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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT
The OECD is a unique forum where the governments of 30 democracies work together to address the economic, social and
environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help governments
respond to new developments and concerns, such as corporate governance, the information economy and the challenges of an
ageing population. The Organisation provides a setting where governments can compare policy experiences, seek answers to
common problems, identify good practice and work to co-ordinate domestic and international policies.
The OECD member countries are: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway,
Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The
Commission of the European Communities takes part in the work of the OECD.
OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic,
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members.
***
This work is published on the responsibility of the Secretary-General of the OECD. The opinions expressed and arguments
employed herein do not necessarily reflect the official views of the Organisation or of the governments of its member countries.

NUCLEAR ENERGY AGENCY
The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC European
Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first non-European full
member. NEA membership today consists of 28 OECD member countries: Australia, Austria, Belgium, Canada, the Czech
Republic, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the
Netherlands, Norway, Portugal, Republic of Korea, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United
Kingdom and the United States. The Commission of the European Communities also takes part in the work of the Agency.
The mission of the NEA is:
−
−

to assist its member countries in maintaining and further developing, through international co-operation, the scientific,
technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for
peaceful purposes, as well as
to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and
liability, and public information. The NEA Data Bank provides nuclear data and computer program services for participating
countries.
In these and related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna,
with which it has a Co-operation Agreement, as well as with other international organisations in the nuclear field.
© OECD 2007
No reproduction, copy, transmission or translation of this publication may be made without written permission. Applications
should be sent to OECD Publishing: rights@oecd.org or by fax (+33-1) 45 24 99 30. Permission to photocopy a portion of
this work should be addressed to the Centre Français d’exploitation du droit de Copie (CFC), 20 rue des Grands-Augustins, 75006
Paris, France, fax (+33-1) 46 34 67 19, (contact@cfcopies.com) or (for US only) to Copyright Clearance Center (CCC), 222
Rosewood Drive Danvers, MA 01923, USA, fax +1 978 646 8600, info@copyright.com.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made of
senior scientists and engineers, with broad responsibilities for safety technology and research programmes,
and representatives from regulatory authorities. It was set up in 1973 to develop and co-ordinate the
activities of the NEA concerning the technical aspects of the design, construction and operation of nuclear
installations insofar as they affect the safety of such installations.
The committee’s purpose is to foster international co-operation in nuclear safety amongst the OECD
member countries. The CSNI’s main tasks are to exchange technical information and to promote
collaboration between research, development, engineering and regulatory organisations; to review
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and
research consensus on technical issues; to promote the co-ordination of work that serve maintaining
competence in the nuclear safety matters, including the establishment of joint undertakings.
The committee shall focus primarily on existing power reactors and other nuclear installations; it shall also
consider the safety implications of scientific and technical developments of new reactor designs.
In implementing its programme, the CSNI establishes co-operate mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA) responsible for the programme of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety. It also co-operates with
NEA’s Committee on Radiation Protection and Public Health (CRPPH), NEA’s Radioactive Waste
Management Committee (RWMC) and the NEA’s Nuclear Science Committee (NSC) on matters of
common interest.
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Executive summary

The main objective of the ISP-47 is to assess the capabilities of Lumped Parameter (LP) and
Computational Fluid Dynamics (CFD) codes in the area of containment thermal-hydraulics. Following the
recommendations made in the state-of-the-art report (SOAR) on “Containment Thermal-hydraulics and
Hydrogen Distribution” this ISP was based on the application of different complementary experimental
facilities and a progressive modelling difficulty. The three experimental facilities TOSQAN, MISTRA and
ThAI have shown the quality of the provided experimental data suitable for CFD and LP code
benchmarking in steady-state and transient conditions (control of the initial and boundary conditions, and
the accuracy of the measurement techniques). This mainly includes pressure transients and gas temperature
field as in former exercises. Detailed gas velocity and gas concentration (air, steam and helium) fields were
obtained for the first time in such an exercise.
ISP-47 was executed in two main steps:
•

Step 1 was dedicated to the validation of the codes in the separate effects facility TOSQAN (7 m3). Wall
condensation, steam injection in air or air/helium atmospheres, and buoyancy were addressed under
well-controlled initial conditions in a simple geometry. Furthermore, the interactions of phenomena such
as condensation/stratification, turbulence/buoyancy, etc. were addressed using the larger scale of
MISTRA (100 m3) facility. Both TOSQAN and MISTRA were specifically designed to produce data for
CFD codes with state-of-the-art instrumentation. The TOSQAN benchmark was open, whereas the
MISTRA benchmark was blind.

