulic (T/H) experiments at the Primär-

KreisLauf (PKL) test facility operated by AREVA in Erlangen [5.1.1-6]. 

The test facilityôs design parameters based on water at 20°C are presented in Table 5.1 

together with the original reactorôs data.  

Table 5.1. Design parameters of the ROCOM facility 

Parameter  Original PWR ROCOM 

Inner diameter of the pressure vessel (m) 5.0 1.0 

Height of pressure vessel (m) ~12.0 ~2.4 

Inner diameter of the inlet nozzle (m) 0.75 0.15 

Downcomer width (m) 0.315 0.063 

Coolant flow rate per loop (m3/h) 23 000 350 (max) 185 (nom.) 

Coolant inlet velocity (m/s) 14.5 5.5 (max.) 2.91 (nom.) 

Velocity in the downcomer (m/s) 5.5 2.1 (max.) 1.1 (nom.) 

Reynolds number in the inlet nozzle (-) 8.4x107 8.3x105 (max.) 4.4x105 (nom.)) 

Reynolds number in the downcomer 2.7x107 2.6x105 (max.) 1.4x105 (nom.)) 

Ratio Reynolds reactor/ROCOM 1 ~100 (max.) ~190 (nom.)) 

Travelling time reactor/ROCOM (-) 1 1 (nom.) 

Source: Grunwald et al., 2002. 
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5.1.1.4 Application for system code validation 

The experiments with coolant mixing in the downcomer and core lower plenum under 

natural and forced circulation are particularly suitable for the validation of three-

dimensional (3D) system codes. Several pre- and post-test calculations of a series of 

ROCOM tests matrix with 3D T/H system codes have been reported over the past few years 

[5.1.1-2 to 5.1.1-5]. The local tracer concentration measurements with a high resolution in 

time and space are suitable for assessing fluid mixing in the cold legs and downcomer and 

from the lower plenum to the core inlet. However, only mixing scalars were measured and 

there is no further information about other quantities, such as fluid velocities. 

The ROCOM facility has now been dismantled. However, the experimental data and 

corresponding reports are available at HZDR and in the NEA Data Bank. 

5.1.2. INKA 

5.1.2.1 Objective of the experiment 

The INtegral Test Facility KArlstein (INKA ) test facility was designed and constructed in 

2008 to test and demonstrate the performance of passive safety systems for an advanced 

boiling water reactor design, which was denominated KERENATM [5.1.2-1]. It is operated 

by FRAMATOME (formerly AREVA). All passive safety features necessary to simulate 

accident scenarios (loss-of-coolant accidents [LOCAs] and non-LOCAs) are included in 

the facilityôs design.  

The passive safety systems at INKA can be individually tested to analyse their performance 

and during integral tests to analyse the interaction between systems and therefore the 

capability of the KERENATM passive systems to perform their design function. 

KERENATM is the reference for INKA and therefore tests dealing with generic tasks for 

boiling water reactor (BWR) plants or other light water reactor designs can be performed. 

5.1.2.2 Description of the test loop 

The central component of the INKA facility is the water/steam accumulator vessel of the 

former large valve test facility Großarmaturen-Prüfstand (GAP), which simulates the 

reactor pressure vessel (RPV) at a volumetric scale of 1:6 (Figure 5.2). This vessel has a 

design pressure of 11 MPa, storage capacity of 125 m3 and is fed by a benson boiler with a 

maximum power supply of 22 MW. 

The INKA setup simulates the KERENATM containment in a 1:24 scale. It includes three 

main passive safety systems:  

¶ Emergency condenser (EC): a passive emergency core natural circulation flow 

cooling system. It includes a tubular heat exchanger. During normal plant 

operation, the heat exchanger tubes are filled with water and the EC is not in 

operation. If there is a drop in the reactor pressure vessel water level, for example 

following a reactor scram caused by a LOCA, steam fills the tubes and the EC starts 

to operate. The efficiency of the EC increases as reactor pressure increased and the 

RPV water level decreases. The temperature and pressure on the secondary side of 

the heat exchanger (flooding pool vessel) have only a small effect on the ECôs 

efficiency. 

¶ Containment cooling condenser (CCC): a passive long-term containment heat 

removal system that also uses natural convection. The system similarly includes 

tubular heat exchangers. Each CCC tube is filled with water from the 

shielding/storage pool located above the containment (Figure 5.2). Steam released 
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into the drywell, when an accident occurs, condenses on the external tube walls. 

The water inside the CCCsô tubes heats up, causing natural circulation. The 

systemôs efficiency increases as containment pressure increases. The EC and CCC 

together build the passive cooling chain connecting the heat source from the RPV 

with the heat sink to the shielding/storage pool. 

¶ Passive core flooding system (PCFS): this refills the RPV when a LOCA occurs. A 

check valve opens as soon as the pressure difference between the RPV and the 

flooding pool vessel (FPV) reaches a defined value, ensuring long-term core 

cooling. 

The containment is simulated by three vessels. The FPV contains the EC and CCC passive 

systems. The PCFS connects the FPV to the ECôs return line. The drywell vessel (DWV) 

simulates the residual gas volume of the containment drywell. The pressure suppression 

pool is simulated by the third pressure suppression pool vessel (PSPV) (Figure 5.2). 

All components of the test facility are located at their original height to ensure that the 

driving forces for all natural circulation processes are correctly modelled. Key components 

contributing to the passive safety features are implemented at a component scale of 1:1, but 

only one train is simulated, unlike the multi-train implementation in the reference plant.  

Figure 5.2. The INKA Facility  

 

Source: Leyer and Wich, 2011. 

All INKA vessels and systems can be individually operated. The vessels are connected by 

pipes that can be opened and closed, as required. Each vessel can be independently heated 

by direct steam injection. The vesselsô water levels can also be independently set. Usually 

only the FPV is needed for tests of the individual passive components. All vessels and 

components are used for the integral transient and LOCA experiments. 

INKA has over 300 available sensors. Most are conventional instrumentation, such as 

temperatures, mass flow, pressures and differential pressure sensors. In addition to these, 

there are two-phase flow sensors (thermo-needle probes and gamma densitometers) 

installed. The gas mixture in the vessels is measured using a mass spectrometer with a 

probe sampling system. The pressures, water levels and temperatures in the water and gas 

volumes are essentially measured in all vessels. Mass flow rates are measured in the main 

pipes, such as the break line, EC inlet line and steam safety/relief line. 
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The scaled INKA flooding pool only provides a relatively small water volume compared 

with the original plant design. The poolôs limited dimensions mean that inhomogeneous 

3D temperature distribution inside it may not be as pronounced as in the original plant. EC 

heat transfer and temperature stratification inside the flooding pool were still measured. 

Thermocouples were installed within the flooding pool to carry this out in several layers of 

different heights. 

5.1.2.3 Tests performed 

Different single effect tests for the different passive safety systems have been performed in 

the past for EC (steady-state and transient cases), containment cooling condenser with and 

without non-condensable gases, and passive core flooding systems. 

The experimental programme plans the following integral tests in the test facility: 

¶ main steam line break within the containment; 

¶ small break at RPV bottom; 

¶ feedwater line break within the containment; 

¶ loss of the ultimate heat sink (comparable to a station blackout). 

A key boundary condition for all four proposed scenarios is an extended loss of AC power 

(ELAP), where no active pump, active control system actions or operator actions are 

possible. 

Experimental data can be obtained from FRAMATOME. 

5.1.2.4 Application for system code validation 

The FPV has the highest sensor density (mainly temperature measurements) because this 

vessel contains the EC and CCC passive systems. Thermal stratification can be observed 

within the vessel during the heating up of the FPV by the EC. A 3D approach used for the 

simulation of the FPV can be validated by comparing the calculated results with the 

experimental temperature data gathered from the EC separate effect tests. A mixture-level-

tracking model can also be verified, for example by using data from experiments for the 

passive flooding system (continuously falling mixture level within the FPV during 

drainage). 

5.1.3. Upper plenum test facility 

5.1.3.1 Objective of the experiment 

The upper plenum test facility (UPTF) was a full-scale mock-up of the primary system of 

a four-loop 1 300 MWe Siemens/KWU pressurised water reactor. Both the separate effect 

tests and integral effect tests were carried out using the UPTF facility. 

The test vessel upper plenum internals, downcomer and primary coolant piping were 

replicas of those from the reference plant. However, some important PWR components ï 

such as the core, coolant pumps, steam generators and containment ï were replaced by 

devices that simulated the T/H behaviour of these components during end-of-blowdown, 

refill and reflooding phases of a LB-LOCA. UPTF simulated hot and cold leg breaks of 

various sizes. The ECC injection systems at the UPTF were configured to simulate the 

various ECC systems of German, Japanese and US PWRs within the framework of the 

international UPTF 2D/3D research programme [5.1.3-1].  

Figure 5.3 shows how the UPTF primary system was divided into investigation and 

simulation areas. The investigation areas, which were exact replicas of a German PWR, 
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consisted of the following: core/upper plenum interface, upper plenum, hot legs, cold legs, 

downcomer, lower plenum and downcomer lower plenum interface. An understanding of 

the physical phenomena occurring in these two areas during a LOCA is important for 

reactor safety analysis. 

Realistic T/H behaviour in the investigation areas was ensured by the establishment of 

appropriate initial and boundary conditions. The boundary conditions were established 

using simulators. The simulatorsô setup and operation were based on small-scale data and 

mathematical modelling. 

The simulation areas included the core simulator, steam generator, pump simulators and 

containment simulator. 

5.1.3.2 Description of the test loop 

The main components of the UPTF are described below. 

Test vessel and internals 

The dimensions of the UPTF test vessel (Figure 5.3) were identical to the reactor vessel of 

the reference PWR, with the exception of the wall thickness. The entire inner surface was 

clad with stainless steel. Penetrations were provided for instrumentation. The vessel 

internals consisted of lower plenum internals, core simulator, dummy fuel assemblies and 

upper plenum internals. The lower plenum had identical dimensions to the reference PWR. 

The core region contained the core simulator and 193 quarter-length dummy fuel 

assemblies with end boxes. 

The core simulator consisted of 17 pipes for steam and water injection. These injection 

pipes subdivided into a total of 193 steam/water injection nozzles, one below each dummy 

fuel assembly. The core simulator was divided into 17 zones, each of which had separate 

injection control valves, so that lateral distribution of steam and water flow rates could be 

obtained to simulate core radial peaking, for example. The total flow capacities were 

360 kg/s for steam and 2 000 kg/s for water. 

The upper plenum matched the reactorôs dimensions and contained 61 control rod guide 

tubes (CRGTs) and 16 support columns. Eight vent valves were mounted in the core barrel 

above the hot leg nozzle elevation to simulate ABB and Babcock & Wilcox (B&W) PWRs. 

The vent valves could be locked or unlocked, depending on the type of test. 

Steam generator simulators 

Each of the three intact loops contained a steam generator simulator (SG) for the simulation 

of a PWR SG. The loops were designed to measure water carried into the simulators and 

simulate the SGôs response to carryover, while preserving the flow resistance of the 

reference SGs. Water carryover was measured by separating the water from the steam flow 

using a set of 31 two-stage cyclone separators. A steam mass flow equivalent to the 

measured water entrainment was injected into the simulator to simulate the thermal 

response of a PWR SG. 

Steam/water separators 

Steam/water separators were located in the hot and cold legs of the broken loop. Their 

configurations were similar to the SG simulators that have been described, except for the 

dimensions and number of cyclones that were adjusted to account for the larger mass flows 

expected in the broken loop. 
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Emergency core cooling system (ECCS) 

The ECC injection systems commonly used in US and Japanese PWRs and SG PWRs were 

simulated at UPTF using accumulators. There were four accumulators in total: two with a 

capacity of 150 m3 and two with a capacity of 125 m3 each. Two of them could be 

alternatively used as nitrogen accumulators for the simulation of accumulator nitrogen 

release in US and Japanese PWRs. 

Pump simulators 

UPTF simulated the flow resistance and key internal heights of a reactor pump with 

manually-adjustable valves installed in each intact loop, between the pump seal and the 

cold leg injection port. 

Containment simulator 

The containment simulator was designed to simulate the containment pressure history 

following a LOCA in the PWR. It was divided into an upper dry well of about 500 m3 and 

a wet well of about 1 000 m3. Vent pipes routed steam from the dry well into the wet wellôs 

water pool, where it condensed. 

Process instrumentation and control 

The scope of the process instrumentation included 414 measurements in total. The 

measurements were of fluid temperatures, single-phase mass flows, water levels, absolute 

pressures, differential pressures and valve positions. These instruments monitored test 

boundary conditions and supported the operation of the facilityôs auxiliary systems. The 

signals from 265 process instrumentation channels were also directed towards the main test 

data acquisition system for test evaluation. 

The UPTF core simulator steam and water injection rates and steam generator simulator 

steam injection rates could be either pre-programmed or controlled by feedback systems. 

These feedback systems simulated the T/H responses of the PWR active core and steam 

generators to water penetration.  

The instrumentation and data acquisition system provided T/H data from both the 

investigation and simulation areas and the supply and disposal subsystems of the test 

facility. In all, 36 flow modules and 94 breakthrough detectors (BTDs) were installed in 

the test vessel at the core/upper plenum interface. These detected the steam and water mass 

flows and water breakthrough at the tie plate. The flow modules included three individual 

measurement systems for measuring the fluid momentum flux at the tie plate, as well as 

the local fluid velocity and water level above the tie plate. Numerous flow temperature and 

pressure measurements were located in the upper plenum and downcomer. An array of 705 

optical sensors was also installed throughout the upper plenum and downcomer to sense 

the presence or absence of water. 

Conventional T/H measurements were primarily used outside the test vessel to monitor the 

testôs boundary conditions. Five pipe flowmeter systems, including drag rakes and gamma 

densitometers, measured the mass flow rates in the hot legs and broken cold leg. Seventy-

one conventional mass flow measurements were also used. 
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5.1.3.3 Tests performed 

Tests performed in the UPTF 2D/3D program 

The UPTF test program consisted of 30 tests and consisted of 80 test runs [5.1.3-3]. There 

were two basic types of tests performed within this program: 

¶ twenty separate effects tests that emphasised ñtransparentò boundary conditions to 

quantify controlling phenomena in the primary system during LOCA and support 

code improvement [5.1.3-4 and 5.1.3-5]; 

¶ ten integral tests that focused on system-wide behaviour during a simulated 

transient to identify controlling phenomena in the primary system during a LOCA 

transient. 

Figure 5.3. The UPTF Test Facility  

Primary system (top) and test vessel (bottom) 
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Source: Damerell and Simons, editors, 1993. 

The separate effects tests were grouped according to the primary systemôs region and the 

T/H phenomena of interest: 

¶ countercurrent flow phenomena in the downcomer for cold leg ECC injection 

during end-of-blowdown and refill phases of a LB-LOCA; 

¶ entrainment in the downcomer during reflood for cold ECC injection; 

¶ T/H phenomena in the upper core, tie plate and upper plenum; 

¶ de-entrainment along the flow path from the core to the steam generators for cold 

leg ECC injection; 

¶ steam/ECC interactions in the hot and cold legs; 

¶ the impact of vent valves on the steam/water flow in the upper plenum and the 

downcomer of ABB and B&W PWRs; 

¶ temperature distribution in the downcomer for ECC injection in the cold legs when 

the primary system is filled with warm water; 

¶ steam/water countercurrent flow in the hot legs under the boundary conditions of 

small and intermediate-sized breaks; 

¶ ECC delivery to the core for high pressure injection in the hot legs.  
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The integral tests covered the end-of-blowdown, refill and reflood phases of a LB-LOCA. 

They can be subdivided into the following groups based on the ECCS type, configuration 

and break location: 

¶ four tests simulated a cold leg break with ECC injection into the cold legs (US and 

Japan type PWR); 

¶ five tests simulated a hot or cold leg break with combined ECC injection into the 

hot and cold legs (Siemens/KWU PWR); 

¶ one test simulated a cold leg break with ECC injection into a cold leg of an intact 

loop, the downcomer and the vent valves free-to-open. 

Tests performed in the UPTF-TRAM program  

The UPTF 2D/3D Program was followed by a national experimental project called UPTF 

transient and accident management program (TRAM). This experimental program focused 

on incidents that have been assigned by different risk monitoring studies and significantly 

contribute to the overall risk, mainly beyond design small leak transients and accident 

management (AM) procedures. Transients that could provoke a pressurised thermal shock 

have also been considered within this program [5.1.3-2].  

Large-scale T/H phenomena have been investigated in 15 tests, essentially separate effect 

test facilities (SETs), concluding with 111 test runs. The experimental program has been 

divided in four groups:  

¶ test group A: tests related to small break transients; 

¶ test group B: AM tests; 

¶ test group C: mixing tests in the cold leg and downcomer, which are related to 

thermal shock and recriticality; 

¶ test group D: hot gas convection inside the pressure vessel and the reactor coolant 

system components. 

The following phenomena have been investigated, among others: 

¶ the flow regimes in the hot legs during two-phase natural circulation; 

¶ the transportation of ECC water by single- and two-phase natural circulation; 

¶ loop seal clearing; 

¶ steam flow and liquid entrainment from the upper plenum towards the pressuriser 

during relief valve actuation; 

¶ coolant mixing during the ECCS injection. 

5.1.3.4 Application for system code validation 

The UPTF tests, which were performed in the international 2D/3D program and the UPTF-

TRAM program, have been extensively used for system code validation because of their 

exclusive ñfull-scaleò feature [5.1.3-6]. In particular, the separate effect tests such as the 

downcomer tests, upper plenum tests and Test group C of the UPTF-TRAM program, have 

been used for the validation of the 3D SYS T/H modules [5.1.3-7, 5.1.3-8 and 5.1.3-9]. 

Some of the UPTF tests also have been adopted for the validation of computational fluid 

dynamics (CFD) codes [5.1.3-10 and 5.1.3-11]. 
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5.1.4. CCTF and SCTF 

5.1.4.1 Objective of the experiment  

The T/H response of a PWR primary coolant system to a LOCA and the performance of 

the ECCS have been areas of strong research interest. The 5.1.4. cylindrical core test facility 

(CCTF) and slab core test facility (SCTF) tests were performed [5.1.4-1] by the Japan 

Atomic Energy Research Institute (JAERI) (formerly JAEA) in the 2D/3D program, which 

focused on the following phenomena that are strongly influenced by multidimensional (2D 

and 3D) effects during the end-of-blowdown, refill and reflood with of several types of 

ECC systems. The experimental program was divided in three groups:  

¶ Phenomena during the end-of-blowdown and refill phases of an LB-LOCA; 

penetration of ECC to the lower plenum; condensation of steam by ECC including 

the effect of dissolved nitrogen, and flow pattern through the core and resultant core 

cooling. 

