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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS (CSNI)  

The Committee on the Safety of Nuclear Installations (CSNI) addresses Nuclear Energy 

Agency (NEA) programmes and activities that support maintaining and advancing the 

scientific and technical knowledge base of the safety of nuclear installations.  

The Committee constitutes a forum for the exchange of technical information and for 

collaboration between organisations, which can contribute to its activities from their 

respective backgrounds in research, development and engineering. It has regard to the 

exchange of information between member countries and safety R&D programmes of 

various sizes in order to keep all member countries involved in and abreast of developments 

in technical safety matters.  

The Committee reviews the state of knowledge on important topics of nuclear safety 

science and techniques and of safety assessments, and ensures that operating experience is 

appropriately accounted for in its activities. It initiates and conducts programmes identified 

by these reviews and assessments in order to confirm safety, overcome discrepancies, 

develop improvements and reach consensus on technical issues of common interest. It 

promotes the co-ordination of work in different member countries that serve to maintain 

and enhance competence in nuclear safety matters, including the establishment of joint 

undertakings (e.g. joint research and data projects), and assists in the feedback of the results 

to participating organisations. The Committee ensures that valuable end-products of the 

technical reviews and analyses are provided to members in a timely manner, and made 

publicly available when appropriate, to support broader nuclear safety.  

The Committee focuses primarily on the safety aspects of existing power reactors, other 

nuclear installations and new power reactors. It considers the safety implications of 

scientific and technical developments of future reactor technologies and designs as well as 

human and organisational research activities and technical developments that affect nuclear 

safety. 
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Executive summary 

In the framework of the Nuclear Energy Agency (NEA) Working Group on Analysis and 

Management of Accidents (WGAMA), an activity on the design and safety assessment of 

thermal-hydraulic passive systems was conducted and a status report was drafted. Within 

this activity, an open benchmark exercise was carried out, hosted by ENEA and based on 

the experimental data developed in PERSEO, a full -scale component separate effect test 

facility for in-pool energy removal systems for emergency operations. 

PERSEO was built at SIET laboratory (Piacenza, Italy) to study a new passive decay heat 

removal system operating in natural circulation. The main innovation in PERSEO is the 

presence of two pools connected by a line with a triggering valve. In this way it is possible 

to fill the pool where the emergency heat exchanger is located only when it is needed for 

safety reasons by using the water stored in a second separate pool. The operating 

parameters of PERSEO are characteristic of a generic boiling water reactor (BWR) type 

reactor or the secondary side of a generic pressurised water reactor (PWR) type reactor. 

Among the four actual tests performed in PERSEO, Test 7 was chosen for the benchmark 

activity for its completeness. The test is at full pressure (70 bar) and aims to verify the 

system stability with different water pool levels and the long-term cooling capability of the 

system. 

Taking into account previous code applications on PERSEO tests, the main benchmark 

objective is to evaluate the capability of the adopted codes in the prediction of the heat 

transfer in a full -scale heat exchanger submerged in a liquid pool (both tube side and pool 

side). Moreover, it analysed the capability of the codes to evaluate the coupling processes 

between the two pools in the PERSEO system, connected in a two-phase natural circulation 

circuit, and the phenomena occurring in the pools themselves (e.g. thermal stratification, 

natural convection). The goal of the benchmark is also to characterise the user effect to 

predict the heat exchanger heat transfer (e.g. tuning of the heat transfer hydraulic diameter, 

tuning of fouling factors multiplier) and to test the code-user nodalisation strategies to 

model the phenomena taking place in large pools (e.g. 1D nodalisation, 2D fictitious 

nodalisation, 3D nodalisation if available in the adopted code). 

The evaluation of the capability of the adopted codes was performed considering both a 

qualitative and a quantitative accuracy analysis. For both parts of Test 7, there are three 

phenomenological windows and for each window the relevant thermal-hydraulic aspects 

were identified in the transient. The fast Fourier transform based method (FFTBM) was 

used to evaluate quantitatively the accuracy of the simulations performed with the codes. 

In general, it was found that almost all the adopted codes are qualitatively able to predict 

the phenomena that occurred in PERSEO Test 7. However, some qualitative and 

quantitative discrepancies with respect to the experimental data were found. The main 

limitation, observed in almost all the adopted codes, is the significant underestimation of 

the heat transfer between the heat exchanger and the pool. This was attributed by most of 

the participants to the underestimation of the tube side condensation heat transfer 

coefficient, and in some cases, also to the underestimation of the nucleate boiling heat 

transfer coefficient on the pool side. With the exception of the Nuclear Safety Institute of 

the Russian Academy of Sciences IBRAE, which adopted the SOCRAT code, the United 

States Nuclear Regulatory Commission (US NRC), which adopted the TRACE code, and 

Finlandôs Technical Research Centre VTT, which adopted the Apros code, all the other 

participants decided to modify the code or the nodalisation to correctly predict the heat 

transfer: 
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 GRS (ATHLET) used a developer version of ATHLET introducing Nusselt 

correlation (for laminar condensation), Kutateladze correlation (for laminar wavy 

condensation) and Chen correlation (for turbulent condensation); 

 KAERI_a (MARS), KAERI_b (SPACE), POLITO (RELAP5-3D), UJV 

(RELAP5), UNIPI (RELAP5) and UNIROMA1 (RELAP5-3D) multiplied the 

heat transfer coefficient by a factor ranging from 2.2 to 3.0; 

 NRG (SPECTRA) set the characteristic length for the film condensation to 5 cm, 

corresponding to a multiplier of 2.44 for the heat transfer coefficient; 

 UofU (MELCOR) modified several sensitivity coefficients in the heat structure 

package and set a multiplier of 180 instead of 120 for the number of tubes. 

This was possible thanks to the ñopenò nature of the benchmark, with the experimental data 

distributed to the participants before the beginning of the calculation phase. Therefore, an 

accurate evaluation of the validation domain and of the related scaling issues is 

fundamental for the application of the codes in the simulation of full -scale passive systems 

and a precondition for any reliability assessment of passive systems on the basis of these 

codes.  

The other phenomenon which presented a significant difficulty  is the prediction of the 

thermal stratification in the pools. However, it should be mentioned that in PERSEO Test 7 

the thermal stratification is present mainly at the beginning and at the end of the transient 

when the passive system is not in operation; therefore, the missing prediction of the thermal 

stratification did not prevent a correct prediction of the behaviour of the passive system 

during the operation phase. 

Considering the nodalisation strategy for the pools, the majority of the participants adopted 

a fictitious 2D nodalisation for the pools: two vertical hydraulic regions laterally connected 

through cross-flow junctions. This approach resulted in a more accurate prediction of the 

main phenomena occurring in the pools in PERSEO Test 7. 

Considering previous related activities, and in particular the State-of-The-Art Report on 

Scaling in System Thermal-Hydraulics Applications to Nuclear Reactor Safety and Design, 

developed in the framework of the WGAMA (NEA, 2017[8]), the PERSEO benchmark 

activity supports and highlights some of the recommendations consolidated in that report. 

In particular: 

 The database of the existing SETF and ITF computer code validation matrix 

(CCVM) should be extended to include advanced reactors using passive safety 

systems. 

 There is the need for well-instrumented tests for validating CFD for water-cooled 

reactors in relation to mixing problems, such us mixing with buoyancy effects in 

some passive systems (e.g. large pools of liquid as in the case of PERSEO). 

 Full-height scaling and suitable flow areas (and volume size) are recommended 

for experimental simulation of passive systems where the important phenomena 

are the boiling and condensation processes and the buoyancy effect due to density 

change. Full height will provide an accurate characterisation of phenomena such 

as natural circulation and related stability. 

 Systematically revisiting the scalability of system codes at the basic level of each 

closure law may be a good practice to improve the understanding of code scaling 

uncertainty and to improve the codeôs documentation. 
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Considering the analysis of the results, the main lessons learnt in the present benchmark 

and the discussion in the third meeting of the WGAMA task group on thermal-hydraulic 

passive systemsô design and safety assessment in water-cooled reactors (in Tirrenia, Italy, 

on 11-13  December 2019), the authors suggest as possible future research activities: 

 Proposal 1: To analyse in detail the condensation heat transfer coefficient and 

direct contact condensation (namely downstream of the injector/sparger location 

with or without specific correlation) used by the various participants. 

 Proposal 2: To make uncertainty and sensitivity analyses of Test 7 Part 2. 

 Proposal 3: To evaluate whether 3D modelling leads to tangible improvements in 

comparison with experimental data. 

 Proposal 4: To check the qualification of any procedure used to analyse the current 

tests at different pressures, or even using any other test conditions (using 

experimental data already available by ENEA). 

 

  



NEA/CSNI/R(2021)2/ADD | 11 

WGAMA PERSEO BENCHMARK RESULTS REPORT 

      

1. Introduction and benchmark objectives 

1.1. Benchmark history 

In the framework of the Working Group on Analysis and Management of Accidents 

(WGAMA) of the Nuclear Energy Agency (NEA) Committee on the Safety of Nuclear 

Installations (CSNI), an activity on the design and safety assessment of thermal-hydraulic 

passive systems was conducted and a status report was drafted. This activity included a 

benchmark exercise based on the experimental data developed in PERSEO, a full -scale, in-

pool separate effect test facility for energy removal systems for emergency operation. The 

PERSEO benchmark was proposed by the Italian National Agency for New Technologies, 

Energy and Sustainable Development (ENEA) at the kick-off meeting of the group of 

experts for passive systems (Pisa, Italy, on 13-14 February 2018)1. After approval by the 

working group, ENEA distributed the facility description report on 28 March 2018. ENEA, 

as approved by the working group at the kick-off meeting, also started an official 

benchmark call to other potentially interested benchmark participants at the end of March 

2018. New participants who were not originally involved in the working group joined the 

benchmark. ENEA distributed the test data and description report on 4 June 2018. At the 

first passive systems group meeting (Karlstein, Germany, on 26-27 June 2018), ENEA 

presented the facility and Test 7 description, the preliminary results report outline, and the 

accuracy evaluation method for discussion. ENEA also proposed the time schedule 

(delivery of the results by 31 October 2018, with a possible discussion for an extension) 

and the parameters for the comparative analysis of the benchmark. On 2 July 2018, ENEA 

distributed the revised Test 7 report, the template for the participant description of the 

calculated results and the spreadsheet for the collection of the results. During the 

calculation phase some questions and answers were exchanged between ENEA and the 

participants and they are collected in Annex 2. At the second passive system group meeting 

(Tirrenia, Italy, on 27 February-1 March 2019), ENEA presented the current results and a 

first collective discussion of the comparative analysis took place. The participants showed 

their results and ENEA presented a preliminary fast Fourier transform based method 

(FFTBM) analysis and discussed with the participants the parameters and the related 

weighting factors to be selected for the final quantitative accuracy evaluation. The original 

deadline for submitting the final results was fixed for 31 March 2019 and the draft report 

was distributed to the participants on 13 July 2019. After the presentation of the activity at 

the 22nd WGAMA plenary meeting (16-19 September 2019), the Technical Research 

Centre of Finland (VTT) requested to join the benchmark. Considering some late 

submissions and the participantsô interest in the activity, ENEA gave the possibility to 

update the report. The VTT participation and the late submissions were presented and 

approved at the last working group meeting (Tirrenia, Italy, on 11-13 December 2019). A 

new deadline (10 January 2020) was proposed and accepted at the same meeting. Nineteen 

organisations worldwide expressed interest in participating in the benchmark. Twelve 

 

1. Before the kick-off meeting a short questionnaire was distributed to the participants by UNIPI. 

Two of the questions were:  

ñCan your institution make available experimental data about passive systems? If yes, provide 

details about data and related qualificationò. 

ñIs your institution interested in performing new analyses by numerical codes (e.g. system 

thermal hydraulic or CFD), eventually making use of experimental data made available by other 

institutions? If yes, a) inform whether your institution can write a ñcomparison reportò including 

data of all participants in the activity; b) provide details about code of interest, etc.ò  
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results from eleven organisations were submitted and eight organisations withdrew from 

the benchmark. POLITO supported ENEA during the benchmark activity. 

1.2. Introduction to the PERSEO facility and selected test 

PERSEO is a full-scale facility aimed at studying a new passive decay heat removal system 

operating in natural circulation. It was built at SIET laboratories in Piacenza (Italy) 

modifying the existing PANTHERS IC-PCC facility (Ferri, Achilli and Gandolfi, 2002[1]). 

The operating parameters are characteristic of a generic BWR-type reactor or the secondary 

side of a generic PWR-type reactor. Such design does not include the presence ofvalves on 

the primary circuit.  

PERSEO equipment was not designed to simulate a specific passive system of a particular 

reactor design (as it happened in the SPES and PANTHERS facilities, for example). Its 

main purpose is the assessment of the performance and the efficiency of a new in-pool heat 

exchanger configuration for decay heat removal, implementing natural circulation. In fact, 

the facility was conceived as an evolution of a previous CEA-ENEA proposal (thermal 

valve device (Ferri, Achilli and Gandolfi, 2002[1]) (Bandini et al., 2011[2]) (Ferri et al., 

2005[3])) which moved the SBWR-IC primary side drain line valve to the low pressure pool 

side. In this system proposal, the modality to start the operation of the system has been 

changed (now the HX pool starts empty) and therefore the dimensions of the pool have also 

been changed. For this, it represents well the physical phenomena in a real time scale. 