•

Step 2 addressed the code assessment using an experiment in the multi-compartment ThAI (60 m3)
facility with different steam and helium injection phases, transient stratification and mixing conditions
in the atmosphere, development of natural convection, wall condensate distribution, fog formation,
and transient thermal response of heat conducting walls. Detailed measurement data on velocity,
temperature and gas concentration fields are provided for CFD code validation. The ThAI benchmark
covered three sets of calculations: (1) completely blind, (2) partly blind, and (3) open.

For step 1 as well as for step 2, the comparison of experimental and calculated results shows a dominant
impact of user effects, especially concerning the nodalisation, both for the CFD and LP models. Concerning
gas concentrations and temperature profiles the spread of the submitted results and the corresponding
deviations from the experimental data are comparable for both types of codes. Best blind predictions of
atmospheric density stratification in step 2 (ThAI) were obtained by two LP models. In open post test
calculations one CFD and one LP calculation could maintain the density stratification, too.
Based on the results of the ISP-47 conclusions, recommendations have been developed. The capabilities of
CFD and LP codes are discussed separately.
Further work in code development, establishment of nodalisation rules, and code user training, supported
by suitable complex experiments, is necessary to achieve more accurate predictive capabilities for
containment thermal hydraulics and atmospheric gas/steam distribution. As a result of the code assessment,
the modelling of the following three phenomena appeared to be the major issues: condensation, gas density
stratification, and jet injection.
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It is evident that LP models are currently the main tools for general containment thermal-hydraulic
analysis. LP models require much less computing time than CFD models, and thus are suitable for
parametric analysis and PSA level 2 studies.
However, LP codes have some inherent limitations due to the applied simplified flow model description.
These limitations can be overcome by an appropriate user modelling by taking into account the expected
relevant phenomena. This was demonstrated in ISP-47; the best predictions for Step 2 have been achieved
by two LP contributions. On the other hand however, the large scatter of LP results inclusive the worst
predictions showed the strong user influence.
Therefore, combined use of both LP codes and CFD is recommended, where LP act presently as the basic
tool for containment analyses, whereas CFD is used to compute:
•
•

A few selected accident scenarios which require more detailed analyses of the (local) phenomena that
occur.
A few selected critical accident scenarios which are difficult to analyse using LP codes due their
inherent limitations.

The high quality of the ISP-47 tests leads to the recommendation that all of these ISP tests should be
calculated in a proper way before using the code for the assessment of hydrogen distribution in plant
applications (mandatory validation). This is recommended for lumped parameter codes as well as for
nuclear and industrial CFD codes.
The experience gained with this exercise especially for lumped parameter codes leads to the
recommendation for a common international activity to elaborate general guidelines (with specific aspect
to nodalisation) for lumped parameter codes including specific requirements for user manuals. For CFD
codes, further improvements regarding the modelling of condensation, and the modelling of turbulence,
including the wall treatment related to these two issues, are recommended.
The ISP-47 tests provide a good data base for further code development. However experimental data to
some phenomena are still poor. The analysts should specify data needed in addition.
At present, there is no proposal for a further containment thermal-hydraulics exercise on the table. This
may change after further investigations of the ISP-47 tests in future and after performance of the envisaged
ISP for hydrogen combustion. Main effort should be addressed to scaling to plant application. So a next
common international activity is suggested to perform a generic plant application exercise (analytical
benchmark) to study nodalisation effects, impact of steam and light gas injection etc. based on a generic
(probably simplified) PWR containment.
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1. INTRODUCTION

During the course of a severe accident in a Light Water Reactor, large amounts of hydrogen could be
generated and released into the containment. The integrity of the containment could be challenged by certain
hydrogen combustion modes. As boundaries between the different combustion modes are characterised by
narrow gas concentration bandwidths, sufficiently accurate gas distribution calculations are needed to
generate the initial conditions of a subsequent combustion process.
International consensus is that a detailed knowledge of containment thermal-hydraulics is necessary to predict
the local distribution of hydrogen, steam and air inside the containment. Such knowledge also forms the basis
of fission product transport estimates. Considerable international efforts have been undertaken to better
understand the associated phenomena by conducting a large number of experiments and then subjecting the
test results to extensive analytical assessment: ISP-23 (HDR/T31.5 – large break LOCA with natural cool
down), ISP-29 (HDR/E11.2 – small break LOCA, long term gas distribution), ISP-35 (NUPEC/M7-1 – Gas
distribution with containment sprays), ISP-37 (BMC/VANAM M-3 – Gas distribution with aerosols
injection).
The state-of-the-art report (SOAR) on “Containment Thermal-hydraulics and Hydrogen Distribution”
which was prepared in the frame of OECD-CSNI [15] has stated that containment thermal hydraulics is
still an open question. Looking back at the ISPs that have been reviewed in the SOAR, it becomes all too
apparent that every ISP has involved a rather complicated integral test, and that there has been a lack of
separate phenomena testing within the ISP framework. This oversight is especially true for highly
important processes of mixing and transport, where competing effects from surface heat and mass transfer,
engineering safety features, or mitigation devices have prevented a thorough evaluation of the modelling
abilities.
According to these conclusions, a proposal for a new ISP on “Containment Thermal-hydraulics” was
elaborated and presented to OECD-CSNI on March 2001. The kick-off meeting of the ISP-47 was held in
May 2002.
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2. OBJECTIVES AND ORGANISATION