¶ Phenomena during the reflood phase of a LB-LOCA; entrainment, storage and 

transport of water; steam/ECC interaction and flow patterns; heat transfer in the 

core; and influence of nitrogen discharge from accumulators. 

¶ Phenomena from other transients; for example, hot leg steam/water countercurrent 

flow during a small break LOCA (SB-LOCA); fluid/fluid mixing during a 

pressurised thermal shock event; and high pressure ECC injection into the hot legs 

during an SB-LOCA. 

5.1.4.2 Description of the test loop 

Description of the CCTF  

CCTF was a full-height, 1/21-scale model of the primary coolant system of a 1 100MWe 

four-loop PWR. The facility simulated the overall primary system response, as well as the 

in-core behaviour, during the refill and reflood phases of a large cold LB-LOCA. Figure 5.4 

depicts the facilityôs major components. They included a pressure vessel, four primary 

piping loops, two steam generators, four pumps and two tanks attached to the ends of the 

broken loop to simulate containment. The vertical dimensions and locations of the system 

components were closely replicated to those of the reference reactor.  
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Figure 5.4. Overview of the CCTF 

 

Source: Ichikawa, 1995. 

Figure 5.5 shows the CCTF pressure vessel housing a downcomer, lower plenum, core and 

upper plenum. The CCTF core contained 32 bundles (Figure 5.6), each containing 57 

electrically heated rods and seven non-heated rods (1 824 heated rods and 224 non-heated 

rods in total). The non-heated rods simulated the guide thimble tubes and instrument 

thimble tubes in PWR fuel assemblies. Figure 5.6 shows the three (high, medium and low) 

power zones of the electrically heated core. The radial power distribution of the core was 

controlled by setting the power supplied to each zone. The axial power profile in all rods 

was a chopped cosine. 
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Figure 5.5. CCTF core-II pressure vessel 

 

Source: Ichikawa, 1995. 

Four full-length primary loops were connected to the central pressure vessel (Figure 5.4). 

Three of the loops were intact, meaning that they sent the flow from the reactor vessel upper 

plenum, through the hot leg, steam generator, pump simulator and cold leg to the reactor 

vessel downcomer. The fourth loop simulated a full-size, double-ended, offset cold leg 

break set at about two m from the vessel wall. Quick-opening break valves were located at 

the two ends of the cold leg break. The pipe area was scaled from the PWR by the ratio of 

core flow areas. The steam generator simulators were vertical, U-tube and shell type heat 

exchangers. Two interconnected tanks, one attached to each of the two ends of the cold leg 

break, simulated the PWR containment. An internal steam/water separator and a liquid 

level metre on the tank connected to the vessel side of the break together enabled the 

measurement of broken cold leg phase flow rates. 
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Figure 5.6. CCTF pressure vessel cross sections 

 

Source: Ichikawa, 1995. 

In CCTF-I test run, the ECCS included two water supply tanks. The pressurised 

accumulator (ACC) tank, capable of providing water at a high flow rate for a short duration, 

and the low pressure coolant injection (LPCI) tank, which provided water at a lower flow 

rate for a longer duration. Each tank could supply water to either the lower plenum or cold 

legs. A second pressurised tank was added in the CCTF-II test run, with ECCS piping 

running to the upper plenum injection header, the downcomer and the hot legs. 
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Description of the SCTF 

SCTF was a full-height, full-radius 1/21-scale model of a sector of a 1 100 MWe, four 

loops PWR. While the pressure vessel was simulated in detail, only a crude loop simulation 

was used (Figure 5.7). The most significant feature of SCTF was that it contained a full-

height heated core with realistic rod diameters and spacing and a core lateral extent of over 

1.8m (the core radius of the largest PWRs). This large core lateral extent allowed the model 

to examine multidimensional effects. Figure 5.7 depicts the facilityôs major components.  

Figure 5.8 shows the SCTF pressure vessel, which housed a downcomer, lower plenum, 

core and upper plenum. The vessel simulated the radial slice of a PWR from the centre 

(bundle one in Figure 5.8) to the periphery (downcomer). The core consisted of eight 

simulated fuel bundles arranged in a row (i.e. a slab geometry). Each bundle contained 234 

electrically heated rods and 22 non-heated rods arranged in a 16³16 array. Power to each 

bundle was individually adjustable to simulate radial power distribution. 

The primary flow loops were simulated using a simplified system consisting of a single hot 

leg, steam/water separator, intact cold leg and broken cold leg. The hot leg connected the 

upper plenum with the steam/water separator. A steam/water separator located in the hot 

leg measured the amount of water entrained in the steam flow out of the upper plenum and 

through the hot leg. Although the separator did not simulate an actual steam generator, it 

was designed to obtain a realistic two-phase flow pattern at its inlet. The intact cold leg 

connected the steam/water separator with the downcomerôs upper portion. The broken cold 

leg was simulated by two pipes. One pipe connected the downcomer with a containment 

tank and the second pipe connected the steam/water separator with the other containment 

tank. The two containment tanks were the same tanks as those used for CCTF. 

The SCTF ECCS consisted of an accumulator and low pressure injection system. The 

injection ports for these systems were in the lower plenum, downcomer, broken cold leg, 

hot leg and intact cold leg, between the pump simulator and pressure vessel. The injection 

and extraction systems also provided and/or removed ECC using special nozzles located 

just above the upper core support plate. 

5.1.4.3 Test performed 

CCTF and SCTF tests are first classified by the injection configuration being simulated 

(cold leg injection, combined injection, downcomer injection, or upper plenum injection) 

and then further classified by the test objective (effects of pressure, core power, initial 

cladding temperature, ECC flow rates, etc.).  

The ranges of experimental conditions in both types of tests are shown below. The values 

shown were determined from the results of safety evaluation analyses and engineering 

judgement. 

¶ pressure in containment tanks 1 and 2: 0.1 - 0.42 MPa (base case: 0.2 MPa); 

¶ maximum initial clad temperature: 653 ï1 153 K (base case: 1 027 K); 

¶ average linear power rate of heated rods: 1.06-1.40 kW/m (base case: 1.40 kW/m); 

¶ initial total core power (1 824 heated rods): 7.1-9.4 MW (base case: 9.4 MW); 

¶ initial ACC injection rate: 6.7³10-2-10.3³10-2 m3/s (base case: 9.1³10-2 m3/s); 

¶ LPCI rate: 0.5³10-2-2.5³10-2 m3/s (base case: 1.1³10-2 m3/s); 

¶ downcomer wall temperature: 400-476 K (base case: 476 K); 

¶ loop seal water: Yes, No (base case: No); 
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¶ loop flow resistance: 25, 35 (base case: 25); 

¶ nitrogen injection: Yes, No (base case: No); 

¶ horizontal core power distribution: Uniform, Non-uniform (base case: Non-

uniform); 

¶ clad temperature distribution: Uniform, Non-uniform (base case Non-uniform); 

¶ evaluation model (EM) condition/ best-estimate (BE) condition: EM, BE (base 

case: EM). 

Figure 5.7. Overview of the SCTF 

 

Source: Ichikawa, 1995. 

The CCTF and SCTF tests clarified the thermal hydraulics in primary components 

(i.e. core, upper plenum, hot legs, steam generators, crossover legs, primary pumps, cold 

legs, downcomer, and lower plenum) in the refill and reflood phase [5.1.4-2]. Flow below 

the quench front in the core was from the low-power region to the high-power region. Yet 

flow above the quench front in the core was from the high-power region to low-power 

region. This three-dimensional flow circulation resulted in heat transfer being enhanced in 

the high-power region and degraded in the low-power region. Figure 5.9 shows the 

experimental results of the reflood phase in the CCTF C2-16 test, which was performed as 

one of the base cases. 
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Figure 5.8. Cross-section of SCTF core-II pressure vessel 

 

Source: Ichikawa, 1995. 

5.1.4.4 Application for system code validation 

The results of CCTF tests are used to assess TRACE reflood thermal-hydraulics models 

[5.1.4-3]. TRACE has shown it is capable of calculating the data trends during core reflood 

for different variations in boundary and initial conditions. TRACE demonstrated its 

capability to correctly calculate reflood behaviour for variations in core power, radial 

power profile and system pressures. TRACE also exhibited its capability to predict reflood 

behaviour reasonably well under ñbest-estimateò conditions (run 71). However, TRACE 

was unsuccessful in the simulation of run 58; code failures prevented the simulation from 

advancing past the initial rod heat-up period when the system was stagnant. 

The rod clad temperature in the upper core half was over-predicted and resulted in a longer 

quenching time. The upper third of the core is highly voided. The vapour temperature is 

almost as high as the rod surface temperature, while the liquid temperature is at saturation. 

The calculated liquid and vapour velocities in the upper core are on the order of 2.5 and 

13 m/s respectively. It appears interfacial drag is under-predicted because small droplet 

sizes (two mm or less), liquid and vapour velocities should be closer together. The 

interfacial heat transfer also seems to be under-calculated. 
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5.1.4.5 Main advantages and drawbacks of the facility 

Both CCTF and STCF have full-height pressure vessel. In addition, the CCTF simulates 

four full-length primary loops connected to the central pressure vessel. The SCTF has the 

core extent of over 1.8 m, which simulates the core radius of the largest PWRs. These are 

the advantages of predicting T/H behaviours in cores and primary loops without scaling 

distortion.  

Figure 5.9. Reflood phase of CCTF C2-16 test  

 

Source: Ichikawa, 1995 . 



120 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

5.1.5. PERICLES 2D  

5.1.5.1 Objective of the experiment 

The PERICLES 2D experimental programme was partly embedded in the shared cost 

action programme (SCA) of the European communities (CEC) on reactor safety, research 

area n°4, which involved analysing experimental data about loss-of-coolant accidents and 

emergency core cooling [5.1.5-1] and [5.1.5-2]. 

The PERICLES 2D experiment has been carried out to investigate the multidimensional 

effects that can occur in a PWR core where the heating power is not radially uniform, for 

specifically core uncover (relative to SB-LOCAs) and reflooding (relative to LB-LOCAs) 

cases. 

5.1.5.2 Description of the test loop 

The experiment consists of a vertical rectangular channel containing three different rod 

assemblies, denoted here by A, B and C. Each assembly contains 7*17 = 119 full-length 

heater rods. The dimensions of the assemblies are indicated in Figure 5.10. 

Figure 5.10. The PERICLES 2D experiment 

 

The assemblies are heated by two independent electrical power sources, which makes it 

possible to heat the central assembly B (the ñhotò assembly) more than the two lateral ones 

A and C (the ñcoldò assemblies). The rodsô heated length is 3 656 mm and the rod diameter 

is 9.5 mm. 

The heating is not uniform and depends on the axial position (elevation) on the rod. All 

rods have the same axial heating shape and the highest flux density occurs at mid-length. 

The nominal heat flux densities ◖ in the lateral assemblies A and C are identical and that 

the ratio ◖(B)/◖(A,C) defines the radial peaking factor. 

The cladding temperature and the fluid temperature are measured using thermocouples. 

The cladding temperature in each assembly is measured at 24 different elevations and the 

fluid temperature is measured at six different elevations. 
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The void fraction is obtained at six different elevations in each assembly using pressure 

drop measurements, which assumes that the pressure difference between two points located 

at two different elevations is approximately equal to the gravity head of the two-phase 

column. The inlet liquid flow rates in the three assemblies are measured in turbine flow 

meters and the outlet vapour flow rates are measured using calibrated orifices. 

The controlling parameters were the nominal values of the wall-to-fluid heat flux densities 

in the three assemblies and inlet liquid flow rate, corresponding to a stationary position of 

the swell level ZG (Figure 5.11). The swell level positions in the different tests ranged from 

2.20 m to 3.45 m and were approximately the same for the three assemblies. 

5.1.5.3 Tests performed 

Test conditions 

The nominal values of the heat flux densities in the different tests investigated ranged from 

24.5 kW/m² to 50 kW/m², with given values of the radial peaking factor between one and 

1.85. The systemôs pressure was equal to three bar and the waterôs temperature entering 

into the assemblies was 60°C below saturation temperature (133.5°C). 

Reflooding tests 

In the reflooding tests of the PERICLES 2D experiment, the three assemblies initially 

contain no water. During a first stage, the rods are electrically heated to bring the cladding 

temperatures to fixed initial values. When these values are reached, some water is injected 

through the bottom of the test section to reflood the three assemblies and the heating of the 

rods is maintained. During the reflooding stage, a quench front progresses in each assembly 

and the reflooding stage is terminated once the three quench fronts have reached the top of 

the assemblies. 

Boil-up tests 

In the boil-up tests of the PERICLES 2D experiment, some subcooled water enters the 

assemblies at the bottom of the system. The rods are electrically heated, and some 

vapourisation occurs along the channel. The flow is first a single-phase liquid, then a two-

phase mixture and finally a single-phase vapour flow. The transition between the two-phase 

zone and the dry zone (single-phase vapour) occurs at the elevation of the swell level ZG 

(Figure 5.11). 

Figure 5.11. Boil-up tests of the PERICLES 2D experiment 

herer  
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The liquid flow rate at the entrance is regulated so that a given stationary position of the 

swell level is obtained. 

5.1.5.4 Application for system code validation 

Reflooding tests 

These tests investigate the reflooding phase in a LOCA scenario [5.1.5-3]. The observed 

experimental tendencies are the following: 

¶ The progression of the quench front in the central hot assembly is slower than those 

in the lateral cold assemblies, but this effect is attenuated by the existing crossflows 

of water between the assemblies. 

¶ The steam flow rates exiting from the three assemblies are identical. 

¶ Water entrainment by the vapour flow up to the exit of the assemblies is sometimes 

more important in the hot assembly than in the cold assemblies, despite the higher 

heat flux density. This may be due to the water flowing from the cold assemblies 

above the hot assemblyôs quench front and the entrainment of this water by the 

upward vapour flow. This carryover provides a better cooling of the rods in the hot 

assembly. 

Boil-up tests 

These tests investigate the core uncovery phase in a LOCA scenario [5.1.5-4]. The observed 

experimental tendencies are the following: 

¶ The axial position of the swell level ZG is almost identical for the three assemblies, 

even if the radial peaking is not uniform. 

¶ The void fraction profiles in the three assemblies are similar, showing the existence 

of crossflows in the wetted zone. The wetted zone is thus characterised by a perfect 

(or quasi-perfect) radial mixing. 

¶ The wall-to-vapour heat transfer in the dry zone is close to that obtained by 

assuming a perfect radial mixing in the wetted zone, a uniform steam flux at the 

swell level and no radial mixing in the dry zone. 

5.1.6. PRIUS 

5.1.6.1 Objective of the experiment 

The rod bundle is a fuel element geometry frequently used in nuclear reactors. The coolant 

flows axially through the subchannels formed between the rods. The mixing of cooling 

fluid in a rod bundle reduces the temperature differences in the coolant and along the 

perimeter of the rods. Flow inside the rod bundles is similar to flow in porous media. 

Detailed information of the heat transfer and turbulent mixing flow phenomena taking place 

within the subchannels is required to ensure thermal performance of a nuclear reactor. The 

subchannel analysis is one of the key T/H calculations for safety analysis of the nuclear 

reactor core. Subchannel computer codes are currently used to simulate fuel elements of 

nuclear reactor cores and predict the performance of cores under normal operating and 

hypothetical accident conditions. The ability of these subchannel codes to predict both the 

flow and enthalpy distribution in fuel assemblies is highly important for the design of 

nuclear reactors. A new component scale analysis code, named CUPID [5.1.6-1], has been 
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recently developed in KAERI. It has the capability of the multidimensional flow 

application with a component scale.  

The in-PWR Rod bundle Investigation of Undeveloped mixing flow across Subchannel 

(PRIUS) test facility is being designed and constructed to generate an experimental 

database in a rod bundle geometry that addresses the modelling and validation of 

subchannel analysis [5.1.6-2]. The facility could also be useful for CFD in open medium 

validation. 

5.1.6.2 Description of the test loop 

Figure 5.12 shows a schematic of the PRIUS test facility. The fluid system consists of a 

test section, storage tank and two-inch (0.05 m) piping system for the water supply to the 

test section and back into the storage tank. The storage tank is installed at the top part of 

the facility. The water temperature in the system is controlled using a cooler and heater that 

is imbedded in the storage tank. The water flow is supplied by a centrifugal pump, with a 

40 m head and 48 m3/h capacity, which is controlled by adjusting the impeller speed using 

an inverter. A bypass line is established at the upstream of the test section to enable efficient 

control of the water flow. Instrumentations for the flow rate, temperature and pressure are 

installed in the water injection line, which is divided into two branch lines. A honeycomb 

is installed inside the inlet chamber to maintain a straight flow at the inlet. 

The test section of PRIUS-I has a rectangular geometry with a dimension of 

84 mm³58 mm³1.5 m and is made of acryl with 15 mm thickness. The typical 

configuration for the rod bundle examined in this study consists of a 4×6 array of parallel 

rods, as shown in Figure 5.13. The unheated rods have almost the same size as those 

commonly used in pressurised water reactors, which have an outer diameter, D, of 10.0 mm 

and are separated on a pitch, P, of 13 mm. Table 5.2 shows the geometrical parameters of 

the PRIUS test facility. 

The matching index of refraction (MIR) technique is adopted to remove the image 

distortion induced by the different refraction indexes of water and acryl rods. A transparent 

acrylic rod was chosen in combination with a solution of 62.5% sodium iodine (NaI) in 

37.5% deionised water. The viscosity of the solution is low enough to enable Reynolds 

number identity with a feasible mass flow. However, the NaI-solution is highly corrosive 

to ferrous metals, even to stainless steels, and therefore piping with Teflon coating was 

installed to prevent corrosion. The circular pumpôs internals are made from FRP (fibre-

reinforced plastic). The valves and storage tank are also made of PVC (polyvinyl chloride) 

or PE (polyethylene). 

Table 5.2. Geometry parameters of 4x6 rod bundles 

Subchannel type, i Number Flow area, Ai (mm2) Wetted perimeter, Pwi (mm) Hydraulic diameter, Dh (mm) 

Central 15 90.46 31.42 11.52 

Wall 16 84.23 28.71 11.74 

Corner 4 70.62 26.85 10.52 

Total 35 2 987.04 1 037.98 11.51 

Source: Yoon et al., 2018. 

Instruments 

Several types of commercially available instruments have been installed for measuring the 

boundary conditions, as shown in Figure 5.14. The volumetric flow rate of the water is 

measured using a 2-inch (5 cm) vortex flow meter installed at each inlet water line. The 

estimated uncertainty for the measured mass flow was 0.80% of its read value. The system 
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pressure is measured at the top of the test section and each inlet water line using two 

SMART-type pressure transmitters (PTs). The estimated uncertainty of each PT reading 

was 0.08% of the full scale, including the data acquisition system uncertainty. Four TCs 

are installed at the piping system to measure the temperature of the fluid. The system 

temperature was maintained at 30°C, which accounts for heat generation from the pump at 

the maximum flow condition and the cooling capability of the loop. The applied power of 

the heater inside the storage tank was controlled by a silicone controlled rectifier (SCR) by 

referring to the temperature at the water supply line. 