There is no direct scaling relation between PERSEO and the PRHR of the AP-600, the IC 

of the SBWR or other designs. However, while the two poolsô configuration is specific of 

the PERSEO design, the heat transfer data developed in PERSEO facility could be useful 

for the generic assessment of system codes for the full-scale heat transfer phenomena in 

HX in pool (tube side and pool side) of passive systems. 

The main innovation in the PERSEO facility is the presence of two pools connected by a 

line with a triggering valve. In this way it is possible to fill the pool where the heat 

exchanger is located only when it is needed for safety reasons by using the water stored in 

a second separate pool that could be placed also outside the containment (in this case it 

should also be verified that the pressure drop in the steam line connecting the HXP and the 

OP does not excessively limit the natural circulation between the two pools). 

The PERSEO experimental campaign was carried out at SIET in October and November 

2002. Five shake-down tests were performed to characterise the main parameters of the 

facility and to verify the correct functioning of all the equipment (e.g. water pour-off from 

the OP and the HXP, structural integrity, pressurisation and heat-up of the pressure vessel). 

After that, four full tests were done to characterise the thermal-hydraulic behaviour and the 

operation/performance of the proposed design at different conditions, during a generic 

transient progression, and the related stability. 

Among the four actual tests performed, Test 7 was selected and proposed by ENEA to the 

participants for the benchmark activity for its completeness. The test is at full pressure 

(70 bar) and it is aimed at verifying both the system stability with different water pool 

levels and the long-term cooling capability of the system. The test is divided into two parts, 

both described in this report addressing the stability and the long-term test.  

The evaluation of the benchmark results was performed considering both a qualitative and 

a quantitative accuracy analysis. For both parts of Test 7, three phenomenological 

windows, and for each window the relevant thermal-hydraulic aspects, were identified in 

the transient. The fast Fourier transform-based method was used to evaluate quantitatively 

the accuracy of the simulations performed with system codes. In this report the basics of 
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FFTBM are also illustrated. For the PERSEO benchmark, the tool that was used was the 

JSI FFTBM Add-In 2007 developed at the Joģef Stefan Institute in Slovenia (Proġek, 

2007[4]) (Proġek and Leskovar, 2015[5]) (Proġek, DôAuria and Mavko, 2002[6]) (Proġek, 

Leskovar and Mavko, 2008[7]). The data series provided by the participants had to be no 

longer than 10 000 points. 

1.3. Advanced reactors and the role of the PERSEO experimental campaign 

Advanced reactor designs, including those using passive systems, are in general 

characterised by some features in common with the current generation of reactors 

(e.g. large scale PWRs and BWRs) and by other features typical of their design (NEA, 

2017[8]) (NEA, 1996[9]). In relation to the features in common with current reactors, 

advanced designs may be characterised by a different ranking of some phenomena. In 

relation to the features typical of advanced designs, this determines the occurrence of new 

kinds of phenomena and accident scenarios that can be grouped in: a) the containment 

process and interactions with the RCS, b) low pressure phenomena, and c) phenomena 

related specifically to new system components or reactor configurations.  

Considering this, further experimental investigations are necessary to characterise the 

thermal-hydraulic behaviours specific of advanced reactors. In general, integral test 

facilities (ITF) (NEA, 2017[8]) are used to investigate a) the overall system behaviours and 

the related phenomena and processes; b) the interaction of two or more components; and 

c) the local phenomena that are typical of the overall system design target function. 

Separate effect test facilities (SETF) (NEA, 2017[8]) are designed to observe phenomena in 

selected zones in a nuclear power plantôs system or in specific plant components and some 

specific process in a particular period of a given transient; the major role of SET is to 

provide experimental data to develop and validate the physical models and/or empirical 

correlations under prototypical or simulated-conditions. Considering this, the PERSEO 

full -scale SETF, aimed at studying a new passive decay heat removal system operating in 

natural circulation, produced new full-scale experimental knowledge that can be used not 

only to characterise the PERSEO system but also to characterise some aspects of similar 

systems using a heat exchanger immersed in a pool. As underlined in the recommendations 

of (NEA, 2017[8]), full -height scaling and suitable flow areas (and volume size) are 

recommended for experimental simulation of passive systems wherein the important 

phenomena are the boiling and condensation processes, and buoyancy effect due to density 

change. Full height will provide an accurate characterisation of phenomena such as natural 

circulation and related stability. 

Taking into account the previous considerations, though PERSEO benchmark was not 

proposed and approved as an independent international standard problem (ISP) (NEA, 

2017[8]) (NEA, 2000[10]) (NEA, 2012[11]) activity but as embedded on the design and safety 

assessment of thermal-hydraulic passive systems was conducted and a status report was 

drafted, this activity can integrate the long-term ISP international co-operation activity 

(wherein scaling is one of the key topics of study), giving some insights on the code 

modelling capability in the prediction of full -scale heat transfer and other phenomena as 

thermal stratification within a pool, etc. Considering the interest of the international 

community in advanced reactors using passive systems (e.g. small modular reactors) this 

has been recognised by the benchmark participants as a great opportunity to test their code 

capability. This fact is also strengthened by the lesson learnt from the Fukushima Daiichi 

Nuclear Power Plant accident and the operation of the isolation condenser (IC). The 

PERSEO experimental campaign gives data that can be used, in first instance, to contribute 

to the full-scale understanding of the heat removal capability in heat exchangers as a 

function of the pool water level, integrating current knowledge. 
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1.4. Benchmark objectives 

Previous code application analyses (Ferri et al., 2005[3]) (Ferri et al., 2012[12]) (Bandini, 

Meloni and Polidori, 2009[13]) against experimental data have shown: 

 The difficulty to have an accurate quantitative estimation of the experimental 

exchanged power. This is mostly related to an underestimation of the in-tube 

condensation. This determines the difficulty of matching the experimental power 

removed at different HXP levels. 

 Discrepancies in the prediction of system instability with a steam/cold water 

interface in the injector; such instability takes place when the level in the HXP is 

so low as to not generate enough steam to start a circulation between the two pools. 

 Discrepancies in the prediction of the steam condensation in the HXP due to the 

income of cold water after the opening of the triggering valve. 

 That by using a 1D code with 2D fictitious nodalisation (parallel channels 

connected by lateral junctions) a general good agreement with the experimental 

data can be obtained, though a calibration of the nodalisation with the experimental 

data is needed. 

Taking into account the previous considerations, the main benchmark purpose is to evaluate 

the capability of various codes in the prediction of heat transfer in a full-scale emergency 

heat exchanger submerged in a liquid pool (both tube side2 and pool side) as a function of 

the pool liquid level. Other parameters are available to characterise the heat exchanger 

behaviour as steam and condensate flow rate, HX differential pressure, HX inlet and outlet 

temperatures and OP and HXP bottom/middle/upper temperatures. Moreover, it can be 

used to analyse the capability of the codes to evaluate the coupling processes between two 

pools, creating a natural circulation circuit that can be characterised in the facility by the 

power exchanged, the pools levels and temperatures, and the differential pressure across 

the injector. The phenomena occurring in the pools themselves, as thermal stratification 

and natural convection, can be also investigated. 

In relation to the user effect, the target of the benchmark is also to characterise, as much as 

possible considering the measurements available, the user effect to predict the overall HX 

heat transfer (e.g. tuning of the heat transfer hydraulic diameter, tuning of fouling factors 

multiplier) and to test the code-user nodalisation strategy to model the phenomena taking 

place in large pools (e.g. 1D nodalisation, 2D fictitious nodalisation, 3D nodalisation if 

available in the adopted code). As limitations, in the facility it is not possible to have local 

values of the condensation heat transfer coefficient and to determine the location where the 

transition from the laminar to the turbulent condensation regime occurs. The 

instrumentation for temperature measurement in the pools is not CFD-grade; however, it 

gives some insights on the thermal stratification. 

The absolute pressure of 70 bar of the Test 7, can be considered as a prototypical generic 

pressure for the RPV of the BWR and the secondary side of a PWR. The geometrical 

dimensions of the pools and the heat exchanger and the consequent power removed (about 

20 MW) could be considered also representative of a generic full-scale plant situation 

during a transient progression. The axial thermal stratification in large pools, though the 

instrumentation of the facility cannot be considered with a CFD grade, and the transversal 

 

2. In the present document ñtube-sideò is equivalent to ñin-tubeò and it is referred to the inner side 

of the tube. 
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temperature distribution (though there are really few transversal thermocouples) could give 

some insight for the validation of the 3D components in system thermal-hydraulic code.  

Therefore, the main phenomena target of this benchmark could be: 

 System instability with a steam/cold water interface in the injector (Test 7 Part 

1/PhW1, Test 7 Part 2/PhW 1). This can give insight into the steam-liquid 

interaction: direct contact condensation of steam in pool water phenomenon.  

 Investigation of the exchanged power trend versus the HXP level in two different 

conditions: 

 only for boiling-off in the HXP (Test 7 Part 1 PhW2) after the closure of the 

triggering valve; 

 boiling-off in the HXP with the triggering valve open (coupled natural 

circulation between the pools) and accelerated level decrease in both pools by 

opening of the OP discharge valve (Test 7 Part 2 PhW2). 

 Within this regard, in agreement with the SETF nature of the facility, the data can 

be used to assess the code correlations for direct contact condensation and pool 

boiling heat transfer. This could give some insight in relation to the behaviour of 

emergency heat exchangers and isolation condensers: tube side and pool side 

convection heat transfer (IAEA-TECDOC-1677, 2012[14]). 

 Another important process to be simulated is the mass transfer between the two 

pools when the triggering valve opens and steam flow accelerated into the OP 

through the injector3. This configuration is specific to the PERSEO facility but the 

experimental data can be used to integrate the current knowledge in relation to the 

steam/water interaction and two-phase flow natural circulation in a loop (in this 

case composed by two connected pools). 

 Testing the 1D nodalisation, fictitious 2D nodalisation (require an OPEN 

calculation tuning), a 3D component, available in some code, against natural 

circulation and thermal mixing in large pool (only one hydraulic region divided in 

different cells, two vertical hydraulic regions laterally connected by cross-flow 

junctions tuned on experimental data, 3D model application). Figure of merit for 

these analyses could be the axial temperature profile and different (few) 

temperature measurements at a fixed axial elevation. 

 Characterisation of the ñuser effectò for the simulation of heat transfers in HX 

submerged in a large pool and the thermal-hydraulic behaviour of large pool. 

Test 7 chosen for the benchmark covers both the start-up phase and the long-term operation 

of the system at full pressure, so it is relevant to characterise the systemôs global behaviour 

(Mascari et al., 2019[15]). 

The phenomena identified for the benchmark and the related experimental measurements, 

necessary to characterise each of them, are reported in Section 4 (Table 4.1). 

  

 
3. For the analysis of the code capability to simulate the occurring phenomenon, it would be helpful 

to have a measurement of the velocity downstream the injector. However, in the performed test 

this parameter was not measured. 
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2. PERSEO facility description 
 

The PERSEO test facility was built at SIET laboratories in Piacenza (Italy) by modifying 

the existing PANTHERS IC-PCC facility considering the new passive system proposal and 

its requirements. The scheme of the PERSEO facility is depicted in Figure 2.1.  

Figure 2.1. PERSEO facility scheme  

 
 

Source: Mascari et al., 2019[15]. 

The main components of the PERSEO facility are [1]: 

 The pressure vessel (43 m3 volume and 13 m height). 

 The steam line from the pressure vessel to the HX upper header. 

 The condensate line from the HX lower header to the pressure vessel. 

 The HX (composed of two cylindrical headers and 120 vertical straight pipes). 

Some relevant HX geometrical data are reported in Table 2.1. 

 The new heat exchanger pool (HXP) (29 m3 volume and 5.7 m height). The area 

of the HXP is the most important dimension for reproducing the expected 

prototypical physical behaviour of the proposed system. A 5.04 m2 area was used, 

permitting prototype time-behaviour and sufficient steam/water separation at the 

top of pool (Ferri et al., 2005[3]) (NEA, 2017[8]). 

 The overall pool (OP) (173 m3 volume and 5.8 m height). In this pool the old 

PANTHERS PCC heat exchanger is still present but not used in these tests4. 

 The line connecting the OP and the HXP with the triggering valve. 

 The steam duct connecting the two pools. 

 
4. No information has been distributed to evaluate the influence of the remaining old PANTHERS 

PCC heat exchanger. This could be a source of uncertainty for the nodalisation development. 
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The pressure vessel is the multipurpose generator separator test (GEST) facility, available 

at SIET (SIET S.p.A., n.d.[16]); it is used to maintain the saturation condition typical of a 

generic BWR or of the secondary side of a generic PWR in the in-tube side of PERSEO 

facility. The GEST configuration can be changed according to the required test conditions 

target of the experimental campaign to be performed. The GEST facility configuration 

(e.g. steam separators and dryers) during the PERSEO experimental campaign is different 

from the previous experimental campaigns developed by SIET. It has to be underlined that 

the objective of the PERSEO facility is focused on the characterisation of the in-pool and 

in-tube heat transfer and the thermal-hydraulic coupling of the two pools during the 

operation of the proposed new passive system. In this way it is possible to thermal-

hydraulically characterise its operating principles, behaviour and performance. Therefore, 

the in-tube circuit is used only to create a natural circulation loop to permit the heat 

transport and the consequent condensation of the steam, provided from the vessel, in the 

tube of the HX. Then the main target of the GEST facility for PERSEO testing is to provide 

the saturated steam (at the desired conditions) to be condensed during the test in the HX. 