The main objective of the ISP-47 is to assess the actual capability of CFD (computational fluid dynamics
or field model) and LP (lumped parameter) codes in the area of containment thermal-hydraulics, e.g. the
prediction of the hydrogen distribution under LOCA (loss of coolant accident) and SA (severe accident)
conditions. The activities shall lead to a significant improvement of the reliability of severe accident
containment models/codes especially in the field of accident management procedures, e.g. concerning
hydrogen as a potential risk for early containment failure. Furthermore these activities will lead to an
increased understanding of the related phenomena.
Following the recommendations made in the SOAR, a systematic approach was developed using different
available facilities, each with sophisticated instrumentation to validate severe accident containment
models/codes to the required levels. As recommended in the SOAR, this approach follows a progressive
strategy in modelling difficulty, and it is divided in two main steps.
Step 1 [1] is dedicated to the validation of refined models in the separate effects facility TOSQAN (7 m3).
Wall condensation and buoyancy are addressed under well-controlled initial conditions in a simple geometry.
Simultaneously, the validation of the interactions of phenomena such as condensation/stratification,
turbulence/buoyancy, etc., including the effect of scale-up allowed by the larger scale of MISTRA (100 m3)
are addressed with flow patterns in a rather simple geometry.
Step 2 [11] addresses the validation of codes in a more complex arrangement. Stratification in a multicompartment geometry with asymmetric injections is studied in the ThAI (60 m3) facility. The ThAI
thermodynamic conditions differ from those in TOSQAN or MISTRA by the intensive fog formation.
Consequences of such wet conditions are limitations in measuring atmospheric flow velocities. Therefore,
Steps 1 and 2 are complementary in respect to the different focal points of flow velocity/turbulence and
saturation/fog formation. Other aspects of complementarities are e.g. test geometry, thermal control of
walls, experimental procedures, or measurement instrumentation.
For Step 1, the following organisation was adopted:
•

A first phase “Phase A” [3,7,1] concerns the tests for air/steam mixture. This phase is an open exercise
on TOSQAN results and a blind exercise on MISTRA ones. It was proposed to calculate the TOSQAN
ISP test in order to validate the codes, and then, with an equivalent mesh (i.e. it is suggested to use
approximately the same total number of nodes to mesh the larger MISTRA volume, in order to
evaluate the effect of scale on the models), to perform the blind calculations on the MISTRA
experiment. This phase is relevant to evaluate the capability of the codes, validated in a simple
geometry at small scale, to predict gas distribution in a similar simple geometry but at larger scale.

•

A second phase “Phase B” [4,5,8,9] concerns calculations on air/steam/helium tests. These
calculations are performed as an open exercise on TOSQAN results and as a blind exercise on the
MISTRA tests. This phase is relevant according to the effect of a lighter-than-steam non-condensable
gas on the condensation and on the capability of the codes to take into account this effect at different
scale.

Synthesis of Step 1 for the TOSQAN and MISTRA exercises can be found in [6,10].
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For Step 2, code validation was organised in a three-tiered approach:
•

First, the participants set up a blind prediction of the entire ThAI experiment according to the
specification [11]. After submission of the blind prediction data, the experimental results of the first
part (phases I-II) of the test were transmitted to the participants, together with the measured injection
rate data of the entire test (phases I-IV).

•

Then, a second set of calculations was prepared, based on the actual injection rates (which differed
only slightly from the specification). These calculations were open in relation to phases I-II,
characterised by helium and steam injections at elevated locations; they were blind in relation to
phases III and IV, characterised by a steam injection at a lower position, and a subsequent phase
without injections. In this second calculation, the participants had the opportunity to improve and
adjust their models to better match the experimental data of the open phases I-II, such that a better
comparison could also be expected for the blind phases III-IV.