Figure 5.12. Schematic of the test facility (PRIUS-I)  

 
Source: Kim et al., 2017. 

Figure 5.13. Geometry of 4x6 rod bundles 

 
Source: Kim et al., 2017.  
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Figure 5.15 shows a schematic diagram of the optical setup for particle image velocimetry 

(PIV) velocity field measurements, which consists of a 65-mJ laser with an emission 

wavelength of 532 nm, 2K×2K charge-coupled device (CCD) camera and delay generator. 

The acquisition rate of the raw image is controlled by a delay generator. Eight frames per 

second is used. The laser light sheet illuminated the test flow through the right side. NaI-

solution is used as the working fluid for the PIV measurements. Fluorescent (Rhodamine 

B) polymer beads with an average diameter of 10 mm and a specific gravity of 1.02 are 

used as the tracer particles. A long pass filter (l>550 nm) and notch filter are used to 

eliminate the scattered light, except for the fluorescence light, and block the 532 nm 

wavelength light, which are installed in front of the 2K×2K CCD camera. Statistical results, 

such as the mean velocity vector fields and turbulence intensity, are obtained by the 

ensemble average of 1 000 instantaneous velocity vector fields. The laser-induced 

fluorescence (LIF) technique is adopted to visualise and quantify the mixing characteristics 

between each rod bundle. 

 

Figure 5.14. Schematic diagram of test facility 

 

Source: Kim et al., 2017. 

Figure 5.15. Experimental setup of PIV-MIR measurement system 

 

Source: Kim et al., 2017. 

5.1.6.3 Tests performed 

There are various combinations set for the test matrix, consisting of a selection of inlet flow 

conditions and flow area sudden changes. Flow visualisation since the second half of 2016 

has been performed by a high speed camera and using image analysis techniques, which 

quantify detailed information for the two-dimensional movement of single-phase flow. The 
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PIV technique is used in the present work to measure the velocity field of multidimensional 

flow that is driven by various combinations with inlet flow conditions and flow area 

changes. 

Table 5.3 shows a test matrix for the visualisation experiment. Equal/unequal inlet velocity 

conditions will be simulated for the turbulent diffusion term or turbulent frictional term 

evaluation to create the crossflow between the assemblies. The range of Reynolds numbers 

that the PRIUS-I can simulate corresponds to the Reynolds number covering the SB-/IB-

LOCA accident condition [5.1.6-3]. The simplest experimental conditions were set, and the 

boundary conditions were clarified in order to maximise the accuracy of the physical 

modelling. The inlet velocity distribution for each assembly can be provided as inlet 

conditions. 

Table 5.3. Indicative PRIUS-I test matrix  

6 ȡ6   

  

10 000 20 000 30 000 

1:1 Ä Ä Ä 

7:3 Ä Ä Ä 

Source: Kim et al., 2017. 

5.1.6.4 Application for system code validation 

Application and drawbacks for 2D/3D application  

SB-LOCA and IB-LOCA encounter significant 3D effects in the core due to the radial 

power profile, with crossflows and diffusion-dispersion. A more precise validation of each 

of the mixing processes is required. Unfortunately, only a CFD in porous body approach is 

practically applicable and a simulation of the whole core is not possible with the CFD in 

open medium. The PRIUS mainly addresses the subchannel codes. It also provides 

validation data for the CFD in open medium and, to a lower extent, for system codes. 

Availability of the data 

Current data were generated from the project supported by the Korean governmentôs 

Ministry of Science and Technology (MOST), in which several companies and institutes 

formed a consortium for the work and to share the product. The current data could be made 

available with their mutual agreement. 

Future plan 

The PRIUS-II test programme will be conducted with the aim of building the experimental 

database for the nuclear fuel assembly scale. The typical configuration for the rod bundle 

will consist of 6×12 unheated rods, representing two scaled PWR fuel assemblies. 

5.1.7. ACOP 

5.1.7.1 Objective of the experiment 

The core thermal margin is evaluated based on the minimum core inlet flow rate and core 

outlet pressure at each fuel assembly. The core inlet flow distribution also plays an 

important role in structural problems, for example the damage caused by the lift force to 

the fuel assembly or shear at the core edge region. The core inlet flow distribution should 

therefore be investigated for each fuel assemblyôs local maximum and minimum flow rates. 
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There are four principal parameters for a test model representing the hydraulics of a 

prototype nuclear reactor. These are: the geometry (flow path), relative roughness, 

Reynolds number, and Euler number (Eu=DP/rv², ratio of the pressure forces to the inertial 

forces, perfect frictionless flow corresponds to a Euler number of one). The Euler number 

and aspect ratio on the flow path should be preserved in the test model. The effect of the 

Reynolds number in a sufficiently high turbulent region is rather small because the 

dependency of the form and frictional loss coefficients on the Reynolds number is 

considered small where the condition of the ratio of the total pressure drop is conserved.  

A 1/5-scale test facility named Advanced COre flow and Pressure distribution test facility 

(ACOP) was constructed to test the core inlet flow distribution and reactor pressure drop 

through fuel assemblies in the APR+ reactor [5.1.7-1]. The APR+ reactor has been 

designed with an electric power of 1 500 MW and 257 fuel assemblies. The reactor adopts 

advanced safety system concepts, such as an emergency core barrel duct for a direct vessel 

injection of the emergency core cooling water and a passive auxiliary feed water system. 

The ACOP test facility focuses on the flow distribution of the reactor and core and is 

therefore operated at low pressure (<ten bar) and low temperature (<80°C) conditions. All 

internal structures were linearly reduced at a scaling ratio of 1/5 in the ACOP test facility 

to preserve the characteristics of the APR+ôs reactor flow distribution. The Euler number 

is considered an essential dimensionless parameter for the similitude of the flow 

characteristics. The Euler number was preserved by maintaining the Reynolds number in 

the ACOP at a sufficiently high turbulent region and under the same flow path geometry 

as the reference plant. The fuel assembly of the APR+ reactor has a 17x17 square lattice 

array geometry.  

The purposes of the APR+ core flow distribution test can be summarised as follows: (1) to 

provide a measurement of the core inlet flow distribution and core outlet pressure 

distribution, and (2) to provide a measurement of the downcomer and reactor pressure 

losses along the main coolant flow paths, from the cold to the hot leg. 

5.1.7.2 Description of the test loop 

The reactor vessel and internal structures of the ACOP facility were linearly scaled down 

from the APR+ reactor design a by a 1/5 scaling ratio (factor). The ACOP test facility is 

focused on the hydraulics in a reactor vessel and consequently steam generators in the loop 

were not considered. All of the flow paths and internal geometries have their original 

shapes conserved, with the exception of the core. The diameters of cold leg nozzles, 

downcomer, lower head, lower plenum, upper plenum and hot leg nozzles of the APR+ 

have been scaled down by a 1/5 scaling ratio in the ACOP test facilityôs design. The Euler 

number of the APR+ reactor has been preserved in the ACOP test facility and the turbulent 

flow condition is preserved by operating at a sufficiently high Reynolds number condition. 

Table 5.4 summarises the scaling ratio of the major design parameters applied to the ACOP 

facilities. The scaling ratios of the ACOP test parameters are expressed for normal 

(balanced) four RCP running conditions and postulated three RCP running conditions of 

the APR+ respectively. The Reynolds numbers in the ACOP test facility for balanced four 

RCP running condition are, respectively, around 4.0×105, 2.6×106 and 3.7×106 at the 

downcomer, cold leg and hot leg, which are in a fully turbulent regime. The ratios of 

expected Reynolds numbers in the ACOP downcomer for the APR+ reactor were 1/41 for 

a balanced flow condition and 1/47.7 for the three RCP running cases, respectively.  

The upper-head region of the reactor vessel was not considered in the reactor model 

because the ratio of reactor bypass flow is less than 1.2% in the APR+. The core bypass of 

baffle zone was not considered in the ACOP facilityôs design. The wall thickness of the 
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internal structures has been linearly reduced in the test facilityôs design so that the ratios of 

the internal volume and flow areas were preserved.  

Figure 5.16 shows a schematic of the ACOP test facility. The four independent pumps were 

installed for the individual cold leg flow. The 257 fuel assemblies of the APR+ core were 

represented by the same number of core simulators. The core simulator has a venturi pipe 

at the inlet part to measure the inlet water flow rate and a pressure tab to measure the 

differential pressure over a core simulator. The core outlet static pressure can be calculated 

using this pressure difference and core inlet pressure. Figure 5.17 shows the core simulator 

of the ACOP test facility. The axial pressure drops of the core simulators were calibrated 

to the scaled value by controlling the flow area of the orifices, which were located at four 

different downstream elevations. The flow discharge coefficients of the core simulator 

venturi pipe were calibrated for 40~130% flow rates of the reference scaled flow rate at the 

CAlibration Loop for Internal Pressure drop (CALIP) calibration loop.  

A cold leg CL-1B pump was isolated and the simulated failed cold leg was connected to a 

hot leg to simulate the postulated single pump failure condition. Within this configuration, 

part of the water from cold legs bypasses the core and is delivered to the failed cold leg. 

This water should flow to the hot leg HL-1, via pump CL-1B and the steam generator in 

the APR+. The estimated flow through this reversed flow path, via a pump and steam 

generator, can be obtained from the plantôs design data. The reversed flow rate is controlled 

in the test by throttling a valve located at the bypass line. The rate is measured by a vortex 

flow meter in the ACOP facility. The actual piping configuration is shown in Figure 5.18. 

Table 5.4. Scaling parameters 

Parameters APR+ Scaling Ratio ACOP 

4P-A 3P 

Temperature, °C 310 - 60 

Pressure, MPa 15 - 0.2 

Length ratio 1 lR 1/5 

Height ratio 1 lR 1/5 

Diameter or width ratio 1 lR 1/5 

Area ratio 1 lR2 1/25 

Volume ratio 1 lR3 1/125 

Aspect ratio 1 1 1.0 

Velocity ratio 1 VR 1/2.17 1/2.53 

Mass flow rate ratio 1 ʍ6Ì 1/39.0 1/45.3 

Density, kg/m3 705.8 rR 983.2 

Density ratio 1 rR 1.39 

Viscosity, Ns/m2 8.88e-5 mR 4.66e-04 

Viscosity ratio 1 mR 5.26 

Ex-core re ratio 1 ʍ6$

ʈ
 

1/41.0 1/47.7 

DP ratio 1 ʍ6  1/3.39 1/4.58 

Measurements 

The major parameters that should be measured are as follows: 

¶ four cold leg flow rates (inlet boundary); 

¶ two hot leg flow rates (outlet boundary); 

¶ 257 core simulator inlet flow rates (core inlet flow distribution); 

¶ 257 core simulator outlet pressures (core outlet pressure distribution); 

¶ sectional pressure drops between the cold leg nozzle and hot leg nozzles; 

¶ upper plenum pressure distribution.  
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Figure 5.16. Birdôs eye view of ACOP test facility 

 

Source: Kim et al., 2013. 

Figure 5.17. Core simulator  

 
Source: Kim et al., 2013.   
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Figure 5.18. Single pump failed condition flow diagram 

 

Source: Kim et al., 2013. 

The cold leg and hot leg flows are measured by vortex flow meters installed at each leg. 

The desired flow rate can be achieved by controlling the pump speed with inverters. The 

system pressure is controlled by valves connected to a pressuriser. 

Figure 5.19 shows the instrumentation applied to the ACOP test section that corresponds 

to the APR+ reactor vessel. Seven total sectional pressure drops of the reactor were 

measured:  

¶ cold leg to upper downcomer; 

¶ upper to lower downcomer;  

¶ lower downcomer to lower head; 

¶ lower head to core inlet; 

¶ core inlet to outlet; 

¶ core outlet to upper plenum; 

¶ upper plenum to hot leg.  

Twelve points (each 30° apart) were selected for the downcomer to obtain the distribution 

of pressure drop in azimuthal angles at one elevation plane. The average core pressure drop 

was identified by 12 selected points. Thirteen measuring points were selected at a quadrant 

at the core upper plenum. This regionôs pressure distribution can be obtained using a static 

pressure along with 12 differential pressures between the selected point and each of the 

remaining points.  

The core inlet flow distribution can be obtained using the core inlet flow rates, measured 

at the inlet regions of the 257 core simulators. Venturi installed at the inlet of a core 

simulator measure the pressure differential through the venture, which when used with the 

discharge coefficient of corresponding venturi can calculate the mass flow rate through a 

core simulator. The core outlet pressure distribution can be obtained by measuring 12 

differential pressures in the core outlet region and a static pressure at a reference point at 

the core outlet. The loop flow rate, pressure and temperature can be measured using vortex 

flow meters, smart-type pressure transmitters and resistance temperature detectors (RTDs) 
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respectively. Nine static pressures, 327 differential pressures for the pressure distributions, 

and 257 differential pressures for the core inlet flow rates were measured in total. 

5.1.7.3 Tests performed 

For the test matrix, the following three conditions were selected: (1) balanced four cold leg 

flow condition (four RCP running conditions) [5.1.7-1], (2) 5% unbalanced four cold leg 

flow condition (four RCP running conditions with 5% mass flow rate deviation) and (3) 

three RCP flow conditions (one RCP failure). 

The test matrix consists of (1) 15 balanced 4 cold leg flow (4 RCP running) conditions, (2) 

5 unbalanced 4 cold leg flow conditions (4 RCP running with 5% mass flow rate deviation) 

and (3) 9 unbalanced 3 RCP running operation conditions representing a single pump 

failure. The major test conditions are summarised in Table 5.5 and they are the ensemble-

averaged value of independent test results. The static pressures were measured at four cold 

legs, two hot legs, the lower head, the core shroud and the upper plenum. They have a 

standard deviation of 0.25% to 0.57% for all test cases. The temperatures were measured 

at a similar location as the pressure, and have 0.05 to 0.14% of standard deviations for all 

test cases. The loop flow rates were very accurately controlled and the data scattering based 

on the standard deviation of the cold leg, hot leg and core bypass flow rate of the one 

pumpôs failure was less than 0.0015%, 0.035%, and 0.012% respectively.  

Figure 5.19. Pressure drop instrumentation network at downcomer and core 

 

Source: Kim et al., 2013. 



132 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

Table 5.5. Test conditions  

 

 

Parameter 

Test Conditions 

4-Pump Running 4-Pump Running 

with 5% deviation 

3-Pump Running 

Mean St. deviation Mean St. deviation Mean St. deviation 

Cold Leg Pressure, kPa 375.3 0.35% 377.2 0.27% 379.4 0.25% 

Total Core Flow, kg/s 540.0 0.00075% 540.0 0.00082% 347.8 0.0026% 

Cold Leg 01, kg/s 135.0 0.00087% 136.1 0.00070% 160.0 0.0009% 

Cold Leg 02, kg/s 135.0 0.00065% 136.1 0.00096% -62.6 0.012% 

Cold Leg 03, kg/s 135.0 0.0010% 130.7 0.00056% 125.2 0.0010% 

Cold Leg 04, kg/s 135.0 0.0015% 137.1 0.0010% 125.2 0.0011% 

Hot Leg 01 kg/s 269.2 0.024% 271.2 0.030% 159.7 0.036% 

Hot Leg 02 kg/s 268.5 0.021% 266.4 0.015% 249.0 0.025% 

Temperature, °C 59.9 0.11°C 60.0 0.07°C 60.1 0.09°C 

5.1.7.3 Application for system code validation 

Results and discussions 

The flow distribution at the core inlet is measured by 257 core simulators, and Figure 5.20 

shows the measured flow distribution along the B-Bô line of the ACOP core. 

Figure 5.20. 257 core simulator inlet flow distribution 

 

Note: (left) balanced flow case         (centre) 5% unbalanced flow case        (right) three pump flow case 

 

Note: (d) Flow distribution along the B-Bô line. 

Source: Kim et al., 2013.  
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Application and drawbacks for the 2D/3D application  

There is available experimental data for the verification of the 2D and 3D analysis results 

of a reactor core and downcomer because 257 fuel assembliesô individual flowrates were 

measured. 

Availability of the data 

The current data was generated under the project supported by the Korean governmentôs 

Ministry of Knowledge Economy (MOKE), in which several companies and institutes 

formed a consortium for the work and to share the product. The current data could be made 

available with their agreement. 

Future plans 

Further experimental work will be performed with new instruments such as wiremesh to 

evaluate the performance of the boron mixing at a lower plenum. 

5.1.8. DYNAS 

5.1.8.1 Objective of the experiment 

The multidimensional behaviour of a two-phase flow is expected to occur at several regions 

in the reactor system, which significantly affects the key safety parameters. However, a 

very limited number of experiments offering a well-defined multidimensional flow have 

been found in the literature. A new experiment is hereafter presented, in which slab 

geometry that has a sufficiently large gap reduces the wall shear effect of individual 

cap/slug bubbles. A test facility in KAERI, called DYNamics of Air/water System 

(DYNAS), has been newly designed and constructed and aims to generate an experimental 

database for a multidimensional two-phase void distribution in 2D slab geometry [5.1.8-1]. 

Two separated test sections were prepared for the respective visualisation and impedance 

measurements. Various kinds of two-dimensional flow patterns were simulated using 

different opening combinations of the inlet and outlet nozzles. The major parameters 

measured were the two-dimensional void fraction profile in the slab-type test section and 

the T/H boundary conditions. The void fraction was converted from the impedance 

measured between two electrodes installed on the inner surfaces of the slab acrylic plates. 

Experiments were performed at a pressure lower than 0.2 MPa and at 35°C. Various flow 

rates of water and air were set in order to obtain data representing the dynamic 

multidimensional two-phase movement. The water flow ranged from 2 to 20 kg/s and the 

air flow rate ranged from 2.0 to 20 g/s for each selected inlet and outlet nozzle combination, 

which correspond to 0.4 to 4 m/s and 0.2 to 2.3 m/s of superficial liquid and gas velocities 

based on the inlet port area, respectively. 

5.1.8.2 Description of the test loop 

Figure 5.21 shows a schematic of the DYNAS experimental apparatus. The fluid system 

consists of a test section, storage tank and piping system, which allows the water and air 

supply to arrive at the test section and return back to the storage tank. The storage tank was 

installed at the top part of the facility, where the air in the returned two-phase mixture flow 

was separated. A cooler and heater imbedded in the storage tank controlled the water 

temperature in the system. A centrifugal pump supplied the water flow. A bypass line was 

established at the upstream of the test section to enable efficient control of the water flow. 