Considering the general application of the system, the in-vessel circuit of PERSEO does 

not have any direct scaling relation with any BWR and PWR prototypical pressure drop 

circuit. 

The pressure is kept constant by controlling the steam supply received from a nearby power 

plant. At the beginning of the test the HX, the feed line and the drain line are full of 

saturated steam; the HXP is full of air or steam depending on the test; the OP is full of cold 

water at the nominal level and the triggering valve is closed. To start the desired test, the 

triggering valve is opened and the heat exchanger pool is flooded by cold water and the 

heat transfer takes place from the heat exchanger to the pool. As soon as pool water boiling 

starts, the steam produced in the HXP is driven to the OP through the steam duct. The 

injector contributes to mix the water in the OP, thus limiting temperature stratification 

within the pool. When steam starts to be produced in the OP it is vented to the atmosphere 

through the boil-off pipe. When the injector is uncovered, no condensation is present 

anymore in the OP and the steam flows outside directly through the boil-off pipe. In some 

tests, water is drained from the OP to accelerate the transient phase with water level 

decreasing (Ferri, Achilli and Gandolfi, 2002[1]) (Bandini et al., 2011[2]). 

A complete description of PERSEO facility is available in reference (Ferri, Achilli and 

Gandolfi, 2002[1]). Figure 2.2 shows the flow diagram of PERSEO facility. Figure 2.3 and 

Figure 2.4 show the dimensions and the location of the measurement instrumentation in the 

HXP and OP respectively. Figure 2.5 shows the geometrical details of the steam injector 

placed at the end of the steam duct. A list of all the measured variables (both directly 

measured and derived) is reported in reference (Ferri, Achilli and Gandolfi, 2002[1]). Table 

2.2 and Table 2.3 shows the list of the directly measured and derived quantities in the 

facility. Table 2.4 contains the materials of the main components based on the nodalisation 

available in ENEA (CATHARE code) and SIET (RELAP5 code).  

Table 2.1. HX relevant geometrical data  

HX tube outer diameter [mm] 50.8 

HX tube thickness [mm] 2.3 

HX tube average length [m] 1.8 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Figure 2.2. Flow diagram of PERSEO facility  

 
 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Figure 2.3. Location of the temperature measurements in the HXP  

 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Figure 2.4. Location of the temperature measurements in the OP  

 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Figure 2.5. Geometrical detail of the steam injector  

 

 

Table 2.2. List of directly measured quantities  

N. Quantity  Units Measure Note 

1 time s time  

2 DP-002 kPa Diff. pressure HX inlet - upper header  

3 DP-003 kPa Diff. pressure HX upper header - lower header  

4 DP-004 kPa Diff. pressure HX lower header - drain line  

5 DP-006 kPa Diff. pressure drain line -1  

6 DP-Q001 kPa Diff. pressure HX pool - 1  

7 DP-Q002 kPa Diff. pressure HX pool - 2  

8 DP-Q003 kPa Diff. pressure HX pool - 3  

9 DP-Q004 kPa Diff. pressure HX pool - 4  

10 DP-Q005 kPa Diff. pressure HX pool - 5  

11 DP-Q006 kPa Diff. pressure HX pool diaphragm  

12 F-M001 kPa Diff. pressure pool make-up line  

13 L-P001 kPa Diff. pressure overall pool  

14 P-B001A kPa Absolute pressure HX upper header  

15 F-PQ01 (or Vdc) kPa or V  Not used 

16 F-G1001 kPa  Not used 

17 T-Q004 °C Temperature HX pool  

18 T-Q023 °C Temperature HX pool  

19 T-Q030 °C Temperature HX pool  

20 T-Q032 °C Temperature HX pool  

21 T-Q016 °C Temperature HX pool  
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Table 2.3. List of directly measured quantities (Continued) 

N. Quantity  Units Measure Note 

22 T-Q007 °C Temperature HX pool  

23 T-Q006 °C Temperature HX pool  

24 T-Q031 °C Temperature HX pool  

25 T-Q024 °C Temperature HX pool  

26 T-Q009 °C Temperature HX pool  

27 T-Q013 °C Temperature HX pool  

28 T-Q015 °C Temperature HX pool  

29 T-Q034 °C Temperature HX pool  

30 T-Q036 °C Temperature HX pool  

31 T-Q022 °C Temperature HX pool  

32 T-Q033 °C Temperature HX pool  

33 T-Q010 °C Temperature HX pool  

34 T-Q008 °C Temperature HX pool  

35 T-P006 °C Temperature overall pool  

36 T-Q037 °C Temperature HX pool  

37 T-P028 °C Temperature overall pool  

38 T-P007 °C Temperature overall pool  

39 T-P023 °C Temperature overall pool  

40 T-P030 °C Temperature overall pool  

41 T-P008 °C Temperature overall pool  

42 T-P025 °C Temperature overall pool  

43 T-P022 °C Temperature overall pool  

44 T-P021 °C Temperature overall pool  

45 DX-B009 m/m Strain HX upper header  

46 DX-B010 m/m Strain HX upper header Not used 

47 DX-B013 m/m Strain HX upper header  

48 DX-B015 m/m Strain HX upper header Not used 

49 DX-D001 m/m Strain HX lower header  

50 DX-C013 m/m Strain HX pipe  

51 DX-D003 m/m Strain HX upper header  

52 DX-B012 m/m Strain HX upper header  

53 DX-C003 m/m Strain HX pipe  

54 DX-C006 m/m Strain HX pipe  

55 DX-D004 m/m Strain HX lower header  

56 DX-D002 m/m Strain HX lower header  

57 DX-C005 m/m Strain HX pipe  

58 DX-B014 m/m Strain HX upper header Not used 

59 DX-C011 m/m Strain HX pipe  

60 DX-C004 m/m Strain HX pipe  

61 DX-B011 m/m Strain HX upper header  
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Table 2.4. List of directly measured quantities (Continued) 

N. Quantity  Units Measure Note 

62 DX-B016 m/m Strain HX upper header  

63 CJTEMP °C  

Not 

used 

64 T-A004 °C Temperature steam supply line  

65 T-A005 °C Temperature HX inlet  

66 T-B001 °C  

Not 

used 

67 T-D001 °C Temperature HX lower header  

68 T-E001 °C Temperature drain line (HX outlet)  

69 T-N001 °C Temperature overall pool to HX pool line  

70 TW-C004 °C Wall temperature HX pipe  

71 TW-C002 °C Wall temperature HX pipe  

72 TW-C005 °C Wall temperature HX pipe  

73 TW-D001 °C Wall temperature HX lower header  

74 TW-C003 °C Wall temperature HX pipe  

75 TW-C001 °C Wall temperature HX pipe  

76 TW-C011 °C Wall temperature HX pipe  

77 TW-C006 °C Wall temperature HX pipe  

78 TW-C008 °C Wall temperature HX pipe  

79 TW-C007 °C Wall temperature HX pipe  

80 TW-B007 °C Wall temperature HX upper header  

81 TW-B005 °C Wall temperature HX upper header  

82 TW-C009 °C Wall temperature HX pipe  

83 TW-C010 °C Wall temperature HX pipe  

84 TW-D002 °C Wall temperature HX lower header  

85 TW-B008 °C Wall temperature HX upper header  

86 TW-B006 °C Wall temperature HX upper header  

87 DP-S002 kPa Diff. pressure steam duct  

88 DP-S001 kPa Diff. pressure steam duct siphon  

89 DP-J001 kPa Diff. pressure steam duct injector  

90 DP-J002 kPa Diff. pressure steam duct injector  

91 DP-028 kPa Diff. pressure steam duct injector-overall pool  

92 P-Q001 kPa Relative pressure HX pool top  

93 DP-020 kPa Diff. pressure HX upper header - 2A tube  

94 P-I001 kPa Absolute pressure vessel  

95 DP-008 kPa Diff. pressure drain line - 2  

96 DP-011 kPa Diff. pressure drain line - 3  

97 DP-012 kPa Diff. pressure drain line - 4  

98 DP-010 kPa Diff. pressure vessel outlet - drain line   

99 DP-001 kPa Diff. pressure vessel outlet - HX inlet  

100 F-A001a kPa Diff. pressure steam supply line  
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Table 2.5. List of directly measured quantities (Continued) 

N. Quantity  Units Measure Note 

101 L-101 kPa Diff. pressure vessel (lower)  

102 F-E001a kPa Diff. pressure drain line  

103 DP-030 kPa Diff. pressure drain line vent  

104 T-A002 °C Temperature steam supply line  

105 T-1003 °C Temperature vessel mixer  

106 T-E002 °C Temperature drain line  

107 L-1305 kPa Diff. pressure vessel (upper)  

Source: Ferri, Achilli and Gandolfi, 2002[1]. 

Table 2.6. List of derived quantities  

N. Quantity  Units Measure Derived by Note 

108 L_VQ m Level HX pool 

DP-Q005, T-Q013, T-

Q015, (P = 110 kPa 

imposed) 

 

109 L_VP m Level overall pool 

L-P001, T-P028, T-P023, 

T-P025, T-P021, (P = 

110 kPa imposed) 

 

110 L_DPH m Level HX pool diaphragm 
DP-Q006, (P = 101.3 kPa 

imposed) 
 

111 L_SPH m Level steam duct siphon 
DP-S001, (P = 101.3 kPa 

imposed) 
 

112 F_M001 kg/s Flowrate pool make-up line F-M001  

113 W_I kW   Not used 

114 H-E001 kJ/kg Enthalpy of condensate F_E001, T-E002  

115 H-A001 kJ/kg Enthalpy of steam F_A001, T-A002  

116 W_IC kW Power heat exchanger 
H-A001, F_A001, H_E001, 

F_E001 
 

117 L_101 m Level pressure vessel (lower) L-101, P-I001  

118 L_1305 m Level pressure vessel (upper) L-1305, P-I001  

119 F_A001 kg/s Flowrate steam supply line F-A001a, T-A002, P-I001  

120 F_E001 kg/s Flowrate steam supply line F-E001a, T-E002, P-I001  

121 DPsum kPa Primary loop diff. press. sum 

DP-002, DP-003, DP-004, 

DP-006, DP-001, DP-008, 

DP-011, DP-012, DP-010 

 

122 F_POOL kg/s Flowrate Ov. pool to HX pool line L_VQ, T-Q016  

123 F_028 kg/s Flowrate vacuum breaker air 
DP-028, (P= 100 kPa and T 

= 20°C imposed) 
 

124 DX_B009 m/m Strain DX-B009, TW-B005  

125 DX_B011 m/m Strain DX-B011, TW-B005  

126 DX_B013 m/m Strain DX-B013, TW-B007  

127 DX_C003 m/m Strain DX-C003, TW-C003  
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Table 2.7. List of derived quantities (Continued) 

N. Quantity  Units Measure Derived by Note 

128 DX_C004 m/m Strain DX-C004, TW-C003  

129 DX_C005 m/m Strain DX-C005, TW-C004  

130 DX_C006 m/m Strain DX-C006, TW-C004  

131 DX_C011 m/m Strain DX-C011, TW-C001  

132 DX_C013 m/m Strain DX-C013, TW-C001  

133 DX_D001 m/m Strain DX-D001, TW-D001  

134 DX_D002 m/m Strain DX-D002, TW-D001  

135 DX_D003 m/m Strain DX-D003, TW-D002  

136 DX_D004 m/m Strain DX-D004, TW-D002  

Source: Ferri, Achilli and Gandolfi, 2002[1]. 

 

Table 2.8. PERSEO main components material 

Component Material  

Heat exchanger Inconel-600 

Condensate drain line in pool  Stainless steel 316 

Condensate drain line out of pool  Carbon steel 

Steam line Carbon steel 

Steam line vertical final part (after T-

A004) 

Stainless steel 316 + Rockwool + Stainless steel 

316 

Steam line tubes to upper header Stainless steel 316 

Pools connection line Carbon steel 

HXP  
Stainless steel 304 and outer reinforcement 

structure in carbon steel 

OP Fiberglass 

Steam duct Fiberglass 

Injector Stainless steel 316 

Vessel Carbon steel 

PERSEO, which as previously underlined was not designed to simulate a specific passive 

system of a particular reactor, is a SETF-Component that has the target of the thermal-

hydraulic characterisation of the operation, performance and efficiency of a new in-pool 

heat exchanger for DHR, implementing natural circulation. The system is an evolution of 

the previous CEA-ENEA proposal (thermal valve device) which moved the generic IC 

primary side drain line valve to the low pressure pool side. 