•

Finally, a third set of calculations was open for all 4 phases.

The specification and the results of the three tiers of Step 2 calculations are presented in several reports
[11,12,13,14].
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3. SHORT DESCRIPTION OF THE EXPERIMENTS

3.1

TOSQAN

The TOSQAN enclosure is a cylindrical chamber of stainless steel and a sump. The total internal volume
(including the sump) is 7.0 m3, the TOSQAN geometry is given on Figure 1. The whole wall is
thermostatically controlled. The envelope is divided into two zones, in order to fix two different values of
the wall temperature. The top and bottom (including sump) parts of the vessel, called the “hot wall”, have
the same temperature. On the middle zone, called the “cold wall”, which constitutes the condensation zone,
different colder temperatures are imposed.
The enclosure is fitted with a total of 14 windows, required for concentration and velocity measurements
by laser diagnostics. The gas concentrations are measured by two different ways: Spontaneous Raman
Spectrometry and Mass Spectrometry. The temperature measurements of the gas are provided by 90
thermocouples fixed on steel rods. There are 70 thermocouples distributed in the gas phase the vessel and
20 thermocouples are placed on the walls.
The TOSQAN ISP test is composed of a succession of different steady-state conditions obtained by
varying the injection conditions in the test vessel. The main stages of interest for the measurements (and
thus for the numerical calculations) are the four steady-state conditions: three steady-state conditions of
air-steam mixture at two different pressure levels (Phase A), and one steady-state condition of air-steamhelium mixture (Phase B). Each steady-state condition is reached naturally by keeping a constant steam
injection flow rate.
Figure 1. TOSQAN geometry

Vol = 7.0 m3

Oil in (T2)
Oil out

Condensation
Zone : 2 m
9.4 m2

1.5 m
window

DjDj==0.041
m
0.41 m

Injection
height
2.1 m

Air
Steam
helium
Sump
0.87 m

Oil in the
wall (T1)

Condensed
water
0.68 m
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3.2

MISTRA

MISTRA is a stainless steel vessel with 99.5 m3 in volume, 7.3 m in height and 4.25 m in diameter. Three
independent condensers are inserted inside the containment close to the external walls. A lower centred
injection is concerned in these ISP-47 tests. Figure 2 shows the main characteristics of the facility and the
location of the measurements in the so-called highly instrumented half plane (gas temperature, gas
concentration, Laser Doppler anemometry). The test sequence is divided into 4 successive phases with two
steady-state conditions:
•
•
•
•

A process phase in order to heat-up the external containment and the condensers.
Phase A steady-state involving air/steam mixture.
A transient addition of helium to the main steam flow (~10 g/s of helium during half an hour).
Phase B steady-state with air/steam/helium mixture.
Figure 2. MISTRA geometry
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6921
UPPER CONDENSER

FLANGE: Thickness 110
Viewing Window 6559
180 < clearance < 200

5496.5
5410.5

55 < clearance < 73
Thickness 15

5376

1897
Viewing Window 4341
MIDDLE CONDENSER
3961
3766
2125

3592
3506
3428
3472
3233

Viewing Window 1988
LOWER CONDENSER

1663
1468

1285

1285

1130

1208
Gutter

940

Thickness 25
0 internal

3.3

ThAI

ThAI is a cylindrical steel vessel with 60 m³ in volume, 9.2 m in height and 3.2 m in diameter. Internal
structures are an inner cylinder of 1.4 m in diameter and 4 m in height, and a horizontal separation plate
with vent flow openings. Figure 3 shows the geometry, the injection positions, and the measurement
transducer positions that were used for comparison of measured and calculated data.
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The experimental transient covers the following actions:
Table 2. ThAI test sequence
Phase

Time (s)

Activity

0 - 2700

Vertical helium jet injection.

II

2 700 - 4 700

Vertical steam jet injection at the upper injection nozzle.

III

4 700 - 5 700

Horizontal steam plume injection at the lower injection nozzle.

IV

5 700 - 7 700

No injection, passive cool-down of the facility.