Instrumentations for the flow rate, temperature and pressure were installed in the water 

injection line. A reference impedance sensor was installed at the inlet of the test section in 
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the water supply system, of which the impedance value was utilised for compensation of 

the void fraction at each point in the test section. A compressor supplied air to the test 

section. A regulator controls the air injection pressure before the air is delivered to the test 

section.  

Figure 5.22 shows the test sectionôs design features and important components. The two-

phase flow injected through the selected inlet valve was split into two streams and gathered 

at a common header. The flow goes downward in the annulus inside the common header 

and enters the test section through the inlet nozzle. A flow straightener and honey vane 

were installed inside the inlet pipe to maintain a straight flow at the inlet.  

The present description focuses on the hydraulic behaviour of a reference nuclear reactor 

downcomer having a 0.25 m gap size. This relatively large channel prevents the formation 

of a slug bubble that would plug the channel. The small gap geometry of the test section 

can bear undesirable wall shear momentum loss induced by a slug bubble and therefore the 

test section was designed with a greater gap scale than the stable maximum bubble size. 

Two test sections were manufactured to measure the impedance at the test sectionôs local 

points and provide a visualisation of the overall flow characteristics of a 2D flow. Two 

independent tests for the same flow conditions were performed with different test sections 

corresponding to measurement methods. The visualisation test serves as a qualitative 

benchmark of the void profile results from the impedance measurement method. The local 

void fractions in the test section were obtained by measuring the impedance between two 

electrodes installed face-to-face on each inner surface of an independently manufactured 

test section. The size of the test section is 1.44 m x 1.44 m x 0.11 m. The test section has 

three inlet and five outlet nozzles. Each nozzleôs inner diameter is 83 mm, except for the 

air inlet nozzle, where it is 28 mm. A single-phase water flow or two-phase mixture flow 

can be supplied through the other two inlet nozzles. Three outlet nozzles were installed on 

the top face of the steel structure, while two outlet nozzles were installed on the large rear 

face of an acrylic plate. A conceptual flow pattern in a downcomer near a postulated broken 

cold leg during a loss-of-coolant accident can be simulated using the latter two nozzles. 

Various types of multidimensional flow behaviours can be simulated by selecting a 

combination of inlet and outlet nozzles.  

Figure 5.21. Schematic of the test facility 

 

Source: Euh et al., 2013. 
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Figure 5.22. Design of test section 

 

Source: Euh et al., 2013. 

Instrumentation 

Instrumentation of the DYNAS system can be classified into two categories: (1) the 

instrumentation for boundary parameters, such as pressure, temperature, and flow rates of 

both phases, and (2) the local measurement of impedance used to obtain a 2D void fraction. 

Several types of commercially available instruments were installed for measuring the 

boundary conditions. The mass flow rate of the injected water was measured using a mass 

flow meter installed at the water supply line. A mass flow meter was also used to measure 

the air flow at the air supply line. The system pressure was measured at the top and bottom 

of the test section. Two RTDs were installed to measure the temperature of the fluid, one 

at the water supply line and the other by the test section. The system temperature was 

maintained at around 35°C, which accounts for the pumpôs heat generation at the maximum 

flow condition and the loopôs cooling capability. The applied power of the heater inside the 

storage tank was controlled by an SCR by referring to the temperature at the water supply 

line. 

The test section has 15x15 measuring points for a local measurement in order to obtain a 

void fraction profile with a sufficiently high resolution. Each electrode has a dimension of 

4x4 cm. Figure 5.23 shows a typical measurement result for average void fraction at 

measuring planes.   
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Figure 5.23. Effect of the gap void distribution 

 

Source: Euh et al., 2013. 

5.1.8.3 Tests performed 

Figure 5.24 shows the measured parameters and definition of the inlet and outlet nozzles. 

Each test condition was achieved by selecting an inlet and an outlet nozzle among the three 

inlet nozzles (IA, IB and IC) and five outlet nozzles (OA, OB, OC, OD and OE). The water 

flow ranged from two to 20 kg/s, and the air flow rate from 2.0 to 20 g/s for each selected 

inlet and outlet nozzle combination, which corresponds to 0.4 to four m/s and 0.2 to 2.3 m/s 

based on the inlet port of superficial liquid and gas velocities area, respectively. 

Figure 5.24. Measured parameters and nozzle definition 

 

Source: Euh et al., 2013. 

5.1.8.4 Application for system code validation 

Each test case uses 200 data numbers for statistical analysis for the visualisation test. The 

visualisation test results revealed that the mixture flows in a rather 1D way for low air and 

water condition, whereas high air or water flow cases show a strong multidimensional 

pattern. Additionally, coalescence occurred in low air and water flow condition and there 

was sufficient contact time among the air bubbles for a large air region to form. 

Twenty tests were performed for the impedance measurement, for which six sets of a 

combination of inlet and outlet ports were selected. Hundreds of data points were acquired 

at each local point with a 100 Hz/channel sampling speed in these applications. The 

instantaneous measured data was processed for the statistical results. All the impedances 



NEA/CSNI/R(2020)6 | 137       

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

measured at 225 electrodes were converted to void fraction data by using calibration curves 

and plotted into a 2D contour form, which was directly compared with the visualisation 

results. One of the comparisons of measured void profiles with the visualisation test results 

is shown in Figure 5.25. Although the visualisation cannot clarify the void profile in-depth 

direction, it does imply the relevance of the measured void profiles. In general, the 

measured void profile matches the visualisation results.  

The liquid levels near the two side walls measured from the differential pressure 

transmitters were compared with those from the impedance measurements to check the 

accuracy of the measured data another way. A comparison of both measurements reveals a 

5% deviation between the two measured average void fractions for three data points. 

This experiment was performed under government supports that are intended to be used for 

Safety and Performance Analysis CodE (SPACE) code validation.  

Figure 5.25. Comparison of visualisation and measured void fraction profile (AB04) 

 

Source: Euh et al., 2013. 

Availability of the data 

The current data was generated under the project supported by the Korean governmentôs 

Ministry of Trade, Industry and Energy (MOTIE), in which several companies and 

institutes formed a consortium for the work and to share the product. The test data are not 

available to the public. It might be made available under a separate agreement between 

organisations. 

5.1.9. DOBO 

5.1.9.1 Objective of the experiment 

Direct vessel injection (DVI), during which the ECC water of an ECCS is directly injected 

into the reactor vesselôs downcomer, is employed in some advanced reactors such as APR+, 

APR1400, AP600. The analysis results for an APR1440 show that a DVI type safety 

injection system induced a late heating during the late reflood phase of a LB-LOCA at an 

earlier stage. However, since the existing safety analysis code was developed to be suitable 

for a safety analysis in a cold leg injection type, there remain some unanswered questions 

about its applicability to a reactor employing DVI.  

The core reflood rate following the injection of ECC water during a LB-LOCA is 

determined by the pressure difference between the core and downcomer, which is the static 

head difference by the collapsed water level [5.1.9-1] and [5.1.9-2]. As shown in Figure 

5.26, when the ECC water of an APR1400 is injected into the core through a DVI, it is 

mixed with the steam generated from the residual heat in the reactor inside the downcomer, 

and its penetration into the core is partially disturbed. The subcooled degree of the coolant 
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heated by the steam also affects the core cooling and peak cladding temperature of nuclear 

fuel. In the results of a calculation using the RELAP5 code, the ECC water injected into 

the reactor vessel abruptly boils inside the downcomer from the thermal energy transferred 

from the high-temperature reactor vessel structure, which results in a rapid increase in the 

void fraction. This leads to a reheating of the core by reducing the head in the downcomer 

part and decreasing the reflood rate in the core, which seriously threatens the nuclear fuel 

rodôs integrity. Analysis results using Multi -dimensional Analysis of Reactor Safety 

(MARS) and TRAC also show that the boiling in the downcomer can cause the temperature 

the nuclear fuel rod in the core to increase. 

There are therefore concerns that must be addressed regarding whether the boiling of the 

coolant accumulated at the bottom of the downcomer occurs due to a wall heating effect of 

the reactor vessel, which decreases the core cooling ability. A review of the technical 

validity of the related T/H model of the safety analysis code is required. A T/H test with 

adequate boundary conditions of reflood downcomer setup is essential for this. 

5.1.9.2 Description of the test loop 

The test facility was designed following the volumetric scaling method. The volumetric 

scaling method has the temperature, pressure and height set to match the model and 

reference plant. However, the lateral length is reduced to follow to this methodology, as 

well as the downcomer gap in the DOwncomer BOiling (DOBO) test facility. The reduced 

downcomer gap size changes the ratio of the downcomer gap to the bubbly boundary layer 

thickness, and the DOBO value is distorted compared to the APR1400ôs. Ultimately, this 

distorts the interface friction force between water and void in the downcomer. A modified 

volumetric scaling method was employed to correct the drawback of the original volumetric 

scaling method in the DOBO test facility, which preserved one of the two lateral direction 

length scales. Although a 1D assumption about which axial direction is dominant was 

introduced in the conventional volumetric scaling methodology, only one out of two lateral 

direction flows was ignored in the modified methodology. The velocity, heat flux and 

gravity can still be preserved by introducing the scaling analysis method in this way 

because the advantage of the existing volumetric scaling method can be preserved, as well 

as the multidimensional flow phenomena in one direction out of the multidimensional flow 

phenomena occurring in two lateral directions.  

Figure 5.26. Main T/H phenomena occurring in APR1400 during LB-LOCA reflood  

 

Source: Euh et al., 2008.  
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The height of the test facility and the downcomer gap were preserved to 1:1 in the DOBO 

test facility by introducing the modified volumetric scaling method. This enabled the 

preservation of key two-phase flow phenomena, for example the bubbly boundary layer 

thickness and void fraction distribution produced in the downcomer. Figure 5.27 shows the 

downcomer simulation part of the DOBO facility and APR1400 downcomer. 

As shown in Figure 5.28, the test facility consists of a downcomer simulation part (test 

section), pre-heater, water/steam separator, steam condenser, circulation pump, heat 

exchanger, accumulator and mixing tank. The test facility can be operated at 0.5 MPa at 

the most, and the design pressure was set up as one MPa in mind of safety considerations. 

The downcomer of the reactor is simulated by a slab-type flow channel. One wall of the 

slab is heated by an electric heater and reinforced glass is installed on three side walls to 

enable visualisation. Over 200 cartridge electric heaters were installed on the heated wall. 

The heat flux of the heating part was obtained from the analysis result of RELAP5 and 

TRAC-M. 

A pre-heater controls the temperature of ECC water injected into the downcomer. The pre-

heater of the test facility can increase the temperature by 7.3°C in the maximum operable 

flow condition and by 20°C in a reflood condition. The water/steam separator separates 

water and steam when the two-phase flow of water and steam is injected into the top of the 

test section. The water/steam separator is used to make a moisture separation using the 

cyclone principle. A steam condenser is a plate-type heat exchanger that condenses the 

steam released at the top of the main test section to make the condensed water flow into the 

mixing tank. The capacity is designed for the removal of 150 kW of latent heat. The amount 

of steam condensation is controlled by a flow adjustment of the coolant on the secondary 

system. The heat exchanger is a plate-type heat exchanger of the same type as a steam 

condenser, which removes heat from the coolant leaked to the bottom of the downcomer. 

This facilitates the operation of a pump by maintaining the low temperature of the coolant 

flowing to the pump. The heat exchanger has a heat removal capacity of 100 kW, which is 

the same capacity as the pre-heaterôs. Like a steam condenser, heat removal is controlled 

by a flow adjustment of the coolant in the secondary system. Circulation pumps are 

installed on the bottom of the test section and mixing tank to coping with the drain in the 

lower part of the test section and the injection of ECC water respectively. In the test, the 

circulation pump is operated at the maximum output condition of the pump, and the flow 

injected or drained is controlled by the control valve and bypass pipeline installed at the 

pumpôs downstream. The pump heads are 40 and 30 m respectively and can make a 

maximum of 3.23 kg/s of flow. Steam generated by boiling in the test section passes the 

condenser and is collected in the mixing tank. Meanwhile, subcooled water released to the 

lower part also passes through the recirculation pump, heat exchanger and flow meter, 

before being collected in the mixing tank.   
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Figure 5.27. Geometry comparison of downcomer: simulated part of APR1400 and test facility 

 

Source: Euh et al., 2008.  
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Figure 5.28. Schematic diagram of DOBO test facility 
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Source: Euh et al., 2008. 

Measurements and instrumentation 

The DOBO test facility was designed to apply 1) a macroscopic parameter measurement 

system that measures the mass and energy transfer in the downcomer, and 2) a special two-

phase flow measurement system that measures a local two-phase flow parameter. The 

macroscopic parameters (the temperature, pressure and heating surface average heat flux) 

were measured and provided as boundary conditions to be used for a safety analysis code 

evaluation. The flow and energy at the boundary surface in the test, such as the temperature, 

pressure and injection flow of the fluid, are measured at the entrance and exit of the test 

section. The two-phase flow basic parameters such as temperature, pressure, void fraction, 

void velocity and water velocity are measured at the cross-section of the test section. The 

measured parameters can then be processed and converted into flow parameters, as needed 

for analysis on an interface area concentration (IAC) and interface friction coefficient. Key 

measurement parameters and measurement instruments are summarised in Table 5.6. 

Figure 5.28 shows the fluid system of the DOBO test facility and measurement device 

installation locations. As shown by the figures, the temperature and pressure of the fluid, 

and the injection mass flow are measured at the entrance and exit pipelines of the 

downcomer simulation part. The energy transfer at the boundary surface is then calculated 

and the mass flow and energy change in the downcomer simulation part measured. Eight 

differential pressure transmitters are installed in the downcomer simulation part to measure 

the average void fraction distribution in the axial direction or to measure the water level. 

The five-conductance probes used to measure the local two-phase flow parameter 

measurement and the local bi-direction flow tube are described in detail in the next section. 

The average heat flux applied to the heating wall of downcomer simulation is calculated 
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by dividing the total electric power that is applied to the heater installed on the wall by the 

section area of the heated wall. 

Table 5.6. Measurement parameter and measuring instrument summary  

Measurement parameter Instrumentation 

Heat flux Power metre, wall temperature 

Average void fraction  Differential pressure transmitter 

Local void fraction Conductance probe 

Fluid temperature TC 

Bubble velocity 

interfacial drag 

5-conductance probe 

Degree of subcooling TC, pressure transmitter 

Pressure Pressure transmitter 

Water level Differential pressure transmitter 

Liquid velocity Bidirectional flow tube 

Mass flow rate Coriolis mass flow meter 

A five-probe electric conductivity method, consisting of five probes specially developed 

by a KAERI research team, is applied in order to obtain the local void fraction distribution 

and local void velocity distribution under a multidimensional two-phase flow condition. In 

this method, probes that are electrically insulated (with the exception of the tip) are used to 

measure the difference in electric conductivity. The difference varies depending on the 

fluid, such as water and air or water and steam. The probes measure the interface between 

the gas phase and liquid phase and calculate the local two-phase flow parameter. A five-

probe electric conductivity method consisting of a total of five probes was used to measure 

the multidimensional flow phenomena in the downcomer. 

A precise 2D traverse of the probe at a given height is required to measure the distribution 

of each local parameter on the cross-section and section average. A traversing device was 

newly invented for these tests and applied to fulfil this function. A rotating axis and bellows 

are on the fixed part of the main test section wall (into which the probe is inserted) and 

transfer the probe sensor part to the desired location by adjusting the radius and rotating 

angle. A probe traversing device will  be installed at five locations based on the test sectionôs 

height, which will measure the multidimensional distribution of the local parameters by 

height. 

A local bidirectional flow tube (BDFT), which is available in a high void fraction air-water 

or steam-water two-phase flow, was applied during these tests for the liquid velocity. The 

operational principle of a BDFT is similar to a Pitot tube. The difference is that in a BDFT 

the absolute pressure is measured by the absolute pressure tube located at the back of the 

flow tube and the measured absolute pressure becomes smaller than the absolute pressure 

in the flow channel due to the suction effect produced by wake flow. The differential 

pressure measured at the front and back ends of the flow tube is higher than the dynamic 

pressure produced by the flow of the fluid in the flow field. This characteristic of the 

differential pressure measurement value results in the flow velocity measurement being 

easier in a low velocity region. In addition, the geometry of a bidirectional flow tube is the 

same in both directions and therefore the tube can measure the bidirectional flow velocity 

in a flow whose direction changes.  

5.1.9.3 Tests performed 

The major boundary conditions are summarised in Table 5.7, which was divided into the 

top and bottom water injections. The test cases R1 to R4 inject water from the top, 

considering the accident whereby ECC water injects from the top of the downcomer via 

the direct vessel injection nozzle. The conditions focus on the boundary value for the 
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postulated LB-LOCA scenario in consideration of safety concerns. There was a free surface 

at the upper part of the downcomer and the local parameters were not measured. 

The second part of the C-series injects the water from the bottom. The global water and 

steam directions are the same and a relatively simple two-phase flow condition is expected. 

The C-series does not have a free surface and the two-phase mixture goes through the top 

exit of the test section. Local bubble parameters and liquid velocity were measured in the 

C-series of test by using a local conductance probe and bidirectional flow tube (BDFT). 

C2-1a and C2-1b have the same T/H conditions. The former refers to the experiment using 

the conductance probe and the latter the experiment using BDFT. 

Table 5.7. Test matrix 

ID TECC (°C) PTop (kPa) WEcc (kg/s) Heat Flux 

(kW/m²) 

Water level 

(m) 

ECC injection 

type 

Local 

parameter 

R1 110.14 162.8 1.22 50.2 5.4 Top X 

R2 
 

161.42 1.16 69.7 5.4 Top X 

R3 109.64 166.47 1.2 82.1 5.4 Top X 

R4 109.52 170.78 1.2 91.1 5.4 Top X 

C2-1a 112.9 160.6 1.29 72.2 N/A Bottom O 

C2-1b 112.6 159.2 1.31 71.6 N/A Bottom O 

5.1.9.4. Application for system code validation 

The pressure difference between the top and bottom of the test section was mainly 

contributed by the hydrostatic head, which could be converted to the average void fraction 

in the test section. For the C-series, the test shows a resultant average void fraction of 7.2% 

for the overall test section and 3.1% for the heated section. As the subcooled liquid flowed 

upward, the temperature of the liquid increased and nucleate boiling started at the heated 

wall, which is called ñthe onset of nucleated boilingò. The nucleated bubble started to slide 

along the heated wall and was lifted off the wall. The bubble which entered the bulk region 

was immediately condensed because the bulk liquid was maintained at the subcooled state. 