The main innovation in PERSEO facility is the presence of two pools connected by a line 

with a triggering valve. In this way it is possible to fill the pool where the heat exchanger 

is located only when it is needed for safety reasons, by using the water stored in a second 

separate pool that could be placed also outside the containment (in this case it should be 

also verified that the pressure drop in the steam line connecting the HXP and the OP does 

not limit excessively the natural circulation between the two pools). This system could be 

used both for BWR and secondary side of PWR reactors allowing the elimination of the 

triggering valves on the primary side. 
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Considering as a reference the prototypical new system proposal, these are the main scaling 

characteristics of the facility: 

 time preserving facility; 

 full height facility; 

 full volume facility; 

 full pressure facility; 

 prototypical fluid and fluid conditions; 

 well imposed boundary condition to simulate the operation of the system but not 

to capture the integral feedback of the system to the reactor behaviour; 

 instrumentation dedicated to characterise all the most relevant thermal-hydraulic 

parameters (pressure, temperature, pressure drop, flowrate, level). 

Considering the prototypical system proposal, the main distortions of the facility are due to 

the scaling effect of the boundary condition causing a distortion on the interacting 

phenomena at the facility boundary. It is clear that in order to characterise the operation of 

the passive system the interaction/feedback from the reactor, during the transient 

progression, is necessary (scaled-down ITF). Therefore, to have a complete 

characterisation of the passive system operation are necessary ITF experiments coupled 

with PERSEO experiment. Considering the general application of the system, the in-vessel 

circuit of PERSEO does not have any direct scaling relation with any BWR and PWR 

prototypical pressure drop circuit. 

It is important to underline, however, that the new system proposal was only at a 

preliminary state of design and that the layout has not been optimised for construction, 

operation and grace time of the reactor in an accident situation.  

In relation to the data extrapolation, the data of PERSEO can be used for the full-scale 

characterisation of heat exchange in in-pool heat exchanger for DHR (implementing natural 

circulation) in relation to the in-tube and pool side, thermal stratification, natural circulation 

in-tube side and pool side (large pool convection) and between two coupled pools.  
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3. Test 7 Part 1 and 2 description 
 

The PERSEO facility is a SETF-Component-Test (NEA, 2017[8]) and has been designed to 

characterise a new in-pool heat exchanger for DHR, implementing natural circulation. 

Therefore, the initial conditions of the transient do not represent a classical steady state 

condition that can be used to assess the nodalisation in steady condition. In fact, the initial 

conditions of the facility represent the thermal-hydraulic condition of the prototypical 

passive system not in operation with the RPV in a stable pressure condition (simulating the 

steady state condition of the generic RPV of the BWR or the secondary side of the SG in a 

PWR).  

In this condition the system is in the following configuration: 

 HXP with a fixed water level and the remaining volume filled with air or steam 

depending on the test (air in Test 7 Part 1 and steam in Test 7 Part 2); 

 OP filled with water; 

 pressure vessel at saturation pressure (70 bar for Test 7 Part 1 and 2); this 

represents a hypothetical steady state condition for the vessel representing or the 

RPV of a generic BWR or the secondary side of a hypothetical SG; 

 no mass flow rate in the steam duct connecting the two pools; 

 no mass flow rate in the line connecting the HXP and the OP; 

 no heat transfer between the circuit connected with the pressure vessel and 

therefore no fluid circulation in the pressure vessel circuit. 

Considering that the operation of the system determines the decrease of the HXP, a quasi-

steady-operation condition is highlighted in order to have an operational point. However, 

it should be considered that the identification of this quasi-steady-operation 

phenomenological window is only an abstraction because the facility is in a transient 

condition. 

Pressure drop characterisation is important for any numerical simulation since it is useful 

to evaluate the correctness of distributed and local pressure drop modelling in the 

simulation. In PERSEO facility, as already mentioned, the initial conditions do not 

represent a classical steady state conditions (system not in operation), thus pressure drop 

characterisation are referred to the quasi-steady-operation phenomenological window 

identified (the test procedure is described more in detail afterward). Pressure drop measured 

in PERSEO are total one, therefore considering also the gravitational contribution. 

For Test 7 Part 2 it is possible to identify in the central part of the transients a quasi-steady 

condition. In this temporal window (1 500ï2 000 s) it is possible to compute mean pressure 

drops. Table 3.1 presents the average, minimum and maximum flow rate, pressure and 

pressure drop values for this time window.  
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Table 3.1. Test 7 Part  2 quasi-steady operation condition (1 500 sï

2 000 s) 

Experimental parameter 
Mean 

value 

Maximum 

value 

Minimum 

value 

Flowrate steam supply line (F_A001) [kg/s] 13.18 13.31 12.96 

Flowrate condensate drain line (F_E001) [kg/s] 12.80 13.34 12.17 

Power heat exchanger (W_IC) [MW] 20.10 20.85 19.08 

Diff. pressure vessel outlet ï HX inlet (DP-001) [kPa] 6.10 6.62 5.58 

Diff. pressure HX inlet ï upper header (DP-002) [kPa] 14.33 14.83 13.77 

Diff. pressure HX upper header ï lower header (DP-003) [kPa] -1.20 -1.01 -1.39 

Diff. pressure HX lower header ï drain line (DP-004) [kPa] -8.60 -7.22 -9.84 

Diff. pressure drain line 1 (DP-006) [kPa] -11.78 -10.68 -12.87 

Diff. pressure drain line 2 (DP-008) [kPa] -4.97 -2.96 -6.66 

Diff. pressure drain line 3 (DP-011) [kPa] -38.87 -36.26 -40.11 

Diff. pressure drain line 4 (DP-012) [kPa] 10.91 11.99 9.89 

Diff. pressure vessel outlet ï drain line (DP-010) [kPa] 37.54 40.60 35.20 

Diff. pressure HX upper header ï 2A tube (DP-020) [kPa] -0.59 -0.38 -0.82 

Absolute pressure vessel (P-I001) [kPa] 7 035 7 054 7 011 

Absolute pressure HX upper header (P-B001A) [kPa] 6 985 7 004 6 962 

Diff. pressure steam duct injector (DP-J001) [kPa] 7.95 12.28 3.71 

Among the four actual tests performed, Test 7 has been chosen for its completeness. In fact, 

it is a full pressure test (7 MPa) that investigates both the system stability and the long-term 

cooling capability (system operation) of the system itself. The test is divided into two parts: 

 Part 1: stability test to verify the behaviour of the system with two different water 

levels. Water level increase at 1.4 m and 3.5 m in the HXP. 

 Part 2: test to verify the long-term cooling capability of the system. In this part the 

water level reduction in the pool is accelerated by opening a dedicated valve to 

drain water from the OP (instead of the depletion of water due to evaporation 

resulting from the heat transferred in the HX). 

Test 7 is devoted to investigating the following items: 

 the system actuation and the trend of power removed with a low HXP level (Part 

1); 

 the presence of instabilities due to steam condensation at the interface between 

water and steam in the injector (in the OP) (Part 1 and 2); 

 the system re-actuation consequent to the HXP filling-up and reaching of the 

thermal regime in both the pools (Part 1); 

 the effectiveness of the injector in mixing the OP water (Part 1 and 2); 

 the power and flow regime variation after the OP level decreases below the injector 

outlet (Part 2); 

 the trend of power as a function of the water level in the pools, decreasing for the 

loss of mass through the boil-off (Part 2). 

Heat losses are not measured during the test, so reference values are not available. 

However, considering the full-scale dimensions with respect to the prototypical passive 

system, the relatively high power (around 20 MW) and the low transient duration (less than 

6 000 s) their effect is not expected to significantly affect the test and, therefore, the 

calculation results. Considering the increase and decrease of level and the consequent 
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power removal, the importance of the metal masses for the thermal inertia of the system 

must be underlined. 

3.1. Test 7 Part 1 

This test is characterised by three phenomenological windows: 

1. 10 000 s ï 11 260 s (maximum level in the HXP): Increase of level in two steps in 

the HXP with a consequent increase of the exchanged power. Relevant thermal-

hydraulic aspects are: 

1) HXP level increase; 

2) OP level decrease; 

3) mass flow increase in-tube side; 

4) power removed increase; 

5) progressive covering of the HX in the pool side; 

6) system instability with cold water ï steam interface at the injector (strong 

condensation shocks). 

2. 11 260 s ï 11 845 s (HX power around 20 MW, the ending time of the PhW is when 

the HX power decreases under 20 MW): Quasi-steady-operation starting from the 

HXP level of 3.4 m. Relevant thermal-hydraulic aspects are: 

1) quasi-steady power removed; 

2) quasi-steady flow rate in-tube side; 

3) initial boil-off in the HXP; 

4) mixing of the OP water due to the acceleration of the steam in the injector. 

3. 11 845 s ï 14 784 s: Boil-off in the HXP with a consequent level reduction. 

Therefore, reduction of power removed (no accelerated level decrease by opening 

of the pool discharge valve). Relevant thermal-hydraulic aspects are: 

1) Boil-off in the HXP;  

2) Reduction of HXP level; 

3) Increase of OP level due to steam condensation; 

4) Reduction of removed power; 

5) Reduction of flow rate in-tube side; 

6) Progressive uncovering of the HX in the pool side; 

7) Thermal stratification in the OP due to the reduction of mixing for the decrease 

of steam accelerated in the injector. 

This test is performed at 7 MPa; the primary side pressure is shown in Figure 3.1. 

After the beginning of the transient, at time 10 475 s, valve F045 begins to be opened 

slowly then it is completely closed at 10 608 s. At time 10 621 s a further opening is 

actuated and the valve is completely closed at 10 655 s. This sequence of F045 valve 

opening and closure represents the first phase of water injection. The injection water 

flowrate between the pools (derived by the HXP level) for the first phase of injection is 

reported in figure 3.2 (Water level increase 1.1). Initially the HXP contains superheated 

air; the HXP level begins to increase at time 10 483 s and at about 10 683 s, the HXP 
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reaches the level of about 1.41 m (then it decreases slowly down to about 1.40 m) Figure 

3.4.  

The OP level decreasing is observed during the first water pour-off towards the HXP, 

Figure 3.4. After the first phase of water pour-off, power exchanged5 from the primary to 

the pool side slightly increase (around 3.5 MW, Figure 3.5) together with steam and 

condensate flow rate (Figure 3.6). This small increase of power removed is due to the low 

water level increase in the HXP. The data regarding the opening and closure rate of valve 

F045 and the normalised flow area associated to each opening are not available. 

After this first phase of water injection, due to the low level reached in the HXP, the steam 

production is limited and not sufficient to maintain the HXP pressure high enough to drive 

the fluid circulation between the pool through the steam duct and the injector. An interface 

between cold water and steam is present in the injector, and strong condensation shocks 

take place. This determines that the HXP pool relative pressure dumps down to negative 

values till air inlet through the vacuum breaker valve is sufficient to recover the pressure, 

Figure 3.15.  

The HXP fluid temperatures are shown in Figures 3.7 to 3.14. Before the water injection, 

the air contained in the pool is hot, due to the high temperature of the HX. Then the 

temperature decreases slowly for the steam production in the HXP after the first phase of 

water injection. 

The second phase of water injection occurs between 11 039 and 11 260 s when F045 valve 

is opened at 11 039 s and completely closed at 11 260 s. The injection water flowrate 

between the pools (derived by the HXP level) for the second phase of injection is reported 

in Figure 3.3. At time 11 050 s, HXP level reaches the maximum value of 3.4 m, following 

the second water injection. The OP level is reported in Figure 3.4. Level decreasing is 

observed during the two water pour-off towards the HXP. The HXP fluid temperatures 

decrease rapidly due to the progressive covering of the HXP (some thermocouples are 

wetted by the fluid).   

After the F045 valve is opened for the second injection and power begins to be exchanged 

heavily from the primary to the pool side, the primary side pressure decreases rapidly, so it 

is manually increased in order to compensate the pressure decreasing due to the heat 

removal. After about 550 s, the pressure average value returns to 7 MPa, Figure 3.1.  

While in the first phase of water pour-off, power exchanged from the primary to the pool 

side is quite low (around 3.5 MW), because of the low water level in the HXP, it increases 

by increasing the level up to reaching the maximum value of about 21 MW (Figure 3.5). 

The steam flowrate entering the HX and the condensate flowrate exiting the HX increase 

and are shown in Figure 3.6.  

When the maximum level of the HXP is reached (3.4 m) the quasi-steady-operation of the 

system begins. In this case the triggering valve F-045 is closed during the quasi-steady-

operation, thus the window related to the maximum removed power (around 21 MW) is 

relatively short (around 600 s). In the Test 7 Part 2, the triggering valve remains opened so 

this window last for a longer time (around 1 500 s). 

The maximum steam flowrate condensed in the HX is around 13 kg/s (quasi-steady 

flowrate 2.2) Figure 3.6. In the HXP saturation is reached early and temperature stabilises 

around 104°C, corresponding to the saturation at the pressure in the HXP, Figure 3.15. The 

production of steam is higher and the steam circulation in the steam duct is detected, so 

 
5. The HX power is obtained as W=FS*HS-FL*H L where F is the mass flow rate, H the enthalpy and 

the subscript S and L are referred to the steam and condensate respectively. 
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limiting the thermal stratification in the OP at least until about 12 500 s. The OP 

temperatures are shown in Figure 3.16 to Figure 3.21.  