I

Figure 3. ThAI geometry
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4. ADDRESSED PHENOMENA AND QUALITY OF THE EXPERIMENTS

The ISP-47 exercise has been organized by using the three different facilities TOSQAN (IRSN-France),
MISTRA (CEA-France) and ThAI (Becker Technologies-Germany). Such choice was motivated by the
necessity of having different length scales to cover the main phenomena involved in containment thermalhydraulics, and different ranges of thermal hydraulic complexity. A huge experimental work (Table 3) was
performed to provide high quality experiments for code benchmarking.
Table 3. Tests performed for the ISP-47 exercise
Facility

Number of tests performed regarding ISP-47

TOSQAN

Phase A (Air/Steam steady-states): 31 performed / 22 used
Phase B (Air/Steam/Helium steady-state condition): 14

MISTRA

Phase A (Air/Steam steady-state conditions): 10
Phase B (Air/Steam/Helium steady-state condition): 6

ThAI

2 performed, 1 used*

*)

The ThAI ISP experiment was selected from the German national ThAI Phase 2 research project, sponsored
by the German Federal Ministry of Economy and Labour, BMWA. From the two tests on condensate
distribution dynamics TH12 and TH13, the latter was offered as contribution to ISP-47.

The experimental strategy in TOSQAN and MISTRA differs from that applied in ThAI. In ThAI, all data
are measured in one transient test; repeatability was checked by running the experiment twice, all relevant
phenomena were reproduced. In TOSQAN and MISTRA the test is repeated many times, with stationary
periods of different duration, in order to obtain sufficient time for different measurements. Synthesis of
data from repeated tests leads to a very high information density, which is especially valuable for CFD
model validation; the approach requires a careful control of the test repeatability conditions. In the
MISTRA results, two tests series have been delivered (2002 and 2004 data). The reason for such
presentation of the MISTRA results is due to the presence of a leakage in the injection main seal identified
in 2003. This leakage affects the injection velocity profile with a small dissymmetry that tends to deflect
the jet and probably add some turbulence at the injection. Reproducibility has been checked in each series
with at least 4 tests. The ThAI test strategy and instrumentation results in comparatively lower spatial
resolution e.g. in respect to flow velocity measurements, but it focuses on more complex physical
interactions. This is another aspect of complementarities, contributing to enhance the value of the common
data base for containment code validation.
According to the EURSAFE [16] Phenomena Identification and Ranking Tables (PIRT) and the OECD stateof-the-art report on containment thermal hydraulics [15], some still uncertain phenomena in containment
thermal hydraulics had been identified. The current ISP-47 was launched to address these open questions, and
Table 4 summarizes these points and tries to identify how each new experiment has addressed these key
points. Complementarities of the three experimental facilities can again be demonstrated from this table.
Other TOSQAN, MISTRA and ThAI tests, in which these major phenomena are addressed, are described
briefly in Appendix 1.
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The second point is the quality of these new experiments. It has been pointed out in the OECD SOAR on
containment thermal-hydraulics [15] that past experiments suffered from suitable 3D measurements in
order to validate CFD codes. How has this gap been filled or partially filled by the present ISP-47
experimental facilities? The answer to this question is given in Table 5.
The last item is the control of boundary conditions. Open questions regarding past and present ISPs are
often related to uncertainties in experimental initial and boundary conditions. So, it is very important to
check how, in the present experiments, the initial and boundary conditions have been controlled (Table 6).
Table 4. Addressed phenomena (M: MISTRA, To: TOSQAN, Th: ThAI)
Addressed
in the ISP47 ?
Jet release of
M, To: jet release of
steam/hydrogen steam and mixture of
steam/helium
Th: jet release of He,
jet release of steam