This phenomenon formed a bubbly boundary layer near the heated wall. The thickness of 

the bubbly boundary layer gradually increased as the liquid temperature increased. The 

distinct bubble boundary layer is a typical characteristic of subcooled boiling flow, which 

occurs in the lower and middle regions. In the upper region, there was well-mixed bulk 

boiling, while the bubbly boundary layer expanded to the opposite wall. The liquid reached 

a saturated temperature at the bulk boiling region, causing an expected flashing 

phenomenon in the upper section as the nearly saturated liquid flowed upward. 

The channel size was large enough for the pressure drop between each pressure tab to 

mainly come from the hydrostatic head, which could then easily be converted into the void 

fraction. The average void fraction measured from the pressure drop (DP) transmitter was 

compared to the data from the local conductivity probe, as shown in Figure 5.29. The two 

void fractions agreed within 5.6% of the discrepancy at 4.5 m from the initiation of the 

heated section.  

The unheated section starts at 5.1 m from the bottom of the heated section. Even when the 

heated section finished at 5.0 m elevation, the void fraction still increased. As a result, the 

liquid reached a saturated condition. A flashing was expected as the flow went upward with 

this saturated condition, which increased the amount of steam and was reflected by the 

increased void fraction, as shown by Figure 5.30.  



144 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

Figure 5.29. Profile of the channel area averaged void fraction 
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Source: Yun et al., 2008. 

The local parameters measured in this study were void fraction and steam velocity. Local 

conductivity probes were installed at five elevations that were selected for the local 

measurements along the heated test section. Each measuring plane was located at a 

midpoint between each DP tab. Five measured lines with 24 points were selected at each 

measure plane, as shown in Figure 5.30. The distance between each point line was 1.0 cm 

and between each measuring line 35 mm. The data acquiring time of the five-conductance 

probe was 30 s with a 20 kHz sampling rate at each point. 

Figure 5.30 shows the propagation of the local void fraction along the test section. At the 

lower elevation, where boiling was initiated, the steam concentrated near the heated wall. 

As the generated steam flowed upward, the void profile widened and a distinct bubbly 

boundary layer formed. At the upper part of the heated section, a peaking of the void profile 

moved to the central region of a measuring plane. This trend reflected the visual 

observation well because the bubbly boundary layer thickness increased rapidly as the 

elevation became higher. 

The current programme also generated local 3D bubble velocities, which were obtained 

from the five-conductance probe and liquid velocity using BDFT. However, these are 

undergoing the data quality enhancement process, which includes reducing the data 

fluctuation, etc. 

Application and drawback for 2D/3D application  

Current data include multidimensional two-phase flow behaviour in respect of void 

fraction. The resolution of the data is around one cm in the form of a 2D contour at five 

elevations inside downcomer, which is a sufficient scale for the validation of the system-

scale codes. The data will soon be used for the validation of the 3D system code, SPACE.  

Availability of the data 

Current data were generated under the project supported by the Korean governmentôs 

MOTIE, in which several companies and institutes formed a consortium for the work and 

to share the product. The current data could be made available with their agreement. 

Future plans  

Currently there are no plans for the test facilities. The infrastructures have been 

significantly dismantled.  
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Figure 5.30. Typical local void fraction in the test section  

 

Source: Yun et al., 2008. 

5.1.10. MIDAS 

5.1.10.1. Objective of the experiment 

The APR1400 reactor adopted DVI for an ECC water system. Figure 5.31 shows a location 

of ECC water injection nozzles in the cold leg injection (CLI) and DVI systems. 

Multidimensional thermal-hydraulic phenomena were induced during a late reflood period 

of a LB-LOCA of the APR1400 by a crossflow of the steam in the transverse direction and 

ECC water flow in the axial direction, which can occur in the downcomer, as shown in 

Figure 5.32. Green arrows in the figure refer to the water warmed by steam and the water 

interactions.  

The Multi -dimensional Investigation in Downcomer Annulus Simulation (MIDAS) test 

facility, which is a separate effect test facility for investigating T/H phenomena in the 

downcomer, was designed by a modified linear scaling method (scale factor of 1/4.93) of 

the APR1400 [5.1.10-1]. Two test series (direct ECC bypass tests and void height tests) 

have been performed in this facility. The direct ECC bypass tests were performed under 

two DVI injection modes: a single DVI nozzle injection through one of four DVI nozzles 

and two DVI nozzle injections through a combination of DVI-1 and -4, DVI-2 and -4, and 

DVI-3 and -4 nozzles. An ECC bypass fraction, a steam condensation fraction and a 

temperature distribution in the downcomer were precisely measured in these tests. 

However, the sweep-out phenomenon was excluded and only direct bypass of the ECC 

water to the broken cold leg was considered. The initial water level in the downcomer was 

therefore maintained at sufficiently lower level than the water level for the onset of 

entrainment in order to exclude the ECC water bypass via a sweep-out. In the void height 

tests, the collapsed water level of the downcomer and the subcooling of ECC water were 

measured under a constant reflood flow rate condition in the core and both direct ECC 

bypass and sweep-out phenomena were considered.  
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The MIDAS test results can identify any code deficiency for a LB-LOCA simulation during 

a late phase reflood period, especially for DVI-adopted nuclear power plants. 

Figure 5.31. DVI mode versus standard CLI mode 
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Source: Yun et al., 2001. 

Figure 5.32. T/H phenomena during a reflood period of LB-LOCA in the APR1400 

 

Note: the green arrows refer to warmed water and interactions with steam. 

Source: Yun et al., 2001. 

5.1.10.2. Description of the test loop 

A modified linear scaling method was applied to the MIDAS test facilityôs design. This 

scaling method preserves the prototypeôs gravity and aspect ratio scale. This scaling 

method thereby can simulate the multidimensional flow phenomena in the downcomer.  
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The MIDAS test facility consists of downcomer and core barrel simulators, a primary 

piping system, an ECC water supply system for SIS simulation, a superheated steam supply 

system, a containment system and a measurement system, as shown in Figure 5.33. 

Figure 5.34 shows a schematic diagram of the primary piping system. The downcomer 

annulus and core region were separated in the test facility to preserve the multidimensional 

flow phenomena in the upper section of the downcomer and enhance the accessibility of 

instrumentation to the downcomerôs inside and outside walls. The lower part of the 

downcomer was designed as a single pipe with a simple flow path connecting to the inlet 

plenum of the reactor core. 

The upper downcomerôs annulusô gap width in the APR1400 ranges from 25.41 cm to 

25.71 cm, depending on the vertical height. The gap width chosen in the MIDAS test 

facility was 25.71 cm.  

The region between the downcomer and the core barrel corresponding to the core bottom 

elevation was simulated by a single inclined pipe. The connecting region between the 

downcomer annulus and single pipe was designed as a wedged-sized shape to establish 

uniform flow.  

Figure 5.33. Schematic diagram of MIDAS test facility  

 

Source: Yun et al., 2001. 

The downcomer simulator was connected to various nozzles, such as cold leg nozzles, hot 

legs nozzles and DVI nozzles. Four DVI nozzles were installed in the upper part of the 

downcomer simulator at a scale-downed height by the volume scaling method. Another 

four DIV nozzles were installed at the upper location of 0.427 m from the cold legôs centre 

line, following the modified linear scaling methodology for tests.  

In the MIDAS test facility, the nozzle simulating the hot legs was installed to preserve the 

effect of the hot leg on the flow behaviour in the downcomer. The inner diameter of the 

cold leg was determined by the length scale and safety injection nozzles were installed at 

each cold leg to simulate the CLI mode.  

The safety injection system of the APR1400 reactor consists of DVI nozzles, safety 

injection tanks (SITs) and high pressure safety injection (HPSI) pumps. The safety 



148 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

injections from the SITs and the HPSIs are simulated in the MIDAS test facility by the 

separate pump systems. 

A superheated steam boiler was installed to simulate the steam discharged from the reactor 

core to the cold legs. The superheated steam boiler simulates the decay heat and phase 

change energy for droplets in the upper core, in order to convert the superheated steam 

through a steam generator. 

The containment simulating system consists of a water-steam separator and large storage 

tank. This system stores the discharged fluid from the broken cold leg and controls the 

system pressure. The discharged fluid from the broken cold leg is separated in the water-

steam separator and the water is then discharged into the storage tank through the 

connecting pipes. The water discharged into the storage tank is collected and the steam 

condensed. Some steam is discharged into the atmosphere to control the containment 

pressure. The containment pressure is controlled by adjusting the steam discharge rate into 

the atmosphere during the MIDAS test. The water-steam separator is also used to measure 

the break flow rate.  

Figure 5.34. Schematic diagram of primary piping system 

 

Source: Yun et al., 2001. 

Instruments 

Six hundred instrumentations were installed in the MIDAS test facility to measure the 

major T/H parameters, which including the ECC water and superheated steamôs mass flow 

rates and the break flow rate. Many devices were installed in the reactor downcomer to 

measure the multidimensional flow phenomena from a quantitative point of view. Major 

instrumentations included thermocouples, pressure transmitters and differential pressure 

transmitters.  

5.1.10.3. Tests performed 

The MIDAS tests have been classified into direct ECC bypass tests and void height tests. 

The direct ECC bypass tests were performed under two DVI injection modes: a single DVI 

line injection through one of four DVI nozzles and two DVI line injections through a 
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combination of DVI-1 and -4, DVI-2 and -4, and DVI-3 and -4 nozzles. In the direct ECC 

bypass tests, the sweep-out phenomenon was excluded and the direct bypass of the ECC 

water to the broken cold leg was considered. The initial water level in the downcomer was 

therefore maintained at a sufficiently lower level than the water level for the onset of 

entrainment to exclude the ECC water bypass via a sweep-out. 

In the void height tests, the collapsed water level of the downcomer and the subcooling of 

ECC water were measured under a constant reflood flow rate condition in the core and both 

the direct ECC bypass and the sweep-out phenomena were considered. 

5.1.10.4. Application for system code validation 

Figure 5.35 shows the ECC bypass fraction in the steam-water test through DVI nozzles. 

The direct ECC bypass fraction was calculated from the ECC injection flow rate, steam 

condensation rate and drain flow rate at a reactor downcomer annulus. 

Figure 5.35. ECC bypass fraction 

 

Source: Yun et al. 2001. 

Application and drawbacks for 2D/3D application  

The experimental data are available for the verification of 2D downcomer thermal 

distribution and direct ECC bypass fraction. 

Availability of the data 

The current data were generated under the project supported by the Korean governmentôs 

MOKE, in which several companies and institutes formed a consortium for the work and 

to share the product. The current data could be made available with their agreement. 

5.1.11. PSBT 

5.1.11.1. Objective of the experiment 

Void generation in the fuel assemblies provides a redistribution of coolant flow throughout 

the core under transient and accident conditions and reduces the fission power due to void 

reactivity feedback mechanism. The void behaviour affects not only T/H but also 

neutronics. 3D void behaviour in fuel assemblies is thus one of the most important factors 

in reactor safety. The needs should not be limited to the currently available macroscopic 

methods, but should be extended to next-generation analysis techniques that focus on more 

microscopic processes. 

The Nuclear Power Engineering Corporation (NUPEC) performed a series of void 

measurement tests from 1987 to 1995 in Japan using full-size mock-up tests, where void 

fraction distribution and departure nucleate boiling (DNB) were measured under steady-
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state and transient conditions. Part of the experimental data obtained in the NUPEC tests 

were used in the international OECD/NRC PWR Subchannel and Bundle Tests (PSBT) 

benchmark [5.1.11-1], [5.1.11-2] and [5.1.11-3] and are now provided by NEAôs Data 

Bank. The following data could support the validation for 3D T/H codes including 

subchannel analysis codes: 

¶ steady-state bundle void distribution; 

¶ transient bundle void distribution; 

¶ steady-state fluid temperature distribution; 

¶ steady-state DNB; 

¶ transient DNB. 

5.1.11.2. Description of the test loop 

The NUPEC test facility shown in Figure 5.36 consists of a high pressure and high-

temperature recirculation loop, cooling loop, instrumentation and data recording systems. 

The recirculation loop consists of a test section, circulation pump, pre-heater, steam drum 

(acting as a pressuriser) and water mixer. The range of operating conditions for the facility 

is given in Table 5.8 and the operating range for the four transient tests are given in Table 

5.9.  

In the test section, three different test assemblies were used to model void distribution in a 

rod bundle. The bundles represented by these assemblies are described in Table 5.10. An 

electrically heated rod bundle was used to simulate a partial section and full-length of a 

PWR fuel assembly. Figure 5.37 shows the test section used for the rod bundle void 

measurements. The effective heated length is 3 658 mm. The measurements were 

performed at three axial elevations: upper 3 177 mm, middle 2 669 mm and lower 

2 216 mm from the bottom of the heating section respectively. Two different radial power 

distributions, named A and B, were used in the void distribution measurement. An axial 

power distribution based on uniform or cosine shapes was used in the bundle tests. 

The test assemblies used for the fluid temperature distribution and DNB measurement are 

described from Table 5.11 to Table 5.13. The DNB measurements were performed for full-

length partial 5³5 and 6³6 array rod bundles, which simulate 17³17 PWR fuel assemblies. 

The heater rods used in these bundles the same type as those used in the bundles in the void 

distribution measurements. The four types of different radial power distributions, A to D, 

are used in the DNB measurement.  

There were three types of spacer instruments used along the axial length in bundle test 

assemblies: simple spacer (SS), spacer with non-mixing vanes (NMVs) and spacer with 

mixing vanes (MVs). The simple spacer only has dimples, while NMV and MV have 

dimples and springs. The grids straps are made out of Inconel 600 alloy. Figure 5.38 

provides 3D views of the simple spacer, non-mixing vane and mixing vane grids. These 

dimples provide a gap (0.1 mm) around each heating rod, which prevents bowing of these 

rods when they linearly expand at high temperatures. The insulator and the heater are made 

of Inconel and alumina respectively, and the gap between the heater and insulator could be 

assumed to be zero contact. The rod is a single-ended, grounded electrical heater rod, which 

simulates the heat generation from a fuel rod. Figure 5.39 provides a cross-sectional view 

of the heater rods with their dimensions.  
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Table 5.8. Range of NUPEC PWR test facility operating conditions 

Quantity  Range 
Pressure 4.9 ï 16.6 MPa 
Mass velocity 550 ï 4150 kg/m

2
s 

Inlet coolant temperature 140 ï 345°C 
 

Table 5.9. Transient parameters of NUPEC PWR test facility  

Transient scenario Transient change 
Depressurisation -0.03 MPa/s 
Temperature increase 1 ̄ C/s 
Flow reduction -25 %/s 
Power increase 15 %/s 

 
Table 5.10. Test assembly in void distribution measurement 

Item Data 
 

Assembly 

 
 
 
 
 
 
 

B5    B6                B7 
Rods array 5³5 5³5 5³5 
Number of heated rods 25 25 24 
Number of thimble rods 0 0 1 
Heated rod outer diameter (mm) 9.50 9.50 9.50 
Thimble rod outer diameter (mm) - - 12.24 
Heated rods pitch (mm) 12.60 12.60 12.60 
Axial heated length (mm) 3 658 3 658 3 658 
Flow channel inner width (mm) 64.9 64.9 64.9 
Radial power shape A A B 
Axial power shape Uniform Cosine Cosine 
Number of MV spacers 7 7 7 
Number of NMV spacers 2 2 2 
Number of simple spacers 8 8 8 
MV spacer location (mm) 471, 925, 1 378, 1 832, 2 285, 2 739, 3 247 
NMV spacer location (mm) 2.5, 3 755 
Simple spacer location (mm) 237, 698, 1 151, 1 605, 2 059, 2 512, 2 993, 3 501 
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Table 5.11. Test assembly in liquid temperature distribution and DNB measurement - Assembly A0 

Item Data 
 

Assembly 

  

 

 

                              A0 
Rods array 5³5 
Number of heated rods 25 
Number of thimble rods 0 
Heated rod outer diameter (mm) 9.50 
Thimble rod outer diameter (mm) - 
Heated rods pitch (mm) 12.60 
Axial heated length (mm) 3 658 
Flow channel inner width (mm) 64.9 
Radial power shape A 
Axial power shape Uniform 
Number of MV spacers 5 
Number of NMV spacers 2 
Number of simple spacers 6 
MV spacer location (mm) 610, 1 219, 1 829, 2 438, 3 048 
NMV spacer location (mm) 0, 3658 
Simple spacer location (mm) 305, 914, 1 524, 2 134, 2 743, 3 353 

 

Table 5.12. Test assembly in liquid temperature distribution and DNB measurement - Assembly A1, 

A2 and A3 

Item Data 
 

Assembly 

A1 A2 

                  

A3 

Rods array 5³5 5³5 6³6 

Number of heated rods 25 25 36 

Number of thimble rods 0 0 0 

Heated rod outer diameter (mm) 9.50 9.50 9.50 

Thimble rod outer diameter (mm) - - - 

Heated rods pitch (mm) 12.60 12.60 12.60 

Axial heated length (mm) 3 658 3 658 3 658 

Flow channel inner width (mm) 64.9 64.9 77.5 

Radial power shape C A D 

Axial power shape Uniform Uniform Uniform 

Number of MV spacers 7 7 7 

Number of NMV spacer 2 2 2 

Number of simple spacers 8 8 8 

MV spacer location (mm) 457, 914, 1 372, 1 829, 2 286, 2 743, 3 200 

NMV spacer location (mm) 0, 3 658 

Simple spacer location (mm) 229, 686, 1 143, 1 600, 2 057, 2 515, 2 972, 3 429 
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Table 5.13. Test assembly in liquid temperature distribution and DNB measurement - Assembly A4, 

A8, A11 and A12 

Item Data 
 

Assembly 

A4, A11 A8, A12 

Rods array 5³5 5³5 

Number of heated rods 25 24 

Number of thimble rods 0 1 

Heated rod outer diameter (mm) 9.50 9.50 

Thimble rod outer diameter (mm) - 12.24 

Heated rods pitch (mm) 12.60 12.60 

Axial heated length (mm) 3 658 3 658 

Flow channel inner width (mm) 64.9 64.9 

Radial power shape A B 

Axial power shape Cosine Cosine 

Number of MV spacers 7 7 

Number of NMV spacer 2 2 

Number of simple spacers 8 8 

MV spacer location (mm) 471, 925, 1 378, 1 832, 2 285, 2 739, 3 247 

NMV spacer location (mm) 2.5, 3 755 

Simple spacer location (mm) 237, 698, 1 151, 1 605, 2 059, 2 512, 2 993, 3 501 
 

Figure 5.36. System diagram of NUPEC PWR test 

 

Source: NEA, 2012. 
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Instrumentation and measurements 

The detailed explanation for the void fraction measurement procedure is provided in 

references [5.1.11-4] and [5.1.11-5]. Figure 5.40 shows the procedure used to perform the 

void fraction measurements. The void measurement systems consist of gamma-ray sources, 

detectors, collimators and signal processing units. The attenuation of the gamma-rays, 

which depends on the void fraction, was determined by the count rate of the signal 

processing. As shown in the bottom half of Figure 5.40, a multi-beam system was used to 

measure each chordal averaged subchannel void fraction of the rod bundle. Six 

transmission data of ὼ-direction and six transmission data of ώ-direction between the rod 

and rod/channel wall were used to reconstruct the void fraction of the 36 subchannels by 

an iterative method. The subchannel averaged void fractions in the rod bundle tests, which 

were determined based on the relationships between subchannel averaged void fraction and 

chordal averaged void fraction that was obtained in the single subchannel tests. The CT 

scanner system operated by translate/rotate method was used to define the subchannel 

averaged void fraction in the single subchannel tests. The measurements were performed 

simultaneously at three axial elevations. Table 5.14 describes the sources of error in the 

void measurement process (these values correspond to one standard deviation, one s). 