After 11 845 s, due to the reduction of the HXP level (for the boil-off) and the progressive 

HX uncovering, the removed power starts to decrease sensibly. Correspondingly also the 

steam and condensate flow rate reduce. The boil-off in the HXP brings to a level increase 

in the OP. 

In Figure 3.22 it is possible to notice the thermal stratification in the OP starting from 

12 500 s when the steam flow rate from the injector is no longer sufficient to promote 

mixing.  

The trend of the HX outer wall temperatures on the headers during the test is reported in 

Figure 3.23 and Figure 3.24. It is possible to observe the temperature fall consequent to the 

HXP flooding and later the temperature rising when the HX pool dries out. For the upper 

header the considered wall temperature (TW-B005) is placed in the lower part of the 

header, while for the lower header the considered wall temperature (TW-D001) is placed 

in the upper part of the header. 

Table 3.2 summarises the opening and closing time of the valve that controls the transient. 

Table 3.3 shows the main relevant thermal-hydraulic aspect related to Test 7 Part 1. 

Table 3.2. Test 7 Part 1 valve events timing  

Event Time [s] 

Triggering valve (F-045) first opening 10 475 

Triggering valve (F-045) first closure 10 608 

Triggering valve (F-045) second opening 10 621 

Triggering valve (F-045) second closure 10 655 

Triggering valve (F-045) final opening 11 039 

Triggering valve (F-045) final closure 11 260 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 

Table 3.3. Main relevant thermal-hydraulic aspect related to the 

Test 7 Part 1  

Relevant thermal-hydraulic aspects Time [s] Quantity  

Triggering valve (F045) opening and closure 10 475 ï 10 608  

Triggering valve (F045) re-opening and re-

closure 
10 621 ï 10 655  

Maximum level in the HX pool for the first 

filling step 
10 683 1.41 m 

Small Heat removal from the primary side 10 600 ï 11 000 3.5 MW 

Slow water consumption in the HX pool 11 049 From 1.41 m to 1.4 m 

Instabilities for steam condensation in the 

injector 
10 930 ï 11 290 

Negative HXP relative 

pressure 

Triggering valve (F045) opening and closure 11 039 ï 11 260  

Maximum level in the HX pool  11 050 3.4 m 

Maximum exchanged power 11 260 ï 11 845 21.5 MW 

HX pool minimum level  14 800 1.25 m 

OP average temperature 13 000 around 55°C 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Figure 3.1. Test 7 Part 1 - Primary side pressure 

 

Figure 3.2. Test 7 Part 1 - Water flowrate between the pools (initial 

HX pool filling)  
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Figure 3.3. Test 7 Part 1 - Water flowrate between the pools 

(complete HX pool filling) 
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Figure 3.4. Test 7 Part 1 - HX pool and overall pool level 
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Figure 3.5. Test 7 Part 1 - HX exchanged power 

 

Figure 3.6. Test 7 Part 1 - Steam and condensate flow rate 
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Figure 3.7. Test 7 Part 1 - HX pool temperatures (level 1) 

 

Figure 3.8. Test 7 Part 1 - HX pool temperatures (level 2) 
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Figure 3.9. Test 7 Part 1 - HX pool temperatures (level 3) 

 

Figure 3.10. Test 7 Part 1 - HX pool temperatures (level 4) 
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Figure 3.11. Test 7 Part 1 - HX pool temperatures (level 5) 

 

Figure 3.12. Test 7 Part 1 - HX pool temperatures (level 6) 
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Figure 3.13. Test 7 Part 1 - HX pool temperatures (level 7) 

 

Figure 3.14. Test 7 Part 1 - HX pool temperatures (level 8) 
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Figure 3.15. Test 7 Part 1 - HX pool relative pressure 

 

Figure 3.16. Test 7 Part 1 - Overall pool temperatures (level 1) 
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Figure 3.17. Test 7 Part 1 - Overall pool temperatures (level 2) 

 

Figure 3.18. Test 7 Part 1 - Overall pool temperatures (level 3) 
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Figure 3.19. Test 7 Part 1 - Overall pool temperatures (level 4) 

 

Figure 3.20. Test 7 Part 1 - Overall pool temperatures (level 5) 
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Figure 3.21. Test 7 Part 1 - Overall pool temperatures (level 6) 

 

Figure 3.22. Test 7 Part 1 - Overall pool temperatures 
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Figure 3.23. Test 7 Part 1 - HX upper header wall temperatures 

 

Figure 3.24. Test 7 Part 1 - HX lower header wall temperatures 
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3.2. Test 7 Part 2 

This test is characterised by three phenomenological windows: 

1. 0 s ï 531 s (maximum level in the HXP): Increase of level in one step in the HXP 

with a consequent increase of the exchanged power. Relevant thermal-hydraulic 

aspects are: 

1) HXP level increase; 

2) OP level decrease; 

3) Mass flow increase in-tube side; 

4) Power removed increase; 

5) Progressive covering of the HX in the pool side. 

2. 531 s ï 2 282 s (HX power around 20 MW, the ending time of the PhW is when the 

HX power decreases under 20 MW): Quasi-steady state operation starting from the 

HXP level of 3.3 m. Relevant thermal-hydraulic aspects are: 

1) Quasi-steady state power removed; 

2) Quasi-steady state flow rate in-tube side; 

3) Initial boil-off in the HXP; 

4) Instabilities in the OP water level. 

3. 2 282 s ï 5 735 s: Boil-off in the HXP with a consequent level reduction. Therefore 

reduction of power removed (accelerated level decrease by opening of the pool 

discharge valve). Relevant thermal-hydraulic aspects are: 

1) Boil-off in the HXP; 

2) Reduction of HXP level and OP level due to the accelerated water draining 

from the drain valve; 

3) Reduction of removed power; 

4) Reduction of flow rate in-tube side; 

5) Progressive uncovering of the HX in the pool side. 

The second part of the test starts with the HXP containing 1.12 m water level in saturation 

conditions, the OP full of warm water and the in-tube side pressure of 7 MPa. The PV 

pressure is shown in Figure 3.25. 

Valve F045 begins to be opened at time 300 s and it is completely open at 326 s (26 s 

opening time). The same valve is closed at 3 338 s in 123 s in order to isolate the two pools 

and investigate the trend of power as a function of the HXP level. The water flowrate 

between the pools (derived by the HXP level) is reported in Figure 3.26. 

The HXP level begins to increase at time 310 s. At time 531 s, the HXP reaches the 

maximum level of 3.25 m, then oscillations follows until about 1 500 s, Figure 3.27. The 

OP level is reported in the same figure. After the early OP level decreasing for the water 

pour-off to the HXP, strong and fast oscillations are observed in the OP level, due to the 

condensation of steam produced in the HXP and flowing through the injector.  

After the F045 valve is opened and power begins to be exchanged from the primary to the 

pool side, the primary side pressure is manually increased in order to compensate the 

pressure decreasing due to the heat removal. After some oscillations, the pressure average 
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value returns to 7 MPa and it is maintained stable until the depressurisation of the plant is 

started at 4 685 s, Figure 3.25. 

The exchanged power is shown in Figure 3.28. It is possible to observe that the removed 

power follows the trend of level in the HXP and it is quite stable around 20 MW until the 

level does not decrease below 2.2 m (about 2 400 s), Figure 3.27.  

The HX steam and condensate flowrate are shown in Figure 3.29. The condensed steam 

flowrate at the maximum exchanged power is about 13 kg/s. 

The HXP fluid temperatures are shown in Figure 3.30 to Figure 3.37. Before the water 

injection, superheated steam is contained in the upper part and subcooled water in the lower 

one. After the HXP flooding and water boiling, all temperature stabilise around 104 C, 

corresponding to the saturation at the pressure in the pool, Figure 3.38. Pressure in the HXP 

is sufficient to drive steam in the OP through the steam duct and the injector. 

Steam, accelerated into the OP by the injector, promotes the water circulation and mixing 

in the OP. The temperature peaks observed around 650 and 1 040 s are due to level 

oscillations between the pools and water transfer from the HX to the OP through the water 

line. All the OP fluid temperatures are shown in Figure 3.44 and it is possible to notice the 

mixing promoted by the injector and then the reaching of saturation conditions. The OP 

temperatures are shown in Figure 3.39 to Figure 3.43 (T-P007 is not available for Test 

7 Part 2 so Level 3 is not shown).  

At time 1 150 s, when the majority of OP temperatures is between 80°C and 90°C, the level 

decreasing in the pools is accelerated by opening the discharge valve F031. The valve is 

left open for the remaining part of the test. At this point, the injector outlet is uncovered 

and steam arriving from the steam duct is discharged through the boil-off pipe. 

The data regarding the opening and closure rate of valve F031 and the normalised flow area 

associated to each opening are not available.  

After the F045 valve between the two pools is closed (from 3 338 s to 3 461 s), the HXP 

level decreases more rapidly and consequently the exchanged power the steam and 

condensate flow rate. 

The trend of the HX wall temperatures on the headers is reported in Figure 3.45, and Figure 

3.46. It is possible to observe the temperature fall consequent to the HXP flooding and later 

the stabilising of the wall temperature about 5°C above the saturation temperature until 

they are covered by water. 

Table 3.4 summarises the opening and closure time of the valves that control the transient. 

Table 3.5 shows the main relevant thermal-hydraulic aspect related to the Test 7 Part 2. 

Table 3.4. Test 7 Part 2 valve events timing  

Event Time [s] 

Triggering valve (F-045) opening (in 26 s) 300 

Overall Pool discharge valve (F-031) opening 1 150 

Triggering valve (F-045) closure (in 123 s) 3 338 

Source: Ferri, Achilli and Gandolfi, 2002[1]. 
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Table 3.5. Main relevant thermal-hydraulic aspect related to the 

Test 7 Part 2  

Relevant thermal-hydraulic 

aspects 
Time [s] Quantity  

Triggering valve (F045) opening 326 (opened in 26 s)  

Maximum level in the HXP 531 3.25 m 

Maximum exchanged power 531 ï 2 282 21 MW 

OP discharge valve F031 opening 1 150  

Triggering valve F045 closure 3 338 (closed in 123 s)  

HX pool level decreasing and loss 

of mass from the boil-off 
2 282 ï 5 735  

Primary side depressurisation 

beginning for end of test 
4 685  

Source: Ferri, Achilli and Gandolfi, 2002[1]. 

Figure 3.25. Test 7 Part 2 - Primary side pressure 

 



48 | NEA/CSNI/R(2021)2/ADD 

WGAMA PERSEO BENCHMARK RESULTS REPORT 

      

Figure 3.26. Test 7 Part 2 - Water flowrate between the pools 

 

Figure 3.27. Test 7 Part 2 - HX pool and overall pool water level 
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Figure 3.28. Test 7 Part 2 - HX exchanged power 

 

Figure 3.29. Test 7 Part 2 - Steam and condensate flowrate 
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Figure 3.30. Test 7 Part 2 - HX pool temperatures (Level 1) 

 

Figure 3.31. Test 7 Part 2 - HX pool temperatures (Level 2) 
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Figure 3.32. Test 7 Part 2 - HX pool temperatures (Level 3) 

 

Figure 3.33. Test 7 Part 2 - HX pool temperatures (Level 4) 
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Figure 3.34. Test 7 Part 2 - HX pool temperatures (Level 5) 

 

Figure 3.35. Test 7 Part 2 - HX pool temperatures (Level 6) 
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Figure 3.36. Test 7 Part 2 - HX pool temperatures (Level 7) 

 

Figure 3.37. Test 7 Part 2 - HX pool temperatures (Level 8) 
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Figure 3.38. Test 7 Part 2 - HX pool relative pressure 

 

Figure 3.39. Test 7 Part 2 - Overall pool temperatures (Level 1) 
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Figure 3.40. Test 7 Part 2 - Overall pool temperatures (Level 2) 

 

Figure 3.41. Test 7 Part 2 - Overall pool temperatures (Level 4) 
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Figure 3.42. Test 7 Part 2 - Overall pool temperatures (Level 5) 

 

Figure 3.43. Test 7 Part 2 - Overall pool temperatures (Level 6) 
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Figure 3.44. Test 7 Part 2 - Overall pool temperatures 

 

Figure 3.45. Test 7 Part 2 - Heat exchanger upper header wall 

temperature 
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Figure 3.46. Test 7 Part 2 - Heat exchanger lower header wall 

temperature 
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4. Qualitative and quantitative accuracy evaluation: Hypothesis, target 

phenomena, methods 

To assess the quality of a code prediction, a code validation process has to be fulfilled; the 

main parts of the code validation process are the ñcode internal developmentò6 and ñcode 

independent qualificationò. The main goal of the ñcode independent qualificationò is to 

evaluate the code accuracy (Mascari et al., 2015[17]). Accuracy is connected with the 

qualitative and quantitative discrepancy in the comparison between measured and 

calculated trends. This evaluation is done by comparing the ñcalculated transientò against 

the ñmeasured transientò.  