Available measurements
Reproduc- Phenomena addressed in
regarding the Phenomena
tibility
another test of the facility?
To: checked M: M4 off-centered injection,
To: Steam steady-state conditions
radial profiles of: 2D velocities (x3), turbulence (x3), gas M: checked M5 Diff. Wall temperatures,
Th: TH12 M6 Compartments
concentration (x6), gas temperature (x3)
To: 1,2,3
M: 1 radial velocity and turbulence profile and axial
Th: TH12, TH7
profiles of gas temperature and gas concentration
Th: radial velocity profile of helium jet
Plume release of M: no, To: Yes
To: First steam transient state
To: checked To: 6,7,8,9b
steam/hydrogen Th: steam plume from a time evolution of: 2D velocities (x3), gas concentration
Th: TH12 M: helium plume in MH1 and
horizontal nozzle
MH2 tests
(x8)
To: Steam steady-state conditions
Th: TH12
radial profiles of: 2D velocity (x3), turbulence (x3), gas
concentration (x6), gas temperature (x3)
To: Helium transient state
- 2D velocity (x4), 2D map velocity (x2), gas concentration
(x2)
To Helium steady-state condition
- gas temperature (x3), 2D velocity (x3), turbulence (x3)
Entrainment
M, To, Th: entrainment To: Steam steady-state conditions
M: checked M: M1, M2, M3, M4, M5
by Jet/Plume
radial profiles of :
To: checked To: 1,2,3,6,7,8,9b
- 2D velocity (x1), gas concentration (x1), gas temperature Th: TH12 Th: TH12
(x1), 2D map velocity (x1)
To: Helium transient state
- 2D velocity (x1), 2D map velocity (x1), gas concentration
(x1)
To: Helium steady-state condition
gas temperature (x1), 2D map velocity (x1)
M: 2D map of gas concentration and temperature at
steady-state conditions
Th: radial velocity profile of helium jet
Thermal
M, To: no real
To, M: gas temperature, transient behavior and
Th: TH12 To: 9b, M: tests with hot
stratification
stratification during
stratification during helium phase
To: checked upper and/or middle
steady-state conditions Th: gas temperature, partial steam pressure (dew point)
condensers (TA, M1 or M5
To: stratification during
tests)
helium transient
Th: TH12, TH2, TH7, TH10
Th: Build-up and
dissolution of a
temperature and steam
content stratification
Gas
To, M: transient
To: transient stratification during helium phase
M: checked M: MH1 or MH2 tests and
stratification
behavior
M: evolution of helium concentration in the vessel lower To: checked effect of spray and natural
Th: stratification of
head
Th: TH12 convection on this gas
He concentration
Th: helium concentration
concentration
Th: TH12, TH10, TH7
Wall
To, M: along the
To: integral mass flow rate, velocity profiles near the
M: checked M: M1, M2, M3, M4, M5,
condensation
condensing wall at
condensing wall
To: checked M6.
steady-state conditions M: 3 integral mass flow rates (1 per condenser
Th: TH12 To: 1,2,3,6,7,8,9b
To, M: transient effect Th: condensate mass from defined wall areas, wall
Th: all TH tests
of helium addition
temperature
Th: wall heat-up by
steam condensation
dependent on height
Phenomena
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Table 4. Addressed phenomena (M: MISTRA, To: TOSQAN, Th: ThAI) (Cont’d)
Phenomena
Natural
circulation

Turbulent
diffusion
Bulk
condensation
Pressurisation

Addressed
in the ISP47 ?
To: along the
condensing wall and
under plume situations
M: along the two lower
condensers
Th: upwards in inner
cylinder, downwards in
annulus (however:
residual He-rich layer in
upper dome area)
M, To: due to jet release

Available measurements
regarding the Phenomena
To: First steam transient state,
time evolution of: 2D map velocity (2x)
To: Steam steady-state conditions: 2D map velocity (x2),
radial (x6) and vertical (x4) gas temperature profiles
To: Helium transient state
- 2D map velocity (2D) (x2)
To: Helium steady sate - 2D map velocity (2D) (x2), radial
(x6) and vertical (x4) gas temperature profiles
M: gas concentration and temperature profiles
Th: LDV, vane wheels, He concentration
To: Radial turbulence profiles (x3)
M: 1 radial r.m.s velocity profile

Th: fog formation

Th: FASP (spectral absorption photometer)

To, M and Th

To, M and Th: pressure

Reproduc- Phenomena addressed in
tibility
another test of the facility?
M: checked M: M5, M6
To: checked To: 6,7,8,9b
Th: TH12 Th: TH12, TH7, TH5, TH4

M: checked
To: checked
Th: TH12
Th: TH12 Th: TH12, TH7
To, M:
checked
Th: TH12

To: 1,2,3,6,7,8,9b

Table 5. Performed measurements (M: MISTRA, To: TOSQAN, Th: ThAI)
Measurement

Technique

Uncertainty*

Reproductibility

To: 0.1 bar
M: <1.5%
Th: < 15 mbar

To:, M and Th:
Checked at each
test

Gas temperature To, M and Th:
profiles
Thermocouples

To: +/- 1 C°
M: 1°C
Th: ± 0.3 K

To, M and Th:
Checked at each
test

Gas
concentration
profiles

To: +/- 1 Vol% To: Check more
than 4 times

Gas pressure

To, M and Th:
Pressure sensor

To: Raman

Steam

Steam
To and M
Mass
spectrometry

To: 2.5 Vol%
M: about 1
vol%

Helium To: 1 Vol%

Velocity and
turbulence
profiles

Helium Th: ± 0.2 vol%
Th:
Continuous
sampling,
heat
conductivity
sensors
Th: DewSteam Th: ± 0.5 K
point sensors
(± 3.1 mbar
partial pressure
at 50 °C)
To and M LDV
To: 0.5% to 2%
Th: LDV, vane wheels