Table 5.15 shows the time required to perform the void fraction measurements.  

The exit fluid temperatures were measured by the thermocouples at each subchannel of 

457 mm from the top of heating section. Ten pressure taps inserted into the rod bundle 

measured the pressure. 

Figure 5.37. Test section for rod bundle void distribution measurement facility  

 

Source: NEA, 2012.  
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Figure 5.38. View of simple spacer grid (left), non-mixing vane spacer grid (centre) and mixing vane spacer 

grid  (right)  

 

Source: NEA, 2012. 

Figure 5.39. Cross-sectional view heater rod 

 

Source: NEA, 2012. 

The bundle power was gradually increased in fine steps for the steady-state and transient 

DNB measurement to the expected vicinity of DNB, which was based on previous analysis 

operator experience. The onset of DNB was confirmed by a rod temperature rise that was 

greater than 11°C, as measured by the thermocouples whose location is shown in Figure 

5.41. The DNB power is defined as the power corresponding to the step immediately 

preceding the step during which this temperature rise is seen. Table 5.16 shows the 

estimated accuracies of different process parameters for the DNB measurements.  
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Table 5.14. Error sources for void measurements 

Error source Chordal averaged CT 

averaged Steady-state Transient 

ɔ -ray 

measurement 

Effect of surrounding condition 

(magnetic-field and temperature) 

on measurement system 

0.1% 0.1% 0.1% 

Randomness of ɔ -ray source 
decay 

0.02% 0.2% 0.1% 

Correction error due to background 0.0% 0.0% 0.0% 

Correction error due to counting loss <0.5% <0.5% <0.1% 

Calibration error 0.1% 0.1% 0.1% 

Correction error due to attenuation 

by surrounding water 
0.0% 0.0% - 

Correction error due to scattering 

from multi ɔ -rays 
<0.2% <0.2% - 

Total <0.55% <0.6% <0.2% 

Subchannel density Transfer to density <9 kg/m
3
 <10 kg/m

3
 <15 

kg/m
3
 

Distribution error to Subchannel <5 kg/m
3
 <5 kg/m

3
 - 

Correlation error from Chordal averaged to CT averaged <6 kg/m
3
 <6 kg/m

3
 - 

Subchannel density <20 kg/m
3
 <21 kg/m

3
 <15 

kg/m
3
 

Subchannel void
*
 0.040 0.042 0.030 

Uncertainty (1s) 4 
% 

5 
% 

3 % 

 

Table 5.15. Time required to perform void fraction measurements 

Item CT measurement Chordal 

measurement 
Steady-
state Time needed 5 s/step³

T
33³

R 
17 

step (it takes 2 h) 

100 s 
sampling cycle 
0.1 s 

Measurement 2 times 3 times 

Transient Time needed - 200 s 

Measurement - 1 time 

 

Table 5.16. Estimated accuracy for DNB measurements 

Quantity Accuracy 

Pressure 1 % 

Flow 1.5% 

Power 1 % 

Fluid temperature 1 Celsius 
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Figure 5.40. Void fraction measurement procedure 

 

Source: NEA, 2012. 
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Figure 5.41. Location of thermocouples for test assemblies 

 

Source: NEA, 2012. 

5.1.11.3. Tests performed 

The available data for steady-state bundle void distribution include void fraction (chordal 

averaged) at three axial elevations by a X-ray densitometer. The averaging is over the four 

central subchannels of the bundle. There are four test series (test series 5, 6, 7 and 8) 

providing data. Test assemblies B5, B6 and B7 shown in Table 5.11 were used in test series 

5, 6 and 7 respectively. The same assembly type was used in test series 5 and test series 8. 

Test cases performed at similar conditions can therefore be used to assess the repeatability 

of the measurements. The test conditionôs range is shown in Table 5.17. 

The available data for transient bundle void fraction distribution include the void fraction 

(chordal averaged) at three axial elevations by X-ray densitometer. The averaging is over 

the four central subchannels of the bundle. There are three test series (test series 5T, 6T and 

7T) providing data. Test assemblies B5, B6 and B7 were used in test series 5T, 6T and 7T 

respectively. Four transient scenarios (temperature increase, power increase, 

depressurisation and flow reduction) were simulated in each test series, yielding 12 total 



NEA/CSNI/R(2020)6 | 159       

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

test cases. The pressure, mass flux, power and inlet temperature were varied in each test 

case to simulate each transient scenario. The initial condition is shown in Table 5.18. 

The available data for steady-state fluid temperature distribution were taken by the 

thermocouples for each subchannel in the bundle assembly at the exit of the test section. 

Test assembly A1 was used for this measurement. The test conditionôs range is shown in 

Table 5.19. 

The available data for steady-state DNB include the axial and radial locations of DNB in 

the bundle, as well as the power at which DNB first occurred. There are six test series (test 

series 0, 2, 3, 4, 8 and 13) performed for the available data. Test assemblies A0, A2, A3, 

A4, A8 and A13 were used in test series 0, 2, 3, 4, 8 and 13 respectively. The test 

conditionôs range is shown in Table 5.19. 

The available data for transient DNB include the transient time at which DNB was first 

detected in the rod bundle. There are two test series (test series 11T and 12T) providing 

these type of data. Test assemblies A11 and A12 were used in test series 11T and 12T, 

respectively. Four transient scenarios (temperature increase, power increase, 

depressurisation and flow reduction) were simulated in each test series, yielding eight total 

test cases. The pressure, mass flux, power and inlet temperature were varied in each test 

case to simulate each transient scenario. The initial condition is shown in Table 5.18-21. 

Table 5.17. Range of test conditions for steady-state bundle void distribution measurement 

Quantity Test condition 

Pressure (MPa) 4.90, 7.36, 9.81, 12.26, 14.71, 16.67  (Range: 4.791 ï 16.59) 

Mass flux (kg/m2s) 556, 1 389, 2 222, 3 056, 4 167  (Range: 556 ï 4 256) 

Inlet coolant temperature (°C) Range: 143.4 ï 322 

Power (MW) 1, 1.5, 2, 2.5, 3, 3.3, 3.5, 3.8, 4 (Range: 0.957 ï 4.032) 

 

Table 5.18. Range of initial test condition for transient bundle void distribution measurement 

Test 
series 

Assembly Initial conditions Simulated transients 

Pressure (kg/cm2a) Mass flux 
(106kg/m2h) 

Power (MW) Inlet temperature 
(°C) 

5T B5 15.12 3 319 2.282 300.4 Power increase 

15.08 3 314 2.244 301.2 Flow reduction 

15.00 3 311 2.236 300.4 Depressurisation 

14.96 3 317 2.230 301.7 Temperature increase 

6T B6 15.51 3 208 2.621 288.1 Power increase 

15.53 3 342 2.574 288.8 Flow reduction 

15.16 3 339 2.556 288.2 Depressurisation 

15.42 3 311 2.603 288.8 Temperature increase 

7T B7 15.51 3 339 2.500 291.9 Power increase 

15.50 3 344 2.405 292.0 Flow reduction 

15.20 3 331 2.577 291.8 Depressurisation 

15.57 3 331 2.496 290.2 Temperature increase 
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Table 5.19. Range of test condition for steady-state fluid temperature distribution measurement 

Quantity Test condition 

Pressure (MPa) 4.90, 9.81, 14.71, 16.67 (Range: 4.90 ï 16.59) 

Mass flux (kg/m2s) 138.9, 194.4, 277.8, 555.6, 1 388.9, 3 055.6 (Range: 122.2 ï 4744) 

Inlet Coolant Temperature (°C) Range: 84.5 ï 289.2 

Power (MW) 0.1, 0.25, 0.4, 0.5, 0.7, 1, 1.25, 1.5, 2.1, 2.7, 3.4 (Range: 0.11 ï 3.44) 

 

Table 5.20. Range of test condition for steady-state DNB measurement 

Quantity Range 
Pressure (MPa) 4.903, 7.355, 9.807, 12.26, 13.73, 14.71, 15.69, 16.67 (Range: 4.844 ï 16.80) 

Mass flux (kg/m2s) 277.8, 555.6, 1 389, 2 222, 3 056, 3 333, 3 889, 4 722 (Range:316.7 ï 4 944) 

Inlet coolant temperature (°C) Range: 122.6 ï 334.5  

 

Table 5.21. Range of initial test condition for transient DNB measurement 

Test series Assembly Initial conditions Transients 

Power (MW) Mass flux (kg/m2s) Pressure (MPa) Inlet temperature (°C) 

11T A4 2.50 3 106 15.32 291.0 Power increase 

2.50 3 108 15.31 293.1 Flow reduction 

2.52 3 133 15.33 291.7 Depressurisation 

2.48 3 067 15.16 291.6 Temperature increase 

12T A8 2.51 3 167 15.31 291.3 Power increase 

2.51 3 253 15.33 292.5 Flow reduction 

2.50 3 172 15.32 290.6 Depressurisation 

2.50 3 161 15.28 291.2 Temperature increase 

5.1.11.4. Application for system code validation 

Several exercises for the prediction of participantôs analysis codes were performed in the 

PSBT benchmark [5.1.11-1]. Ten participants used subchannel analysis codes in the steady-

state bundle void distribution exercise, while one participant used a porous media code and 

six participants used system analysis codes. It was noted that the codes consistently over-

predicted the void fraction at the lower elevation in the bundle. However, the results were 

generally improved at higher elevations, although there was some under-prediction. The 

majority of the codes also consistently predicted the correct thermal equilibrium quality at 

the lower elevations, with only a few exceptions that over-predicted the quality. All codes 

tended to under-predict the quality at the upper bundle elevations. 

In the transient bundle void distribution exercise, nine participants used subchannel 

analysis codes, while one participant used a porous media code and six participants used 

system analysis codes. A slight time shift can be seen in the void fraction results when they 

are compared to the experimental data for the cases of temperature increase. It has been 

suggested that the structure between the downcomer and test section was not truly adiabatic 

and consequently there was some heat transfer between these regions that produced this 

shift. Otherwise, the codes generally predicting the void fraction throughout the different 

transients well, yielding the best results at the highest elevation in the bundle and the worst 

at the lowest elevation. Some codes consistently underestimated the void fraction, 

especially at higher elevations. There was also consistent under-prediction of void fraction 

at higher elevations for the depressurisation cases. 

In the fluid temperature distribution exercise, six participants used subchannel analysis 

codes, while one participant used a porous media code and one participant used a system 

analysis code. The codes could not accurately model the fluid temperature at the right side 

of the bundle and over- or under-predicted, in several cases significantly. These conditions, 
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coupled with the strong power gradient across the bundle, create an environment that is 

difficult for the codes to model accurately. 

In the steady-state DNB exercise, six participants used subchannel analysis codes, while 

one participant used a porous media code and two participants used system analysis codes. 

The various DNB modelling approaches, such as Groeneveld look-up tables and the Shah 

correlation, were used in the code for this exercise. The codes were generally able to 

calculate the DNB power satisfactorily and there was no observable bias across the test 

series. There was considerable variation in the predictions of axial elevation for first 

detected DNB. The measured data represent the first thermocouple at which DNB was 

detected. It is therefore the latest (axially speaking) point at which the onset of DNB would 

have occurred and is not an exact value because DNB could have occurred lower on the 

bundle. 

In the transient DNB exercise, six participants used subchannel analysis codes, while one 

participant used a porous media code and one participant used a system analysis code. The 

codes could not predict the time of DNB during the simulated transients. Most of the codes 

calculated earlier DNB occurrence for both bundle types (with a thimble rod in the central 

region in test series 11 and without it in test series 12). 

Main advantages and drawbacks of the facility 

Bundle void distributions in the steady-state and transient condition were measured in 

PSBT. However, the void fraction averaged over the four central subchannels of the bundle 

was included in the data provided in the PSBT benchmark. 

5.1.12. BFBT 

5.1.12.1. Objective of the experiment 

There have been significant efforts made in the past decades to achieve a realistic 

simulation of BWR fuel bundlesô boiling transition (BT). The detailed void distribution 

inside the fuel bundle and crossflow through the subchannel gap has been considered an 

important factor of the BT. Subchannel analysis codes can predict the detailed void 

distribution and dryout process (disappearance of the liquid film on the fuel rod surface) 

by considering entrainment, deposition and evaporation. Subchannel analysis codes should 

be validated using experimental data on a subchannel basis. 

NUPEC performed a series of void measurement tests from 1987 to 1995 using full-size 

mock-up tests [5.1.12-1]. They visualised the void distribution at the mesh size as much 

smaller than the subchannel under actual plant conditions. Steady-state and transient critical 

power were also measured. Some of the experimental data obtained by the NUPEC tests 

were used in the international OECD/NRC BWR Full-size Fine-Mesh Bundle Test (BFBT) 

benchmark [5.1.12-1] and are now in NEAôs Data Bank. The following data could support 

validation for 3D T/H codes, including subchannel analysis codes: 

¶ steady-state bundle void distribution; 

¶ transient bundle averaged void fraction; 

¶ steady-state critical power; 

¶ transient critical power.  
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5.1.12.2. Description of the test loop 

Figure 5.43 shows a diagram of the test loop. The maximum operating conditions for the 

facility are 10.3 MPa in pressure, 315°C in temperature, 12 MW in test power and 75 t/h 

in flow rate. The test facility has the capability for a full range of steady-state testing over 

BWR operating conditions and can also simulate time-dependent characteristics of 

complicated BWR operational transients. The test section, as shown in Figure 5.44, consists 

of a pressure vessel, simulated flow channel and electrodes. The simulated full-scale BWR 

fuel assembly was installed within the vessel. 

Figure 5.45 shows the cross-sectional view of the heated rod. The rod is a single-ended, 

grounded electrical heater rod and represents the nuclear fuel rod. This geometry treatment 

does not affect the steady-state calculation. The thermal time constant for the transient may 

affect the results. Therefore, in addition to the demonstrated geometrical data, a thermal 

time constant of about five s is specified as a reference value. The heater rod structure is 

shown in Table 5.22.  

In the void distribution measurements, two types of BWR assemblies are simulated in a 

full -length test facility: an early 8×8 fuel bundle and a 8×8 high burn-up bundle, as shown 

in Figure 5.42. Three sub-types of test bundle 0, namely 0-1, 0-2 and 0-3, were used to 

examine the effects of radial power distribution on the void fraction distribution. The radial 

arrangements of heated and unheated rods are shown in Figure 5.46. Test assembly 0-1 

simulates a current BWR fuel assembly and has two unheated rods. Test assemblies 0-2 

and 0-3 have four and nine unheated rods respectively. Test assembly types 1, 2 and 3 are 

like assembly type 0-1 with two unheated rods, but with a different axial heated length and 

different axial power shapes. Three combinations of high burn-up assemblies with different 

radial and axial power shapes, namely C2A, C2B and C3, were utilised for the critical 

power measurements shown in Table 5.23.  

Spacers generally have a beneficial effect on critical power in typical BWR assemblies. 

There are two types of spacers used in the experiments: a ferrule type and a grid type. The 

grid type of spacers is applied to the early 8³8 assemblies (assembly types 0, 1, 2 and 3). 

The ferrule type is applied to the high burn-up 8³8 assemblies (assembly types 4, C2A, 

C2B and C3). Figure 5.47 shows a different view of grid spacer design. It is not a design 

drawing and therefore there may be some disparity from the symmetry on the rod 

arrangement. Figure 5.47 also shows different views of the ferrule spacer, which was used 

for the high burn-up fuel assembly design. 

Table 5.22. Heater rod structure 

Item Data 
Heater Outer diameter (mm) 7.3 

Material Nichrome 
Insulator  Outer diameter (mm) 9.7 

Material Boron Nitride 
Cladding Thickness (mm) 1.3 

Material Inconel 600/Beryllium 
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Figure 5.42. Test assembly and radial power distribution for void distribution m easurements 

 

Source: NEA, 2005. 

Table 5.23. Test assembly types for critical power measurements 

Test item Critical power test 
Test assembly C2A C2B C3 
Fuel type High burn-up 8 ³ 8 

 

Axial power 
shape 

Cosine Cosine Inlet peak 

Radial power 
shape 

A B A 

A ï Simulation pattern for beginning of operation. 

B ï Simulation pattern for middle of operation  
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Figure 5.43. System diagram of test facility for NUPEC rod bundle test series 

 

Source: NEA, 2005. 

As shown in Figure 5.48 (a), two types of void distribution measurement systems were 

employed: an X-ray CT scanner and an X-ray densitometer. Fine-mesh void distributions 

were measured under steady-state conditions using the X-ray CT scanner, which was 

located 50 mm above the heated length. The system consisted of an X-ray tube and 512 

detectors. Figure 5.48 (b) shows the void fraction measuring section, where the pressure 

vessel was made of titanium (Ti). The X-ray CT scanner was also used for transient void 

measurements called chordal averaged void fraction measurements [5.1.12-2]. During the 

transient, the X-ray CT scanner is not rotated but fixed. The X-ray densitometer 

measurements were performed at several axial elevations with relatively large uncertainty. 

Table 5.25 shows the X-ray CT scannerôs basic specifications. Table 5.26 shows the X-ray 

densitometerôs basic specifications. The void fraction measurement methods are shown in 

Figure 5.49. The cross-sectional averaged transient void distributions were measured with 

the X-ray densitometer. During the transient void measurements, the X-ray densitometer 

was fixed (not rotated) at a given axial position (Figure 5.48). The measurement was 

repeated nine times while changing the axial location of the densitometer along the heated 

length.  



NEA/CSNI/R(2020)6 | 165       

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

Figure 5.44. Cross-sectional view of test section 

 

Source: NEA, 2005. 

 

 

 

 

 

Figure 5.45. Cross-sectional view of heater rod 

 

Source: NEA, 2005.  
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Figure 5.46. Unheated rods arrangements in test assembly type 0  

 

Source: NEA, 2005. 

Figure 5.47. Schematic of the grid spacer (left) and the ferrule spacer design (right)  

 

Source: NEA, 2005. 