It should be underlined that the validation of each individually adopted code is 

responsibility of the different code users and code developers, based on their methodology 

and acceptance criteria; then it is out of the target of the PERSEO benchmark. Instead, the 

target of this benchmark is to evaluate the capability of the adopted codes with a common 

methodology, already used in technical literature (DôAuria, Frogheri and Giannotti, 

1999[18]), and based on a qualitative and quantitative point of view. This permits to identify 

the main code limitations and new proposals for future further activities that can contribute 

to the improvement of the safety of current and advanced reactor designs. 

The accuracy evaluation of the PERSEO benchmark is performed in two steps (Mascari 

et al., 2015[17]) (DôAuria, Frogheri and Giannotti, 1999[18]): 

1. qualitative evaluation; 

2. quantitative evaluation. 

The qualitative evaluation is performed identifying the ñrelevant thermal hydraulic 

phenomenaò in the system and the ñphenomenological windowsò where a relevant physical 

process occurs. In each phenomenological window the ñrelevant thermal hydraulic aspectsò 

are then identified and they are used to characterise the phenomena of interest. Finally, it 

is possible to perform the qualitative analysis of the obtained results by comparison of the 

measured and calculated trends. Qualitative analysis is based on four subjective judgement 

marks (Excellent (+), Reasonable (o), Minimal (NA), Unqualified (- )), that is applied to 

the matrix of the selected phenomena. It is mainly based on a visual observation of the 

experimental and calculated trends. After the qualitative accuracy analysis, the quantitative 

evaluation has been performed. This evaluation is important to judge from a quantitative 

point of view the results of a calculation and properly assure its quality. Considering the 

subjective nature of the qualitative analysis, qualitative and quantitative accuracy 

evaluation should be considered complementary and they should be applied together to 

have a solid accuracy evaluation. The fast Fourier transform based method has been applied 

to quantitatively evaluate the accuracy of the calculations. 

4.1. Qualitative accuracy evaluation 

The PERSEO facility is suitable for observing several thermal-hydraulic phenomena such 

as: natural circulation, the behaviour of large pool of liquid and the performance of the 

emergency heat exchanger (IAEA-TECDOC-1677, 2012[14]) (Mascari et al., 2019[15]).  

 
6. As reported in (Mascari et al., 2015[17]) the code internal development is constituted by code 

verification and internal code validation. Therefore, its main target is to qualify the models 

implemented in the code and the global architecture. 
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A series of experimental parameters (either directly measured or derived from other 

quantities) have been selected to characterise the phenomena of interest. A matrix of 

phenomena observed and related experimental quantity is shown in Table 4.1. The 

occurrence in the facility of the phenomena of interest is qualitatively evaluated according 

to Table 4.2. In the same table also the code capability to qualitatively simulate the 

phenomena is ranked (Mascari et al., 2016[19]). In Table 4.3 it is summarised the list of the 

parameters selected for the qualitative accuracy evaluation of the benchmark. The 

parameters have been proposed by ENEA and then agreed by the benchmark participants 

at the first passive system group meeting in Karlstein (Germany), 26-27 June 2018. 

The phenomenon B ñnatural circulation in HXP and OP coupled circuitò is typical of this 

new advanced passive system proposal consisting of two coupled pools. The flow rate 

between the two pools, even if useful to characterise the natural circulation, has not been 

considered since it is available only in short time windows. 

For phenomenon C, the absolute pressure and the removed power determine the operating 

conditions of the system; in these operating conditions there is a pressure drop profile. 

During the test one can identify a time window during which it is possible to fix a quasi-

steady-operational point (as already mentioned). For phenomenon D it is important to 

characterise the in-tube condensation and the adopted correlations in the codes. 

In relation to the phenomenon H the steam flow from the HXP to the OP is not available, 

only the pressure drops in the steam duct and in the injector are available. The consequent 

thermal stratification is investigated in phenomenon F thus it is not inserted in phenomenon 

H.  

In phenomenon I heat losses are not inserted since they are not measured in the facility and 

they are expected to have a little effect on the operating conditions and on the simulation 

results.  
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Table 4.1. Phenomena characterised in PERSEO tests 

 Phenomenon 
Experiment TH code 

 Ph. Measurement Ph. 

A 
Natural circulation in one-phase 

and two-phase flow in-tube side 
+ + 

Flowrate steam supply line F_A001 (der.)  

Flowrate condensate drain line F_E001 (der.) 

Power heat exchanger W_IC (der.)  

Absolute pressure vessel P-I001  

HX inlet temperature T-A005 

HX outlet temperature T-E001 

B 
Natural circulation in HXP and 

OP coupled circuit  
+ + 

Power heat exchanger W_IC (der.)   

Level HXP L_VQ (der.) 

Level OP L_VP (der.)  

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

Relative pressure HXP top P-Q001 

Temperature OP (bottom) T-P008 

Temperature OP (top) T-P021 

C 

Thermo-fluid dynamics and 

pressure drops in various 

geometrical configurations 

+ + 

Absolute pressure vessel P-I001   

Flowrate steam supply line F_A001 (der.) 

Flowrate condensate drain line F_E001 (der.) 

Power heat exchanger W_IC (der.)  

Relative pressure HXP top P-Q001 

Diff. pressure HX upper-lower header DP-003 

Diff. pressure steam duct injector DP-J001 

D 

Behaviour of emergency heat 

exchangers and isolation 

condensers: Tube side convection 

heat transfer 

+ + 

Flowrate steam supply line F_A001 (der.)  

Flowrate condensate drain line F_E001 (der.) 

Absolute pressure vessel P-I001  

    

Diff. pressure HX upper-lower header DP-003  

HX inlet temperature T-A005 

HX outlet temperature T-E001 

Power heat exchanger W_IC (der.)  

E 

Behaviour of emergency heat 

exchangers and isolation 

condensers: Pool side convection 

heat transfer 

+ + 

Level HXP L_VQ (der.)  

Power heat exchanger W_IC (der.)  

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

F 
Behaviour of large pool: Thermal 

stratification  
+ + 

Power heat exchanger W_IC (der.)   

Diff. pressure steam duct injector DP-J001 

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

Temperature OP (bottom) T-P008 

Temperature OP (top) T-P021 

G 
Behaviour of large pool: Natural 

convection (within a single pool) 
+ o 

Level HXP L_VQ (der.)  

Level OP L_VP (der.)  

Power heat exchanger W_IC (der.)  

Relative pressure HXP top P-Q001 

H 

Steam-liquid interaction: Direct 

contact condensation of steam in 

pool water 

+ o 

Level OP L_VP (der.)   

Relative pressure HXP top P-Q001 

Diff. pressure steam duct injector DP-J001 

I Structural Heat + + 
Wall temperature HX upper header TW-B005  

Wall temperature HX lower header TW-D001 

* (der.) = derived quantity 

** Ph. = phenomenon 
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Table 4.2. Experimental facility and code qualitative phenomena 

prediction evaluation 

 + o NA - 

Experimental 

data 

Phenomenon occurred 

in the test and it is 

directly measured 

Phenomenon occurred 

in the test and it is 

indirectly measured 

Phenomenon occurred 

during the test but there 

is no instrumentation to 

detect (lack of 

instrumentation) 

Phenomenon did not 

occur in the test 

Calculated data 

Phenomenon is clearly 

predicted by the code 

(Excellent/ 

Reasonable) 

Phenomenon is partially 

predicted 

(i.e. the answer of the 

code is reasonable but 

closure relations are not 

appropriate, etc.) 

Models are not 

appropriate to predict 

(i.e. nodalisation 

strategy, etc.) 

(Minimal ) 

Phenomenon is not 

predicted by the code 

(Unqualified) 

Table 4.3. List of parameters selected for the benchmark 

 Parameter Plant code Unit  

1 Flow rate steam supply line F_A001 (der.) kg/s 

2 Flow rate condensate drain line F_E001 (der.) kg/s 

3 Power heat exchanger W_IC (der.)  kW 

4 Absolute pressure vessel P-I001  kPa 

5 HX inlet temperature T-A005 °C 

6 HX outlet temperature T-E001 °C 

7 Level HXP L_VQ (der.) m 

8 Level OP L_VP (der.)  m 

9 Temperature HXP (bottom) T-Q037 °C 

10 Temperature HXP (middle) T-Q034 °C 

11 Temperature HXP (top) T-Q031 °C 

12 Relative pressure HXP top P-Q001 kPa 

13 Temperature OP (bottom) T-P008 °C 

14 Temperature OP (top) T-P021 °C 

15 Differential pressure HX upper-lower header DP-003 kPa 

16 Differential pressure steam duct injector DP-J001 kPa 

17 Wall temperature HX upper header TW-B005 °C 

18 Wall temperature HX lower header TW-D001 °C 

 

4.2. Quantitative accuracy evaluation 
 

The quantitative accuracy evaluation of the benchmark results is performed applying the 

FFTBM (briefly described in Annex 1) to 12 selected parameters. The 12 parameters are a 

subset of the 18 considered in the qualitative evaluation. The parameters selected for the 
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quantitative accuracy evaluation have been proposed by ENEA and agreed by the 

benchmark participants at the second passive system group meeting in Tirrenia (Italy), 

27 February ï 1 March 2019. 

The weighting factors adopted for the various parameters are reported in Table 4.4 with 

some notes regarding some assumptions made with respect to the original methodology 

(Proġek, DôAuria and Mavko, 2002[6]) (proposed by ENEA and agreed by the benchmark 

participants at the second passive system group meeting in Tirrenia (Italy), 27 February 

ï 1 March 2019). The weighting factors reported in the table consider the experimental 

accuracy (wexp), the safety relevance (wsaf) and the parameter contribution to the primary 

pressure (wnorm). 

Table 4.4. Weighting factors for the FFTBM application 

Parameter Type w
exp

 w
saf

 w
norm

 Note 

F_A001 Flow rate 0.5 0.8 0.5  

W_IC  Power 0.8 0.8 0.5 Assumed as core power 

P-I001  Pressure 1 1 1 Assumed as primary pressure 

L_VQ Collapsed level 0.8 0.9 0.6  

L_VP Collapsed level 0.8 0.9 0.6  

T-Q034 Fluid temperature 0.8 0.8 2.4  

P-Q001 Pressure 1 0.6 1.1 Assumed as secondary pressure 

T-P008 Fluid temperature 0.8 0.8 2.4  

T-P021 Fluid temperature 0.8 0.8 2.4  

DP-003 Pressure drop 0.7 0.7 0.5  

DP-J001 Pressure drop 0.7 0.7 0.5  

TW-B005 Outer wall temperature 0.9 1 1.2 Assumed as cladding temperature 

 

  



64 | NEA/CSNI/R(2021)2/ADD 

WGAMA PERSEO BENCHMARK RESULTS REPORT 

      

5. Benchmark participants and individual reports 

 

5.1. Benchmark participants and codes  
 

Nineteen organisations worldwide expressed interest in participating in the benchmark. 

Twelve results from eleven organisations were submitted according to the fixed deadlines, 

original and extended. The original deadline for submitting the results was fixed for 

31 March 2019; considering the interest in the activity, a new deadline (10 January 2020) 

was proposed and accepted at the last working group meeting (Tirrenia, 11- 13 December 

2019). Two late submissions, one updated calculation and a new organisation with a late 

submission were accepted. Eight organisations withdrew from the benchmark. Noticeably, 

7 out of 12 calculations presented in this benchmark report were carried out by code 

developers. Table 5.1 summarises the participants, the adopted codes and the results 

received. Afterwards, in Section 5.2, the individual reports of all the benchmark 

participants are collected. 

Table 5.1. Summary of the participants and adopted codes 

COUNTRY  INSTITUTION  CODE 
RESULTS AND 

REPORT 

DELIVERED  

Canada CNSC/CCSN - Cancelled 

China SPICRI  - Cancelled 

Croatia FER - Cancelled 

Czechia UJV 

RELAP5/MOD3.3Patch05 Ṋ 

MELCOR v2. Cancelled 

GOTHIC Cancelled 

Finland VTT Apros 6.09 Ṋ 

France IRSN CATHARE Cancelled 

Germany GRS ATHLET 3.2 Ṋ 

Italy  

POLITO RELAP5-3D v4.3.4 Ṋ 

UNIPI RELAP5/MOD3.3Patch03 Ṋ 

UNIROMA1 RELAP5-3D Ṋ 

Netherlands NRG SPECTRA v3.61 Ṋ 

Russia IBRAE SOCRAT Ṋ 

Korea 
KAERI 

MARS-KS v1.4 Ṋ 

SPACE v3.2 Ṋ 

KINS - Cancelled 

Spain UPV - Cancelled 

United States 

NuScale - Cancelled 

UofU MELCOR v2.2.11620 Ṋ 

OSU - Cancelled 

USNRC TRACE V5.1175 Ṋ 
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5.2. Individual benchmark participants report  

5.2.1. GRS 

SECTION 1: GENERAL INFORMATION  

 Organisation: GRS gGmbH (Germany) 

 Contact persons/authors: Sebastian Buchholz, Henrique Austregesilo 

 Code: ATHLET 3.2 

 Computing environment:  

 Operative systems PC Windows 10 Enterprise 

 RAM 16 GB 

 CPU characteristics Intel Core i5-8350U with 4 Cores and HT 

 

SECTION 2: DESCRIPTION OF THE CODE USED 

The thermal-hydraulic system code analysis of thermal hydraulics of leaks and transients 

(ATHLET), part of the GRS code package AC2, is being developed for the detailed analysis 

of the whole spectrum of events from normal operation up to design extension conditions 

without core degradation. The code is applicable for western reactor light water reactor 

designs, for Russian VVER and RBMK reactors and has diverse capabilities for reactors 

with other working fluids. The main code features are: 

 advanced thermal hydraulics; 

 modular code architecture; 

 separation between physical models and numerical methods; 

 portability to the prevalent computer platforms. 