Near- wall
To: PIV
velocity profiles

To: 2%

Transient
Comments
(response time)
To: Yes
To: Yes
M: Yes
M: Yes
Th: 2 sensors, backed up Th: 1 s
by barometer and highprecision manometer
To: 42 points (horizontal To: Yes
rods at 6 heights)
M: Yes
M: 2D maps
Th: 6s in
Th: 68 points
stagnant air
To: Radial profiles
To: Local time helium and steam
at 4 heights
evolution
concentrations
at 4 heights
Steady-state

M: Check more
than 3 times

To: 54 sampling points
M: 54 sampling points

M: Check more
than 3 times

To: 54 sampling points
M: 54 sampling points

Th: In-situ check Th: 8 sampling points
immediately
before and after
the test
Th: Checked

Th: 3 sensors

To: Check 3 times To: Radial profiles (x4)
M: at least 3
M: 1 radial profile for
profiles in one test Phase A
Th: Radial profiles in He
jet and across inner
cylinder
To: Check 3 times To: Profiles at 2 heights
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To: Local time
evolution at 3
positions
M: 8 positions
To: Local time
evolution at 3
positions
M: 8 positions
Th: 200 s

Th: 200 s

To: 2 points
(Uz, Uq and I)
Th: 1 LDV,
3 vane wheels
To: 1 field
at 27 times
To: 1 field
at 14 times

M: presence of
fog/mist close to the
condenser during
Phase B prevents
LDV measurements
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Table 5. Performed measurements (M: MISTRA, To: TOSQAN, Th: ThAI) (Cont’d)
Measurement
Near-wall
temperature
profiles
Condensation
mass flow rates
Wall
temperature

To and Th:
Thermocouples

Th: ± 0.3 K

To and M Mass
flowmeter
Th: level in condensate
collector
To, M and Th:
Thermocouples

To: 3 to 10%
M: 3 to 10%
Th: ± 2 mm

To and M
Checked at each
test

To: Yes
M: 6 integral values
Th: 4 collectors

Transient
Comments
(response time)
To: 30 points
near the walls
Th: 8 points
To: yes
Th: collector level
M: yes
gradient yields
condensate rate
Th: yes

To: 1°C
M: 1°C
Th: ± 0.3 K

To, M and Th:
Checked at each
test

To: Yes
M: yes
Th: 67 points

To: yes
M: yes
Th: 1 s

Technique

Uncertainty*

Reproductibility

Fog
concentration

Steady-state

Th: UR light extinction To: Not
To: no
Th: 1 sensor
Th: yes
(FASP)
observed
M:
experimentally
observed but not
measured
Fog droplet size Th: Spectral light
Th: 1 sensor
Th: yes
extinction (FASP)
(*) means maximum of measurement accuracy and reproductibility errors; reproductibility error not applicable for ThAI

To: Fixed value given
to the participants
M. heat losses
provided
To: Visual
verification (fog at
the injection was
avoided by
superheating the
injection line)

Table 6. Control of initial and boundary conditions (M: MISTRA, To: TOSQAN, Th: ThAI)
Value
Injection Mass flow rate

Injection Temperature

Steam

Comments
M: superheated steam without droplets
To: close to saturation steam without droplets/fog,
superheated steam in the injection pipe using a thermal
resistance covering the injection line + observation of the
injection through a window
Th:, Commercial steam dryer (x≥98%) upstream of throttling
valve, float-type flowmeter for steam

Helium
Helium +
steam tracer

M: 3.5%, To:1%
Th: ± 1.6 %FR (He)

Steam

M: 1 to 2%, To: +/-1°C

Helium

M and To: transient
behaviour during mixture
injection,
Th: ±0.3 K
M: 2002 tests series: no flat
velocity profile due to
leakage; 2004 tests series:
flat velocity profile
To: 1 to 5% LDV
M: 2% on the initial air
mass
Th: total pressure ±2 mbar;
dew point ± 1.5 K
M: +/- 0.8°C
To: +/-1°C

Velocity and turbulence profile at the
injection level

Initial composition of the atmosphere

Controlled temperature of condensing walls

Mass balance

Uncertainty*
M: 3%, To:15%
Th: ± 1.6 %FR

Th: float-type flowmeter for He, integral check with initial
and final He bottle pressure. Portion of steam tracer
determined from injection temperature

M: between 7 and less than
1% of the injected mass
flow rate
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M: helium injection line was not preheated during most of the
tests
M: leakages have been identified and circumvented for the
2004 tests series