Table 5.26 shows the estimated measurement accuracy. Three types of void fraction 

measurements were carried out: a local void fraction on a 0.3 mm³0.3 mm square pixel 

element; a subchannel averaged void fraction, which is averaged over more than 400 pixel 

elements; and a cross-sectional averaged void fraction, which is averaged over more than 

105 pixel elements. The accuracy of these void fraction measurements depended on the 

X-ray sourceôs photon statistics, detector non-linearity and accuracy of the known fluid 

condition (temperature and pressure) measurements. 

The heater rodsô surface temperatures were monitored at positions just upstream of the 

spacers by chromel-alumel thermocouples, which were located on the outer surface of the 

heater rod cladding. The thermocouples have a diameter of 0.5 mm. The rod surface 

temperature was also monitored at several locations, as depicted in Figure 5.50 (C2A 

assembly being the example). The critical power was measured while slowly increasing the 

bundle power and monitoring the individual heater rod thermocouple signals. The critical 

power was defined when the peak rod surface temperature became 14°C higher than the 

steady-state temperature level, before the dryout occurred.   
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Table 5.24. Specification of X-ray CT scanner 

Item Specification 
Method of scanning 360 

o 
rotation with pulse X-rays 

Type of X-ray beam Fan-shaped X-ray beam of 34
o 

radiation angle 

Voltage of X-ray tube Max. 120 kV 

Current Max 400 mA 

Scanning time 15 s 

Scanning region D='300ô mm 

Dimensions of reconstruction element 0.3 mm × 0.3 mm 

 

Table 5.25. Specification of X-ray densitometer 

Item Specification 
Method of measurement Continuous X-ray at fixed position 

Type of X-ray beam Pencil type beam 

Voltage of X-ray tube Max. 160 kV 

Current Approx. 19 mA at 160 kV 

Sampling time Max. 60 s (Variable) 

Synchronisation 3 X-ray densitometers synchronise with X-ray CT 
scanner for data gathering 

Table 5.26. Estimated accuracy of main process parameters for void distribution measurements 

Quantity  Accuracy 
Pressure 1% 
Flow 1% 
Power 1.5% 
Inlet fluid temperature  1.5°C 
X-ray CT scanner   

Local void fraction 8% 
Subchannel void fraction 3% 
Cross-sectional void fraction 2% 
Nominal spatial resolution 0.3 mm³0.3 mm 
Scanning time 15 seconds 

X-ray densitometer   

Sampling time Max. 60 seconds 
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Figure 5.48. Void fraction measurement system 

 

Source: NEA, 2005. 

Figure 5.49. Void fraction measurement methods  

 

Source: NEA, 2005.  

 

(a) Measuring structure (c) Scanning method 

(b) Scanning section 
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Figure 5.50. Location of thermocouples for critical power measurement (C2A assembly) 

 

Source: NEA, 2005. 

5.1.12.3. Tests performed 

The available data for steady-state void distribution include time and space averaged void 

distribution matrix in subchannel mesh size and raw image data (which has a resolution as 

small as 0.3 mm×0.3 mm) of void fraction. Test assemblies 0, 1, 2, 3 and 4 were used for 

the steady-state void distribution measurement. The test condition is shown in Table 5.27. 

The available data for transient bundle averaged void fraction include time histories of 

cross-sectional averaged void fraction in each axial level during transient. Two tests were 

performed to simulate turbine trip without bypass and recirculation pump trip, respectively. 

Test assembly 4 was used for the test. The pressure, power, flow rate and inlet temperature 

were varied in each test case to simulate each transient scenario. The initial condition is 

shown in Table 5.28. 

The available data for steady-state critical power include critical power and the elevation 

of the BT. Test assemblies C2A, C2B and C3 were used for the steady-state critical power 

measurement. The test condition is shown in Table 5.29. 

The available data for transient critical power include the time histories of cladding 

temperature where the BT occurred, BT timing, timing of rewetting and peak cladding 

temperature during transient. Test assemblies C2A and C3 were used for the test. Two 

transient scenarios (turbine trip without bypass and recirculation pump trip) were simulated 

in each test series, yielding 12 total 4 test cases. The pressure, power, flow rate and inlet 

temperature were varied in each test case to simulate each transient scenario. The initial 

condition is shown in Table 5.30. 
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Table 5.27. Range of test condition for steady-state bundle void distribution measurement 

Quantity  Test condition 
Pressure (MPa) 1.0, 3.9, 7.2, 8.6, 
Flow rate (t/h) 10, 20, 30, 45, 55, 70, 
Inlet subcooling (kJ/kg) 20.9, 50.2, 126 
Exit quality (%) 2, 5, 8, 12, 18, 25 

 

Table 5.28. Range of test condition for steady-state bundle void distribution measurement 

Assembly Initial c onditions Transients 

Pressure 
(MPa) 

Power 
(MW)  

Flow 
rate 
(t/h) 

Inlet 
temp. 
(Celsius) 

 
Outlet 
quality  

%  

4 7.16 4.5 55 279 18 Turbine trip 
without 
bypass 

 

4 7.2 4.5 55 279 18 Recirculation 
pump trip 

 

 

Table 5.29. Range of test condition for steady-state bundle void distribution measurement 

Quantity  Test condition 
Pressure (MPa) 5.5, 7.2, 8.6 
Flow rate (t/h) 10, 20, 30, 45, 55, 60, 65 
Inlet subcooling (kJ/kg) 25, 50, 84, 104, 126 

 

Table 5.30. Range of test condition for steady-state bundle void distribution measurement 

Assembly Initial conditions/experimental conditions Transients 

Pressure 

(MPa) 
Power

(MW)  
Flow 

rate 
(t/h) 

Inlet 

enthalpy
(kJ/kg) 

C2A 7.2/7.136 6.2~8.5 45/42 1 217~1 227 Turbine bypass trip 
without bypass 

C2A 7.2/7.274 6.2~8.5 45/46.2 1 217~1 227 Recirculation pump trip 

C3 7.2/7.136 6.2~8.5 45/42 1 217~1 227 Turbine bypass trip 

without bypass 

without 

C3 7.2/7.274 6.2~8.5 45/46.2 1 217~1 227 Recirculation pump trip 

5.1.12.4. Application for system code validation 

Several exercises for the prediction of participantôs analysis codes were performed in the 

BFBT benchmark. CFD codes and 1D system analysis codes were used in the exercise of 

steady-state bundle void distribution, subchannel analysis codes to predict subchannel void 

fractions and bundle average void fraction. Scatters were observed in calculations of the 

lower void fraction, where bubbly to large bubble/slug flow were expected. The codes have 

difficulties predicting the void distribution near unheated structures (housing and water 

rods). It was shown that a crossflow model of subchannel analysis codes affected the 

measured data prediction. 

In the exercise of transient bundle averaged void fraction, subchannel analysis codes and 

1D system analysis codes were used to predict transient void fraction in scenarios of a 

turbine trip without bypass and a recirculation pump trip. The codes demonstrated 

capabilities for reproducing the transient behaviours of the bundle average void fraction for 
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both transient scenarios. Code-to-code comparisons were performed to provide snapshots 

of the predicted void fraction at a subchannel basis in the exercise. 

In the exercise of steady-state critical power, subchannel analysis codes and 1D system 

analysis codes were used to predict critical power and BT elevations in the tests. The 

accuracy of the critical power predictions on critical power was affected by liquid film 

thickness modelling, onset of annular-mist flow criteria, droplet entrainment and deposition 

models, spacer grid effects and crossflow. 

In the exercise of transient critical power, 1D system analysis codes were used to predict 

the time histories of cladding temperature in scenarios of a turbine trip without bypass and 

a recirculation pump trip. The codes could reproduce the transient behaviours of overall 

rod surface temperature at thermocouples in both scenarios. 

The validation for subchannel analysis code is presented in [5.1.12-3]. 

Main advantages and drawbacks of the facility 

In the BFBT, local void fractions on a 0.3 mm³0.3 mm square pixel element were 

measured by the X-ray CT scanner. While the X-ray densimeter could measure cross-

sectional averaged void distributions in the steady-state and transient condition, the scanner 

had some systematic error. When the vapour bubbles had a higher concentration near the 

walls than the subchannel centre (low void fraction), the average void fraction was 

underestimated. When vapour concentration in the subchannel centre was higher than near 

the walls (high void fraction, slug and churn flow regime), the average void fraction was 

overestimated.  

5.1.13. Other test facilities  

5.1.13.1. PIERO 

The PIERO experiment studied lower plenum voiding, which occurs at the end of a large 

break LOCA depressurisation phase in a PWR, when the steam generated in the reactor 

core flows out of the bottom of the core through the lower plenum towards the downcomer 

and the broken leg. If the steam velocity is high enough, it can drag water from the lower 

plenum and partially empty it. 

The PIERO test section, developed at CEA-Grenoble and now dismantled, is a half slab of 

a 1/4 scale vessel representing the lower plenum and the downcomer of a French PWR-

type reactor. The test section represents a 2D cross-section of the lower plenum and 

downcomer. The width of the test section is 150 mm. The core lower plate is 100 mm thick 

with ten holes (55 mm inner diameter). The lower face of the lower core plate is 434 mm 

from the bottom of the lower plenum. The downcomer is 150 mm wide, 50 mm deep and 

695 mm high. The bottom of the downcomer 625 mm under the exit of lower plenum (see 

Figure 5.51). 

The gas flow or mist flow expelled from the core towards the lower plenum at the end of 

the blowdown phase is simulated by an air-water mixture flow rate under atmospheric 

pressure. The air and water are injected at the top of the test section above the core lower 

plate. The air or air-water mixture flowrate varies from 50 to 3 500 m3/h. Liquid is 

entrained (or not, depending on the conditions of the run) from the lower plenum to the 

downcomer.  
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For each run, experimental data are composed of: 

¶ The inlet air flowrate (measured with less than 5% error). 

¶ The liquid fraction, deduced from the water flowrate (the error of the liquid fraction 

is less than 1%). 

¶ The level in the lower plenum after stabilisation. The level is measured by 

visualisation through a transparent front plate of the experiment. 

Figure 5.51. Sketch of the PIERO test section 

 

 

Source: Freitas and Pasquale, 2015. 

The PIERO experiment is included in the separate effect tests matrix of Code for Analysis 

of THermalhydraulics during an Accident of Reactor and safety Evaluation (CATHARE) 

and used to validate the 3D module of the code [5.1.13-1] and [5.1.13-2]. 

5.1.13.2. OMEGA 

The OMEGA facility, built at CEA-Grenoble, was first dedicated to the characterisation of 

the heat transfer behaviour during the decompression phase of a LOCA and the 

characterisation of the critical heat flux (CHF) in PWR-type rod bundles. Several 

campaigns of CHF measurements were carried out at different T/H conditions (for 

example, see [5.1.13-3]). 

The OMEGA-2 loop, is dedicated to study single-phase and two-phase flows in a rod 

bundle at high pressure. The test section features a 5x5 bundle of electrically heated rods 

of 9.5 mm outer diameter, arranged in a square array with a 12.6 mm pitch, simulating 

those in a PWR core. Simple support grids or mixing vane grids are used to maintain the 
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rod bundle. A uniform power is applied on the total heated length of 3.658 m. Radial power 

is non-uniform: the nine central rods have a heat flux of greater than the 16 peripheral ones. 

A series of runs with CHF measurements have been published that cover PWR conditions 

(pressure from 10.5 to 16.6 MPa, mass flow rate 2.6-12.7 kg/s, inlet temperature 86.7-

324.6°C and power 3.2-6.8 MW) and show the capacity of the loop at providing reliable 

data [5.1.13-4]. 

As part of the NESTOR project (CEA/EDF/EPRI), several series of analytical runs were 

carried out, which were in typical PWR conditions (pressure from 10 to 15.5 MPa, mass 

flux 3 000-4 600 kg/m2/s, inlet temperature 185-305°C, power 0.57-1.4 MW/m2) and 

addressed the axial offset anomaly phenomenon. Single-phase tests aiming to provide 

measurements (of the wall and fluid temperatures) were dedicated for single-phase heat 

transfer modelling in a rod bundle. The onset of nucleate boiling (ONB) was one of the 

phenomena studied in the boiling tests. A series of such tests were performed, which 

allowed for the determination of the location of the ONB point [5.1.13-5] and [ 5.1.13-6]. 

5.1.13.3. GRAZIELLA 

The GRAZIELLA facility was developed at CEA-Grenoble in collaboration with 

Electricité de France (EDF). The test section consists of a vertical channel with a square 

cross-section containing a 5x5 PWR-type rod bundle. The rod bundle is maintained by 

spacer grids with or without mixing vanes. The tests are performed with Freon, simulating 

high pressure conditions, covering the range of thermal-hydraulic parameters in the 

nominal operating conditions of a PWR core or two-phase conditions. Adiabatic and heated 

tests were carried out. For the last ones, rods are electrically heated, with a with a uniform 

3.65 m heating length. 

Some tests performed in the GRAZIELLA loop are devoted to studying the DNB in rod 

bundle, and the effect of mixing grid on the DNB [5.1.13-7] [  5.1.13-8].  

For some of the heated tests, the nine central rods are overheated by 33% compared to the 

16 external ones, introducing mixing effects between the subchannels. The flowrate and 

quality of each subchannel are measured at the end of the test section [5.1.13-9] and [5.1.13-

10]. 

Some GRAZIELLA adiabatic single-phase tests have been used for the assessment of the 

turbulent diffusion and the dispersion term in the momentum equation of the CATHARE 

3 3D model [5.1.13-10]. 

5.1.13.4. AGATE 

The AGATE facility was built at CEA-Grenoble. The test section consists of a square 

lattice of 5x5 unheated rods, 1.5 m high, inserted in a 66.1 mm square channel. The 

diameter of the rods of this PWR-type bundle is 9.5 mm, and the bundle pitch is 12.6 mm. 

Transparent windows in the square channel allow for the measurement of the three velocity 

components, with their fluctuations, in the subchannels using a laser velocimetry technique 

[5.1.13-11]. 

AGATE tests have been intensively used for the validation of codes using a CFD approach 

(e.g. [5.1.13-12] and [ 5.1.13-13]) and the porous (subchannel) approach (e.g. [5.1.13-8]), 

for the effects of the mixing grids on the flow and the heat transfer. AGATE tests have been 

also used for the 1D modelling of the turbulence induced by the grid by CATHARE 3 

[5.1.13-14]. 
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5.1.13.5. MR-2/MR-2A atmospheric pressure water loop 

MR 2/MR 2A is a pumped circulation, atmospheric pressure flow modelling loop with two 

discrete flow circuits. This loop is located in Chalk River (Canada). Water is the primary 

working fluid, but air can be injected into the water flow to simulate two-phase flows. The 

primary circuit (MR 2) has three test stations and a choice of three circulation pumps, which 

can provide water mass flows of up to 14 kg/s. Air can be injected at 0.02 kg/s. Testing is 

normally conducted at ambient temperature, but the water can be heated to a maximum of 

70°C. The second circuit (MR 2A) is adjacent to MR 2 but physically separated, and has a 

dedicated circulation pump, which can provide as much as 1.4 kg/s water flow at ambient 

temperature, with air injection of 0.02 kg/s. These facilities are used to study flow 

distribution and pressure drop over a wide range of complex geometries. Transparent test 

sections permit flow visualisation and the use of optical instrumentation to measure fluid 

parameters. The loop can accommodate powers of up to 1.7 MW, which facilitates the 

capability of CHF tests for fuel bundles such as NRU driver fuel with water as coolant. Net 

heat rejection is provided by a plate-type heat exchanger; a second plate-type heat 

exchanger is used to pre-heat the inlet water with heat from the outlet water, thus allowing 

the pump to operate at a lower temperature. 

5.1.13.6. MR-3  

MR-3 is a large high-temperature, high-pressure, pumped circulation heat transfer loop 

utilising hydrofluorocarbons as the working fluid. This loop is located in Chalk River 

(Canada). The loop vessels and piping systems are constructed of carbon steel, limiting the 

loop to non-aqueous working fluids. The primary circuit circulates R 134a (Freon) through 

the test sections and controls the test section flows, inlet temperatures and outlet pressures. 

To be consistent with economic limitations, the loop equipment is designed to operate over 

as wide a range as possible in order to minimise the number of settings and manual 

adjustments needed during an experiment. For example, both three and four-inch diameter 

piping are used for connecting the vertical test section to the vapour drum. During 

experiments with high test section outlet quality and high flows (above 12.5 kg/s), a four-

inch pipe is required to keep the velocity within acceptable parameters. Conversely, during 

low quality, low flow instability tests, a three-inch pipe is required to avoid slug flow. The 

piping is flanged and the circuits suitably valved to facilitate piping changes. 

The loop design pressure is 6.2 MPa (g) at 121°C, but it normally operates at 1.0 3.0 MPa 

(g) at 60°C, and at fluid mass flows up to 38 kg/s. A typical CHF test would operate at 

~1.9 Mpa (g) pressure at 60°C and ~21 kg/s mass flow, with up to 1.7 MW test section 

power. The internal loop volume is ~7 m3, with a normal working fluid inventory of 

~4 500 kg of liquid hydrofluorocarbon. There is a 6 m vertical test station that can 

accommodate a full-scale PHWR fuel string simulator, and a horizontal test location that 

can accommodate either of pair of interchangeable test stations for full-scale (6 m) PHWR 

fuel string simulators, or full diameter half length (3 m) simulators. At present, the working 

fluid is R 134a, which permits full-scale fuel simulations at lower temperatures, pressures 

and power than would be the case in water. The loop was originally designed to operate 

with CFC 11, or CFC 12, but the conversion to R 134a has reduced the environmental 

ozone depletion impact of fluid leaks to zero. 

The primary function of this facility is to investigate CHF enhancement and other heat 

transfer parameters of various existing PHWR fuel geometries, or experimental geometries. 