ATHLET is composed of several basic modules for the simulation of the different 

phenomena involved in the operation of a light water reactor, i.e. the thermo-fluid dynamics 

(TFD), the heat transfer and heat conduction (HECU), neutron kinetics (NEUKIN), and the 

control and balance-of-plant (GCSM), together with the fully implicit numerical time 

integration method FEBE. Other independent modules (e.g. 3-D neutron kinetics or 

containment modules) can be coupled by means of a general interface. 

The thermo-fluid-dynamic module is based on a six-equation model, with fully separated 

balance equations for liquid and vapour, complemented by mass conservation equations 

for up to six different non-condensable gases and by a boron tracking model. Alternatively, 

a five-equation model, with a mixture momentum equation and a full-range drift-flux 

formulation for the calculation of the relative velocity between phases is also available. 

Specific models for pumps, valves, separators, turbines, mixture level tracking, critical flow 

etc. are also included in ATHLET. The system configuration to be simulated is modelled 

just by connecting basic thermo-fluid dynamic elements, called thermo-fluid (TF) and heat 

conduction (HC) objects. Multidimensional processes are simulated by a dedicated 2D/3D 

TF model in cartesian or cylindrical co-ordinates. Optionally, one-dimensional parallel 

channels with cross connection flows may also be used. 

The range of code applicability has been newly extended to supercritical water, enabling 

the transition from super- to subcritical fluid states. In addition to light water, further 
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coolants can be simulated as working fluids: heavy water, helium, sodium, lead and lead-

bismuth. 

The systematic validation of ATHLET [5.2.1 1] is based on a well-balanced set of integral 

and separate effects tests derived from the CSNI code validation matrices. 

The pool side heat transfer is determined by the modified model of Chen (for subcooled 

and saturated nucleate boiling) and the model of McAdams (natural convection) [5.2.1 5]. 

For the tube side, the models of Chen (macroscopic part only, forced convection), Nusselt 

(laminar condensation) and Carpenter and Colburn (turbulent condensation) [5.2.1 5] have 

been replaced by the models of Nusselt (laminar condensation), Kutateladze (laminar wavy 

condensation) and Chen (turbulent condensation) proposed in [5.2.1 3]. 

The newly implemented correlations enhance the heat transfer coefficient depending on the 

Reynolds number of the liquid inside the tubes. A comparison of the heat transfer 

coefficients for PERSEO Test 7 Part 2 at approximately 2 000 s is shown in the following 

Figure 5.2 (from top to bottom of the pipes with increasing node number). While the heat 

transfer coefficient is almost constant over the height of the heat exchanger when standard 

ATHLET 3.2 [5.2.1 2] is used, in the developer version (_dev) the coefficient is higher at 

the same locations. Furthermore, its behaviour depends on the condensation regime: At the 

top of the tubes, the condensation is laminar and the heat transfer coefficient is decreasing 

due to an increasing water film thickness at the tube wall. When the condensation becomes 

turbulent (from node three to seven) the heat transfer coefficients are increasing. This 

enhancement of the condensation heat transfer coefficient leads to a better prediction of the 

transferred power over the heat exchanger which is shown in Figure 5.1. Without the 

additional correlations, the power is underpredicted by ATHLET by approximately 20% 

(on the base of the experimental data), while including the correlations the difference 

shrinks to five. 

Figure 5.1. HX power before and after AC2 modification 

 



NEA/CSNI/R(2021)2/ADD | 67 

WGAMA PERSEO BENCHMARK RESULTS REPORT 

      

Figure 5.2. Heat transfer coefficient as function of the HX axial nodes 

 

For PERSEO, the six-equation system is mainly used. However, since the mixture level 

tracking model was needed for the simulation of the mixture levels within the RPV and 

both water pools, for these objects the five-equation system has been implemented. For 

wall friction, the Darcy-Weissbach friction factor is calculated with the equations of 

Hagen-Poiseuille and Colebrook. Furthermore, a two-phase friction multiplier is 

determined by the Martinelli-Nelson model. Form losses are included by user input. 

SECTION 3: DESCRIPTION OF THE NODALI SATION  

The ATHLET model of PERSEO consists of two fluid dynamic systems. The first one is 

composed of the pressure vessel, steam line, heat exchanger (including upper and lower 

header and heat exchanger pipes) and the drain line. Furthermore, a time-dependent volume 

(pressure and enthalpy boundary object) is defined at the gas/steam region of the pressure 

vessel, since no data was available concerning the steam injection into the first circuit. The 

boundary can be disabled by closing a valve which connects the boundary with the vessel. 

For keeping a constant liquid level inside the vessel, a water drainage has been adopted, 

modelled as a so-called Fill object. The second fluid dynamic system consists of the two 

water pools and their connecting lines. Both pools are modelled as a two-channel 

representation to achieve a mixing of the water inventory of the pools. At the top of the 

heat exchanger pool, a pressure and enthalpy boundary has been set, which also can be 

disabled by a valve. A second boundary is given at the end of the boil-off line, which is 

connected to the top of the overall pool for steam release into the environment. The heat 

exchanger pool pipe (shell side of the heat exchanger) was implemented with a model 

option for vertical bundles considering the pitch of the heat exchanger pipes which 

influences the heat transfer. 

All objects are equipped with wall structures, so-called heat conduction objects, except for 

the heat exchanger pool channel, which includes the heat exchanger since this one is the 
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inner channel of the pool. The insulation of the structures has been considered. Material 

properties were taken from the information provided by the experimenters, except the heat 

conductivity of INCONEL 600, which differ in the literature (e.g. VDI Wärmeatlas 

[5.2.1 4]) in a range between +1 ï +2 W/m K in the temperature range of 100°C ï 300°C 

from the provided information and the higher values were taken. Heat losses are modelled 

by giving a fixed environment temperature and a fixed heat transfer coefficient of 10 W/m2 

K as an outside condition.  

Table 5.2. Summary of the main nodalisation characteristics of the 

PERSEO model 

 Number of 

hydraulic 

volumes 

Number of 

junctions 

Number of heat 

structures 

Overall Volume 

(m3) 

Vessel 9 9 1 38.58 

Steam line 27 29 7 2.398 

HX 9 8 5 1.826 

Condensate line 20 21 2 0.5402 

HXP 26 41 2 26.96 

Steam duct 11 12 3 12.95 

OP 18 29 4 173.0 

 

Heat transfer area HX (m2) Inner area: 42.665, outer area: 46.722 

HX heat structure axial nodes 

number 

11 

HX heat structure radial nodes 

number 

3 

Figure 5.3. GRS nodalisation of PERSEO facility  
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SECTION 4: RESULTS 

TEST 7 Part 1 

Calculations of this experiment with the standard ATHLET 3.2 did not lead to suitable and 

satisfying results. The power of the heat exchanger was underpredicted. For that reason, a 

developer version of ATHLET 3.2 has been created and the heat transfer models for 

condensation inside vertical pipes have been exchanged by the models described at the end 

of Section 2. The following results have been obtained by using the developer version. The 

newly implemented correlations will be adopted into the main version of ATHLET in such 

a way, that the user can choose them for special heat transfer objects. 

The initial conditions are specified by the user within the corresponding ATHLET input 

deck on the base of the experimental data. With start of the calculation, ATHLET first 

performs a so-called steady state calculation, which is needed to ensure steady state 

conditions of the thermal-hydraulic network to avoid unexpected initial transients. 

Initially, the pressure inside the pressure vessel (steam part) is 7.0 821 MPa. The 

temperature is 286.4°C (saturation temperature) and the collapsed level is -9.42 m. Pressure 

and enthalpy were fixed by a time-dependent volume connected to the upper part of the 

pressure vessel. The heat exchanger pool is initially fully filled with air at a pressure of 

0.126 MPa and a temperature distribution of 80.3°C to 228.7°C from bottom to top. The 

collapsed level is at 0.1 m, which is the height of the bottom of the pool (so initially, no 

water is inside the heat exchanger pool). The overall pool is filled with water (collapsed 

level: 4.65 m, temperature: 15.4°C). The pressure within the gas region is 0.1 MPa. The 

gas region is filled with air and steam with the steam partial pressure equal the saturation 

pressure at 15.4°C. The liquid line connecting both pools is closed by a valve and is filled 

with water in the overall pool side only. 

During the steady state phase, the pressure and enthalpy boundary connected with the upper 

part of the heat exchanger pool is active to prevent the system from a pressure decrease due 

to condensation within the vessel. After the steady state phase, the experiment starts at 

10 475 s with partially (85%) opening the valve in the liquid line. Consequently, water is 

flowing from the overall to the heat exchanger pool, indicated by an increase of the water 

level within the pool (Figure 5.10). Five seconds after opening the valve, the above-

mentioned boundary condition is deactivated. At 10 608 s, the valve is closed and reopened 

(85%) again at 10 621 s. At 10 655 s it is closed again until 11 039 s. At this time point, it 

is fully opened. It is finally closed at 11 260 s. The opening time for the valve has been set 

to 5 s. 

The resulting behaviour of the pool collapsed levels (L_VQ, L_VP) (Figure 5.10 and Figure 

5.11) are in a good agreement with the experimental data. At the primary side, the mean 

mass flow rates into and from the heat exchanger are also in good agreement (Figure 5.4 

and Figure 5.5), whereas the peak values are not fully reached. Since the transferred power 

is calculated by the mass flow rates and the corresponding enthalpies of the fluid at the in- 

and outlet, the calculated transferred power (Figure 5.6) is slightly underestimated 

(approximately 5%, based on the experimental data). Due to the fixed pressure boundary 

the pressure within the pressure vessel (Figure 5.7) stays constant as well as the inlet 

temperature (Figure 5.8), while fluctuations in the pressure and temperature can be 

observed in the experimental data. The constant pressure has been chosen since no 

information about the steam injection control system were provided (mass flow rate and 

enthalpy) and therefore this system could be reproduced in the simulation. 

The experimental data regarding the condition within the pressure vessel is not clear: It can 

be seen that the temperature T-A005 (Figure 5.8) follows the pressure P-I001 (Figure 5.7), 

which would be the case if the temperature is the saturation temperature to P-I001. For the 
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mean pressure inside the vessel (7.056 MPa) the saturation temperature is 286.4°C. But in 

the experimental data, the mean measured temperature is about 291.5°C which corresponds 

to 7.6 MPa. One possibility could be that not the bulk, but a wall or film temperature is 

measured. For the calculations the experimental pressure has been considered and therefore 

also the saturation temperature, which is lower than the experimentally determined 

temperature. 

In the comparisons of the heat exchanger pool temperatures, larger differences between 

experiment and calculations for the steady state values can be observed for the top and 

bottom measurements (T-Q031 and T-Q037, Figure 5.12 to Figure 5.14). While the 

experimental values were put into the input deck correctly, the output values after the 

steady state calculation are mean values of the corresponding control volumes, which may 

differ from the initial input values. With start of the heat transfer between 11 100 s and 

13 000 s the agreement becomes better, since the temperatures of the water inventory reach 

saturation conditions. 

The mixing of the overall pool water inventory might be underestimated by the code. The 

temperature at the top (T-P021, Figure 5.17) of the overall pool becomes higher in the 

simulation than in the experiment, while the temperature at the bottom of the pool (T-P008, 

Figure 5.16) is lower in the simulation than in the experiment. 

The wall temperatures of the upper and lower header (TW-B005, Figure 5.20 and TW-

D001, Figure 5.21) are in a qualitatively good agreement with the experimental data. The 

differences may be due to a coarse nodalisation of the header. The upper and lower header 

are simulated in ATHLET by a branch object each. Consequently, the heat conduction 

objects simulating the header walls are also modelled with only one control volume. 

The relative pressure within the heat exchanger pool (P-Q001, Figure 5.15) has been set 

higher in the simulation for the steady state case, since otherwise water from the overall 

pool would have flowed backwards through the steam duct into the heat exchanger pool 

during the steady state phase. After starting the experiment with the first opening of the 

liquid line valve, the calculated relative pressure first agrees well but later it overestimates 

the experimental data during the main heat transfer phase between 11 100 s and 12 000 s. 

After that, the agreement is good. The pressure difference between the upper and lower 

header (DP-003, Figure 5.18) is overestimated (in absolute values) but shows qualitatively 

the same behaviour. The measurement DP-003 is part of a closed pressure difference chain 

over the whole primary circuit. The sum of all pressure differences should be zero (value 

DPsum, Figure 5.22). While in the simulation DPsum is zero, in the experiment it is not. 

Therefore, a comparison of DP-003 is not reasonable. 

The differential pressure over the injector (DP-J001, Figure 5.19) is underestimated by 

ATHLET between 11 100 s and 12 000 s. One reason for that may be the higher 

temperature at the top of the overall pool leading to a less high counterpressure above the 

injector, leading to a lower differential pressure. 

A total number of 50 727 time steps have been performed. The CPU time was 3 394 s. 

Since ATHLET has a variable time step size automatically defined by the error 

convergence criteria within the implicit integration procedure FEBE in ATHLET, no 

general time step size can be provided. But the bandwidth in the calculation was between 

0.005 s and 0.5 s. 
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Figure 5.4. Test 7 Part 1 - Steam flow rate 

 

Figure 5.5. Test 7 Part 1 - condensate flow rate 
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Figure 5.6. Test 7 Part 1 - HX power 

 

Figure 5.7. Test 7 Part 1 - Primary pressure 
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Figure 5.8. Test 7 Part 1 - HX inlet fluid temperature  

 

Figure 5.9. Test 7 Part 1 - HX outlet temperature 
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Figure 5.10. Test 7 Part 1 - HXP level 

 

Figure 5.11. Test 7 Part 1 - OP level 
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Figure 5.12. Test 7 Part 1 - Fluid temperature HXP (bottom) 

 

Figure 5.13. Test 7 Part 1 - Fluid temperature HXP (middle) 
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Figure 5.14. Test 7 Part 1 - Fluid temperature HXP (top) 

 

Figure 5.15. Test 7 Part 1 - Relative pressure HXP top 
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Figure 5.16. Test 7 Part 1 - Fluid temperature OP (bottom) 

 

Figure 5.17. Test 7 Part 1 - Fluid temperature OP (top) 
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Figure 5.18. Test 7 Part 1 - Differential pressure HX upper-lower 

header 

 

Figure 5.19. Test 7 Part 1 - Differential pressure injector 
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Figure 5.20. Test 7 Part 1 - Wall temperature HX upper header 

 

Figure 5.21. Test 7 Part 1 - Wall temperature HX lower header 
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Figure 5.22. Test 7 Part 1 - Primary loop sum of differential pressure 

 

Table 5.3. Main relevant thermal-hydraulic aspects related to the 

Test 7 Part 1 

Relevant thermal-hydraulic 

aspects 
Time(s) Quantity  

Triggering valve (F045) opening 

and closure 
10 475 ï 10 608 - 

Triggering valve (F045) re-opening 

and re-closure 
10 621 ï 10 655 - 

Maximum level in the HX pool for 

the first filling step 
11 039 1.39 m 

Small heat removal from the 

primary side 
10 665 ï 11 039  3 484 ï 2 540 kW 

Slow water consumption in the HX 

pool 
10 665 ï 11 039  æT å 45 K 

Instabilities for steam condensation 

in the injector 
10 475; 11 000 +/- 5 kPa; +/- 4 kPa 

Triggering valve (F045) opening 

and closure 
11 039 ï 11 260 - 

Maximum level in the HX pool  11 325 3.36 m 

Maximum exchanged power 11 188 20 844 kW 

HX pool minimum level  15 000 1.14 m 

OP average temperature 15 000 57°C 

 

The marks adopted in Table 5.4 for the qualitative accuracy evaluation are reported in Table 

4.2. 
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Table 5.4. PERSEO Test 7 Part 1 versus phenomena, code 

prediction versus phenomena 

* (der.) = derived quantity 

** Ph. = Phenomenon 

  

 Phenomenon 
Experiment TH code 

 Ph. Measurement Ph. 

A 

Natural circulation in 

one-phase and two-phase 

flow in-tube side 

+ + 

Flowrate steam supply line F_A001 (der.) 

+ 

Flowrate condensate drain line F_E001 (der.) 

Power heat exchanger W_IC (der.)  

Absolute pressure vessel P-I001  

HX inlet temperature T-A005 

HX outlet temperature T-E001 

B 

Natural circulation in 

HXP and OP coupled 

circuit  

+ + 

Power heat exchanger W_IC (der.)  

+/o 

Level HXP L_VQ (der.) 

Level OP L_VP (der.)  

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

Relative pressure HXP top P-Q001 

Temperature OP (bottom) T-P008 

Temperature OP (top) T-P021 

C 

Thermo-fluid dynamics 

and pressure drops in 

various geometrical 

configurations 

+ + 

Absolute pressure vessel P-I001  

+/o 

Flowrate steam supply line F_A001 (der.) 

Flowrate condensate drain line F_E001 (der.) 

Power heat exchanger W_IC (der.)  

Relative pressure HXP top P-Q001 

Diff. pressure HX upper-lower header DP-003 

Diff. pressure steam duct injector DP-J001 

D 

Behaviour of emergency 

heat exchangers and 

isolation condensers: 

Tube side convection 

heat transfer 

+ + 

Flowrate steam supply line F_A001 (der.) 

+ 

Flowrate condensate drain line F_E001 (der.) 

Absolute pressure vessel P-I001  

Diff. pressure HX upper-lower header DP-003 

HX inlet temperature T-A005 

HX outlet temperature T-E001 

Power heat exchanger W_IC (der.)  

E 

Behaviour of emergency 

heat exchangers and 

isolation condensers: 

Pool side convection heat 

transfer 

+ + 

Level HXP L_VQ (der.) 

+/o 

Power heat exchanger W_IC (der.)  

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

F 
Behaviour of large pool: 

Thermal stratification  
+ + 

Power heat exchanger W_IC (der.)  

o 

Diff. pressure steam duct injector DP-J001 

Temperature HXP (bottom) T-Q037 

Temperature HXP (middle) T-Q034 

Temperature HXP (top) T-Q031 

Temperature OP (bottom) T-P008 

Temperature OP (top) T-P021 

G 

Behaviour of large pool: 

Natural convection 

(within a single pool) 

+ o 

Level HXP L_VQ (der.) 

+ 
Level OP L_VP (der.)  

Power heat exchanger W_IC (der.)  

Relative pressure HXP top P-Q001 

H 

Steam-liquid interaction: 

Direct contact 

condensation of steam in 

pool water 

+ o 

Level OP L_VP (der.)  

o 
Relative pressure HXP top P-Q001 

Diff. pressure steam duct injector DP-J001 

I Structural Heat + + 
Wall temperature HX upper header TW-B005 

+ 
Wall temperature HX lower header TW-D001 
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Test 7 Part 2 

As with experiment Test 7 Part 1, calculations of Test 7 Part 2 with the standard ATHLET 

3.2 did not lead to suitable and satisfying results. The power of the heat exchanger was 

underpredicted. For that reason, a developer version of ATHLET 3.2 has been created and 

the heat transfer models for condensation inside vertical pipes have been exchanged by the 

models described at the end of Section 2. The following results have been obtained by using 

the developer version. 

The initial conditions are specified by the user within the corresponding ATHLET input 

deck on the base of the experimental data. With start of the calculation, ATHLET first 

performs a so-called steady state calculation, which is needed to ensure steady state 

conditions of the thermal-hydraulic network to avoid unexpected initial transients. 

Initially, the pressure inside the pressure vessel (steam part) is 7.0 519 MPa. The 

temperature is 286.4°C (saturation temperature) and the collapsed level is -9.68 m. Pressure 

and enthalpy were fixed by a time-dependent volume connected to the upper part of the 

pressure vessel. The heat exchanger pool is fully filled with superheated steam initially at 

a pressure of 0.12 MPa and a temperature distribution of 103.6°C to 191.3°C from bottom 

to top. The collapsed level is at 1.12 m. The overall pool is filled with water (collapsed 

level: 4.52 m, temperature: 42.7°C to 70°C (bottom to top distribution). The pressure within 

the gas region is 0.1 MPa. The gas region is filled with air and steam with the steam partial 

pressure equal the saturation pressure at 70°C. The liquid line connecting both pools is 

closed by a valve and is filled with water on both sides. 

While in Part 1 of Test 7 during the steady state phase, the pressure and enthalpy boundary 

connected with the upper part of the heat exchanger pool is active, in Part 2, this is not 

necessary. After the steady state phase, the experiment starts at time point t = 300 s with 

fully opening the valve in the liquid line.  

With opening the valve, consequently, water is flowing into the heat exchanger pool from 

the overall pool (F_POOL, Figure 5.42). This leads to a decreasing water level inside the 

overall pool (L_VP, Figure 5.30), while the heat exchanger pool level is increasing (L_VQ, 

Figure 5.29). The pressures at the overall and heat exchanger pool openings of the liquid 

line (P-LL-OP and P-LL-HP, Figure 5.41) start to equalise and power is transferred over 

the heat exchanger. This leads to an evaporation inside the heat exchanger pool and an 

increase of the relative pressure within the gas region (P-Q001, Figure 5.34). Due to this in 

combination with the increasing water column the pressure P-LL-HP becomes larger than 

the pressure P-LL-OP and water flows now backwards from the heat exchanger pool to the 

overall pool. Consequently, the power is slightly decreasing, less water is evaporated and 

the relative pressure is decreasing so that the pressure difference over the liquid line turns 

and the water is flowing to the heat exchanger pool again. This phenomenon repeats several 

times but decays until approximately 1 600 s. Due to the evaporation, the mean liquid levels 

of both pools are decreasing, which is accelerated by activation of the overall pool drainage 

at 1 150 s. Unfortunately, the mass flow rate is not known. For the simulation, 18 kg/s were 

chosen having been tuned on the progress of the overall pool liquid level. At 3 338 s the 

valve inside the liquid line is closed. This leads to a stronger decrease of the water level 

inside the heat exchanger pool and a less strong decrease inside the overall pool. The 

simulation data of the liquid levels and relative pressure inside the heat exchanger pool fit 

well with the experimental data, although the peak value of 3.3 m height of the liquid level 

inside the heat exchanger pool is not fully reached. The fluctuations are also captured. 

The transferred power (W_IC, Figure 5.25) is slightly underestimated (approximately 

2 MW, which is 10% based on the experimentally determined power). But already 

mentioned as for Part 1, the primary boundary conditions are not fully clear, since the inlet 
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fluid temperature (T-A005, Figure 5.27), which should be the saturated temperature of the 

pressure (P-I001, Figure 5.26), is too high. As the power is underestimated, consequently, 

the mass flow rates of the inlet steam, (F_A001, Figure 5.23) as well as (F_E001, Figure 

5.24), are underestimated, too. 

At timepoint t = 4 685 s, the pressure vessel is depressurised (see Figure 5.26). This is 

performed in the simulation by closing the connection to the pressure and enthalpy 

boundary for the pressure vessel. Therefore, the pressure inside the vessel is decreasing but 

drops faster in the simulation than in the experiment. One reason for that could be that 

during this phase in the experiment steam is still injected into the vessel, but with lower 

power. Unfortunately, no special information about the depressurisation procedure was 

available. This could explain the deviations in the pressure. 

The simulated fluid temperatures in the heat exchanger pool at all heights are in good 

agreement with the experimental data (see Figure 5.31, Figure 5.32 and Figure 5.33). 

Differences can be observed in the temperatures inside the overall pool. At the top (T-P021, 

see Figure 5.36), the temperature increase fits well until 3 830 s. Here the mixture level 

track of the pool leaves the control volume in which the temperature is determined. 

Therefore, the temperature signal switches from saturated water to superheated vapour 

conditions. It is not clear why this behaviour is not seen in the experimental data, since the 

experimentally determined liquid level of the overall pool reaches at approximately 3 365 s 

the height of the probe at 2.695 m and falls below this point further on. Maybe the 

superheated steam flowing through the injector does not reach the probe in the experiment, 

but due to the applied nodalisation it does in the simulation. Another possibility could be 

that a water droplet got caught on the temperature probe. This droplet would have had 

saturation conditions. At the bottom of the pool, the temperature (T-P008, Figure 5.35) in 

the simulation rises 400 s later than in the experiment but reaches also saturated conditions. 

As in Part 1 of the test, the pressure difference between the upper and lower header is 

overestimated (in absolute values). But also, in this case, DPsum (sum of the complete 

pressure difference chain, see Figure 5.43) is not zero in the experiment. The pressure 

difference of the injector is also underestimated (DP-J001, Figure 5.38), although the 

relative pressure inside the heat exchanger pool fits well with the experimental data. 

The wall temperatures of the upper header are not well captured. At the beginning of the 

experiment, the temperature drops as in the experiment, but it fluctuates further on. In the 

experiment, the thermo probe TW-B005 is wetted all the time until 3 400 s keeping the 

temperature low. In the simulations the heat conduction object is wetted only at the peaks 

of the liquid level progress. Later on, without any fluctuations, the heat conduction object 

stays dry until the end of the simulation, leading to higher temperatures than in the 

experiment. The temperature of the lower header shows an offset between experimental 

data and simulation of approximately 4 K. This difference could also be explained by the 

coarse nodalisation of the lower header (1 Node) in contrast with the exact location of the 

thermo probe. 

In total, 43 430 time steps were performed and 2 473 s of CPU time were consumed for the 

simulation of Test 7 Part 2. Since ATHLET has a variable time step size, size automatically 

defined by the error convergence criteria within the implicit integration procedure FEBE 

in ATHLET, no general time step size can be provided. But the bandwidth in the calculation 

was between 0.005 s and 0.5 s. 
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Figure 5.23. Test 7 Part 2 - Steam flow rate 

 

Figure 5.24. Test 7 Part 2 - Condensate flow rate 

 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