The MR-3 loop has a unique capability of performing T/H tests for a bundle string 

simulator with various radial power profiles by using a particular resistance. The loop also 

has a facility for conducting pressure drop tests and post dryout (PDO) heat transfer tests 

on full-scale PHWR bundles. 
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5.1.13.7. Header test facility 

The header test facility is an approximately 1:3 scaled model of a typical PHWR 

header/feeder system, consisting of two headers and 72 feeders, operating at near 

atmospheric conditions with air and water as the working fluids. This facility is located in 

Chalk River (Canada). The headerôs multi-channel behaviour is one of the important 

phenomena influencing fuel sheath peak temperature of PHWR fuel under certain 

postulated accident conditions, into which further research is needed. The header test 

facility is used to investigate two-phase flow characteristics in the headers and their impact 

on flow and phase distribution in feeders during postulated accidents. A maximum water 

flow of 88 L/s and a maximum air flow of 0.5 m3/s are designed in this facility. This facility 

is instrumented with a sophisticated wire mesh sensor multiplexing system and a complex 

pressure drop measurement system to measure constitutive parameters of two-phase flow 

in headers and feeders. Experimental information obtained from this facility can be used to 

examine the void distribution along headers and among feeders and the mass flow rate 

distribution among feeders under various simulated hypothetical PHWR accident 

5.1.13.8. MTF 

The Moderator Test Facility (MTF) consists of a ¼ linear scale generic PHWR calandria 

vessel, complete with correctly scaled inlet and outlet piping and all necessary pumps, flow 

control valves, heat exchangers, process controls and instrumentation to permit a controlled 

simulation of virtually all PHWR moderator cooling circuits. This facility is located in 

Chalk River. Included within the moderator vessel are 480 electrically heated calandria 

tube simulators, which provide an axial heat flux profile representing a typical PHWR. DC 

power is delivered to the calandria tubes from the T/H laboratory of a 1.7 MW power 

supply. Through the use of easily removable blank ports and easily relocated piping, the 

vessel is configured to provide for up to 12 properly scaled and located inlet flow nozzles, 

as well as all current PHWR outlet flow port configurations. The MTF can simulate 

moderator flows in Canada Deuterium Uranium (CANDU) 9, CANDU 6 and Pickering, 

Bruce and Darlington reactor configurations. The facility can conduct modelling tests at 

current PHWR moderator pressures and temperatures and, with minor changes, achieve 

temperatures and pressures up 120°C and 105 kPa (g) for experiments such as passive 

moderator cooling system (PMCS). The vessel is fitted with multiple access ports for 

temperature and fluid velocity measurement instrumentation and has an array of viewing 

windows for observing and recording colour dye flow path visualisation experiments. 

Process control and data acquisition is provided by a dedicated P/C based computer system, 

utilising PARAGON TNT, a sophisticated process control/data acquisition software 

package that permits fully automatic (unattended) operation of the facility process controls 

and temperature data gathering. 

In order to accommodate the range of moderator circulation test conditions for the CANDU 

9 programme and for existing CANDU variants, plus the future PMCS programme, the 

values for various system parameters dictated by this flexible design are: 

¶ Power: up to 1.7 MW (PMCS tests only), with normal cosine axial power 

distribution and reactor typical radial power distribution.  

¶ Flow: primary side flow from 0 to 30 kg/s, with variable flow capability at each 

inlet and outlet nozzle. 

¶ Temperature: primary side water from room temperature to 95°C, ±0.5°C for 

moderator circulation tests and up to 120°C for PMCS tests. 

¶ Pressure: up to 85 kPa (gauge) for PMCS tests. 
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A one-third-scale moderator test facility modelling the calandria of the ACR-700 was 

recently constructed and tested at CNL to obtain moderator circulation data for validating 

the moderator T/H analysis code. 

5.1.13.9. CREARE 

The first models for downcomer refill were based on CREARE experiments. This test 

facility was replaced by a scale one experiment (UPTF) [5.1.13-15]. 

5.1.13.10. METERO-V 

Objective of the experiment 

The analysis of LB-LOCAs required specific experimental programmes investigating 

large-scale 3D effects, particularly during downcomer refill and core reflooding. SB-

LOCAs and IB-LOCAs also encounter significant 3D effects in the core due to the radial 

power profile, with crossflows and diffusion-dispersion. Similar situations exist at lower 

pressure for loss of residual heat removal (RHR) accidents. Other transients such as steam 

line break and boron dilution are sensitive to all mixing phenomena in the core. There is 

also a need for a precise validation of each mixing process. 

The METERO-V (vertical) test facility, under construction at the CEA (Saclay), which has 

the commissioning of the first tests performed in 2022, intends to provide data for the 

validation phenomena in the core during these accidents, for both 3D systems and 

subchannel scales. As a side objective, it could also be useful for the validation of CFD in 

open medium. 

Description of the test loop 

The basic test section is a rod bundle with 8x34 unheated rods representing two half 

assemblies. In a first phase of experiments, the height of the test section is about 2m, 

although a full rod bundle length (3.6 to 4 m) would also be possible in future studies. The 

test section intends to be modular in order to adapt to various measurement techniques and 

geometries. The rods and rod arrays will be at scale one (rod outer diameter d=9.5 mm, 

pitch 12.6 mm), as shown by Figure 5.52. 

Figure 5.52. Radial view of a sketch of METERO-V test section  

(2 half assemblies with 8x17 unheated rods each) 

 

Source: Bestion et al., 2018. 

A tranquillisation chamber has been designed in two separated parts to create a 

dissymmetry of the flow entering the vertical structure. Each part of the tranquilisation 

chamber is composed of a diverging pipe followed by a grid and then a straight larger pipe, 

honeycomb and grid. A set of parallel deflectors then change the flowôs orientation to 

vertical. Another honeycomb is placed before a converging rectangular pipe downsizing 

the cross-section to fit the vertical structure inlet. A module for asymmetric distribution in 
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this double tranquillisation chamber creates differences of velocity, temperature, density or 

tracer concentration between the left and right half assemblies (Figure 5.53). 

Figure 5.53. Left: 3D view of the METERO-V facility ; Right: sketch of METERO-V loop 

 with the vertical test section. 

  

 

Source: Bestion et al., 2018. 

METERO-V is designed to carry out single-phase and two-phase tests. The pressure is 

close to atmospheric at the top of the test section. The maximum water flowrate is 700 m3/h 

and the maximum air flowrate is 150 m3/h. The range of liquid Reynolds numbers that can 

be obtained with water flow is up to 100 000. The temperature of the fluid may be ambient 

(14 to 30°C) with possible heating to create a radial temperature difference of up to a 

maximum of 36°C, creating a radial density difference of about 1%. 

Planned tests 

Various test series are planned to address different processes in a separate way, with equal 

or unequal velocities, temperature or passive scalar concentration at the inlet of the 

assemblies  

These tests series are summarised in Table 5.31. 

Table 5.31. Test series planned in METERO-V experiment 

Process Test series 
Wall friction ¶ Pressure losses in axial flow 

¶ Pressure losses in non-axial flow 

Momentum turbulent diffusivity ¶ Pressure losses with transverse flow 

Scalar turbulent diffusivity ¶ Mixing of a passive scalar in 1-phase flow 

Scalar dispersive tensor ¶ Mixing of a passive scalar in 1-phase flow 

Energy turbulent diffusivity ¶ Energy mixing in 1-phase flow 

Energy dispersive tensor  ¶ Energy mixing in 1-phase flow 
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Table 5.31. Test series planned in METERO-V experiment (Continued) 

Process Test series 
Two-phase wall 
friction 

¶ Pressure losses and interfacial friction in pure axial flow 

¶ Pressure losses and interfacial friction with transverse flows 

¶ Pressure losses and interfacial friction with buoyancy-driven 
crossflows 

Interfacial friction ¶ Pressure losses and interfacial friction in pure axial flow 

¶ Pressure losses and interfacial friction with transverse flows 

¶ Pressure losses and interfacial friction with buoyancy-driven 
crossflows 

Void dispersion ¶ Void dispersion tests 

 

METERO will use the following instrumentation: 

¶ PIV (single-phase tests) to measure profiles of axial and radial components of the 

velocity in the domain of subchannels visible through rod gaps. Measurements of 

the radial component may not be accurate if it is much smaller than the axial 

component. 

¶ LIF (single-phase tests) will use to measure the variation of the luminescence of 

injected tracers with pH or with temperature. LIFs will be able to measure passive 

tracer radial concentration profiles at various elevations and temperature radial 

profiles at various elevations. 

¶ Core wire (single-phase tests) to measure the fluid temperature at various positions. 

¶ X-ray tomography (two-phase tests) will be used in two-phase air-water tests to 

measure linearly averaged void fraction.  

¶ Pressure and pressure differences (1-phase and 2-phase tests) will be measured at 

several positions on lateral and front faces of the test section to measure all kinds 

of pressure losses. 

The radial mixing of a passive scalar can be obtained by the unbalanced injection of a tracer 

and using the LIF technique. The radial temperature mixing can be studied using a 

homogeneous velocity and an unbalanced temperature measurable by LIF. Particles are 

injected, whose luminescence is sensitive to temperature. Crossflow is buoyancy-driven 

when gravitational axial pressure gradient dominates the friction axial pressure losses. The 

difference of temperature induces density differences that create different axial pressure 

gradients in the two assemblies. This creates radial pressure differences and crossflows 

from cold assembly to hot assembly. As soon as crossflows are significant, they may 

overpass diffusive radial mixing. 

Application for system code validation 

Some simulations using CATHARE 3 were performed to verify if the identified 3D 

phenomena might be reproduced in the METERO-V conditions. These simulations could 

also help build the test matrix and determine the range of the measured quantities 

(temperature, velocities, concentration, etc.) [5.1.13-16]. 
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5.2. Integral  effect tests 

5.2.1. ATLAS 

5.2.1.1. Objective of the experiment 

KAERI has been operating the ATLAS integral effect test facility, Advanced Thermal-

Hydraulic Test Loop for Accident Simulation, for transient and accident simulations of 

advanced PWRs [5.2.1-1]. The reference plant of ATLAS is a 1 400MWe-class 

evolutionary pressurised water reactor, APR1400. ATLAS has the same two-loop features 

as the APR1400 and is designed according to the scaling method suggested by Ishii and 

Kataoka [5.2.1-2] for simulating the various test scenarios as realistically as possible. 

ATLAS is a half-height and 1/288-volume scaled test facility compared to the APR1400. 

The fluid system of ATLAS consists of a primary system, secondary system, safety 

injection (SI) system, break simulating system, containment simulating system and 

auxiliary systems. The primary system includes an RPV, two hot legs, four cold legs, a 

pressuriser, four RCPs and two SGs. The secondary system of ATLAS is simplified to be 

of a circulating loop-type. Most of the safety injection features of the APR1400 and the 

optimised power reactor 1 000 (OPR1000) are incorporated into the ATLAS safety 

injection system. About 1 600 instrumentations have been installed in the ATLAS test 

facility to precisely investigate T/H behaviour in simulation of the various test scenarios.  

The ATLAS has been used to provide the unique test data for the two (hot legs) x four (cold 

legs) reactor coolant system with a DVI of ECC; this will significantly expand the currently 

available data bases for code validation. The ATLAS has been operated in order to 

investigate major design and beyond design basis accidents and operational transients for 

advanced pressurised water reactors. The produced integral effect test data have been used 

to resolve the licensing issues of the APR1400 and to validate the safety analysis codes for 

the various accident sequences. The ATLAS test results will be used to evaluate the 

performance and thereby confirm the design concepts of new safety systems, validate the 

safety analysis code and related models, and understand the T/H phenomena occurring 

during the accident transients [5.2.1-3] and [5.2.1-4]. 

5.2.2.2. Description of the test loop 

Figure 5.54 shows the schematic diagram of the loop connection, which shows the 

elevations of the major ATLAS components [5.2.1-5]. The elevations are based on the 

reference point of RPV bottom. The total height of the facility is about 30 m (10 m 

underground and 20 m above ground). All major components ï such as the RPV, SGs, 

pressuriser and SITs ï are above ground. The loop was designed to be operated at up to 

18 MPa to simulate the high pressure scenarios. The total inventory of the ATLAS reactor 

coolant system is 1.6366 m3. A more realistic 3D view of ATLAS is shown in Figure 5.55.  

The RPV and the core simulator are designed to preserve the distributions of the 

temperature, pressure, coolant volume, flow rate and flow area. They are also designed to 

preserve the hydraulic diameter and important local phenomena. The main focus in 

designing the reactor vessel downcomer was on the reproduction of the multidimensional 

phenomena related to a DVI as well as the preservation of the surface tension effect and 

the flow regime (especially for cap bubbles). Several parameters are considered during the 

local phenomena scaling analysis, including the void fraction, mixture level, transition 

criteria of a two-phase flow regime, flow reversal, ECC bypass, steam condensation, stored 

energy, pressure drop and more. Most of the design parameters are based on the integral 

scaling parameters. However, the gap size of the downcomer annulus is intentionally 

increased to simulate the multidimensional behaviour more realistically. The increased 



180 | NEA/CSNI/R(2020)6 

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEM-SCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES 

      

downcomer volume is compensated for by reducing the lower plenum volume to maintain 

the total coolant volume ratio in the reactor vessel. Figure 5.56 shows a schematic diagram 

of the ATLAS reactor pressure vessel. 

A total of 396 electrical heaters and unheated rods are used to simulate the fuel rods. Since 

the diameter is maintained to be identical to that of the APR1400, the temperature of the 

fuel rods reasonably represents the reference reactor during most accident conditions, if the 

initial stored energy can be reasonably treated. The maximum core power is 2 MW which 

corresponds to 10% of the scaled nominal power. A bundle of electric heaters has been 

installed to simulate the reactor core, which is in the lower part of a RPV. There are 390 

electric heaters divided concentrically into three groups (group-1, group-2 and group-3). 

Group-1, -2 and -3 heaters are located in inner, middle and outer regions of the heater 

bundle respectively, and they have 102, 138 and 150 heaters respectively. The core heater 

bundle also has six unheated rods. The axial power profile of each heater rod is in the 

ñchopped cosineò power shape. The simulated fuel assembly type is 16×16, and the 

prototypical spacer grid (PLUS-7) is used. The outer diameter of heater rod is 9.5 mm, 

which is the same as the prototypical rod diameter of APR1400. 

Figure 5.54. Schematic diagram of loop connection of ATLAS 

 

Source: Lee, 2018.  
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Figure 5.55. Three-dimensional view of ATLAS  

 

Source: Lee, 2018. 

Figure 5.56. Schematic diagram of ATLAS reactor pressure vessel 

 

Source: Lee, 2018  
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Figure 5.57. Schematic diagram of ATLAS steam generator 

 

Source: Lee, 2018. 

ATLAS has two steam generators, which have the same designed specifications apart from 

a break unit to simulate U-tube rupture. The break unit is installed in SG-1. Each SG 

consists of a lower plenum, U-tube assembly, middle and upper SG vessels, two 

downcomer pipes and other internals, as shown in Figure 5.57. The ATLAS facility adopts 

a jet condenser for the heat removal from the secondary system to the component cooling 

water system. The break simulation system consists of several break simulating lines such 

as a large LB-LOCA, DVI LB- LOCA, SB-LOCA, SGTR, MSLB and FLB, etc. Each break 

simulating line consists of a quick-opening valve, break nozzle and other instruments. The 

line is precisely manufactured to have a scaled break flow through it for LOCA tests. The 

containment simulating system of the ATLAS has a function of collecting the break flow 

rate and maintaining a specified backpressure to simulate containment.  

The ATLAS facility was revamped in the second half of 2016 with the aim of enhancing 

its utilisation. The first change was the integration of the reactor coolant system of ATLAS 

and a containment building. A properly scale-downed containment building was 

constructed to investigate the multidimensional T/H phenomena occurring inside the 

containment building of a nuclear power plant. The second change is the installation of a 

new heater rod bundle. A new heater rod bundle was manufactured and ready to be installed 

inside a new reactor pressure vessel. The location of the thermocouple was shuffled in this 

new heater rod bundle and given additional capability to capture the core exit temperature 

(CET) behaviour. The fourth change was the adoption of a hybrid safety injection tank 

(SIT) concept. The hybrid SIT replaces the existing SITs in order to enhance the emergency 

core cooling capability for a high-pressure accident sequence such as a station blackout 

(SBO). The hybrid SIT is connected not only to the pressuriser, but also to the cold leg. 

Various instrumentations will be installed to investigate the multidimensional T/H 

phenomena inside the hybrid SIT, as shown in Figure 5.58. 
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Figure 5.58. Schematic diagram of hybrid SIT of ATLAS 

 

Source: Ryu et al., 2018. 

Instrumentation 

About 1 600 instrumentations have been installed in the ATLAS test facility to precisely 

investigate the T/H behaviour in simulations of the various test scenarios. Measuring 

parameters include the temperature, pressure, level, power, flow rate and mass. All 

instruments were calibrated by the manufacturers prior to installation in the ATLAS 

facility. All  major instruments are calibrated periodically in accordance with the quality 

assurance (QA) programme of the KAERI certificated by the ISO 9001. However, no 

further recalibration of the thermocouples is performed once they have been installed in the 

facility. In this report, the measurement capability of capturing multidimensional T/H 

phenomena is highlighted.  

The integrated downcomer enables the reproduction of multidimensional phenomena and 

reveals unexpected T/H phenomena. Air-water visualisation test results showed that there 

is no significant difference in flow pattern for a downcomer gap over about 25 mm. A total 

of 37 thermocouples are installed inside the downcomer to measure the fluid temperature 

in the ATLAS facility. Figure 5.59 shows a 2D arrangement of the downcomer fluid 

temperature sensors and an example of the temperature measurement in the LOCA 

simulation test [5.2.1-7].  

Multidimensional non-uniformity in the peak cladding temperature (PCT) can be measured 

in the ATLAS core by 264 thermocouples at six different elevations, as shown in Figure 

5.60. Both a wide- and a narrow-range void fraction (or liquid level) can be measured in 

the core and downcomer regions of the reactor pressure vessel and in the secondary side of 

the steam generator, as shown in Figure 5.61. A liquid level inside the U-tube of the steam 

generator can also be measured, as shown in Figure 5.61.  

Five internal fluid temperatures can be measured in three and five locations of the hot leg 

and cold leg, respectively. Figure 5.62 shows a location of profile thermocouples for 

measurement of fluid temperature in hot leg [5.2.1-5]. These profile thermocouples can 

give information about the temperature and phase distributions inside the primary loop of 

ATLAS. The fluid temperature distribution inside the plenum of steam generator can give 

detailed information about the natural circulation characteristics and reflux condensation 

phenomenon during accident transients. Detailed temperature distribution inside the 

plenum of steam generator could be measured in the ATLAS facility by installing 100 

thermocouples per each steam generator, as shown in Figure 5.63. 
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Figure 5.59. 2D arrangement of the DC fluid temperature sensors and  

example of temperature measurement in the ATLAS test 

 

Source: NEA, 2012. 

Figure 5.60. Distribution of core wall temperature measured in the ATLAS test 

 

Source: NEA, 2012.  
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Figure 5.61. Distribution of liquid level measured in the ATLAS test 

 

Source: Lee, 2018 

Figure 5.62. Location of profile thermocouples for measurement of fluid temperature in hot leg 

 

Source: Lee, 2018. 

Figure 5.63. Location of profile thermocouples for measurement of fluid temperature in plenum of SG 

 

Source: Lee, 2018. 

5.2.2.3. Tests performed 

ATLAS was constructed in 2005 and a series of commissioning tests were successfully 

completed in 2006. A database of over 134 integral effect tests has been established since 

2017, with ATLAS covering various accident scenarios such as design basis accidents 
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