To: dry air circulating through the TOSQAN vessel the night
before the test
Th: air of “natural” humidity (ca. 70%)
M: very uniform wall temperature
To: for the condensing wall, analytically estimated value
given to the participants, since the wall thermocouples were
probably measuring a mean value between the surface wall
temperature and a temperature in the gas boundary layer
Th: no wall temperature control, but good thermal insulation
M: mass balance has been improved for the 2004 tests series
To: cannot be checked rigorously because of lack of precision
on the injection mass-flow-rate; indication for correct mass
balance were the constant pressure level during steady-state
condition and observation of spurious condensation
Th: water mass balance used to estimate condensate film
thickness, see Step 2 comparison reports [12,13]
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Table 6. Control of initial and boundary conditions (M: MISTRA, To: TOSQAN, Th: ThAI) (Cont’d)
Value
Spurious condensation

Uncertainty*
M: measured

Energy balance

M: 5% of the injected
power are not recovered
(convective heat transfer)
M: about 13% of the
injected mass flow rate is
condensed behind the
condensers and on the
facility bottom

Heat losses
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Comments
M: spurious condensation related to heat losses
To: not observed in the successful ISP-47 tests
Th: not applicable
To: not checked, all the walls are kept on a constant
temperature using a fluid circulating inside the walls
To: not checked rigorously, estimated negligible;
Th: very small, because of good insulation and low
temperatures
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5. SUMMARY OF THE PARTICIPANTS’ MODELLING

Most of the institutions in the OECD member countries, and computer codes involved in containment
thermal-hydraulics analysis participated in this ISP (Tables 7 and 8). Twenty-two calculations have been
performed on the TOSQAN test ISP-47 Step 1. Thirteen participants have performed calculations using 8
lumped parameter codes and 9 participants have used 7 CFD codes (5 in-house and 2 commercial). The
participant FS has only contributed to Phase A, and the participant O has contributed using CONTAIN to
Phase A and using CFX to Phase B. Twenty calculations have been performed on the MISTRA exercise
with almost the same codes as for the TOSQAN exercise. The participant R has only provided results for
the Phase A steady-state condition.
Table 7. ISP-47 Step 1 participants (O: Open, B: Blind)
TOSQAN
Organisation

Country

Code

Category

A-AECL

Canada
Czech
Republic
France
France
France

GOTHIC 6.1bp2

B-UJV
C-IRSN
D-IRSN
E-IRSN
FC-Becker
Technologies
FS-Becker
Technologies

Germany
Germany

MISTRA
Phase
Phase
A
B
B
B

STD1,2,3

STD4

CFD

O

O

MELCOR 1.8.5

LP

O

O

B

B

TONUS V2002.2
ASTEC V0.4
TONUS V2002.2
COCOSYS
2.0V1

LP
LP
CFD

O
O
O

O
O
O

B
B

B
B

LP

O

O

Star-CD 3.150A

CFD

O

CFD

O

O

B

B

LP
LP
LP
CFD
CFD
LP

O
O
O
O
O
O

O
O

B
B
B
B
B

B
B
B
B
B

B-LP

B-LP

B
B
B
B
B
O
B
O-LP
and
CFD
8 CFD
13 LP

B

GASFLOW II
V2.2.4.2,
V2.2.4.23
COCOSYS V2.0
ASTEC V1.0
FUMO Vdev
DEFINE Vdev
CFX 4.4
MELCOR 1.8.5

G-FZK

Germany

H-GRS
I-VEIKI
K-Univ. of PISA
L-NUPEC
M-NRG
N-NSIRAS

Germany
Hungary
Italy
Japan
Netherlands
Russia

O-IJS

Slovenia

CONTAIN 2.0
CFX 4.3

LP
CFD

O-LP

Q-STUDSVIK
R-PSI
S-NAI
T-LEI
U1-IPPE
U2-IPPE
V-GRS

Sweden
Switzerland
USA
Lithuania
Russia
Russia
Germany

MELCOR 1.8.5
CFX 4.3
GOTHIC 7.2dev
COCOSYS V2.0
KUPOL-M 1.10
KUPOL-3D 0.1
ASTEC V1.0

LP
CFD
LP, CFD
LP
LP
CFD
LP

O
O
O
O
O
O
O

O-LP
and
CFD
O
O
O
O
O
O
O

W-CEA

France

TONUS V2003.D

LP, CFD
9 CFD
14 LP

9 CFD
13 LP

11 CFD
15 LP

Total number of contributions
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O
O

B
B
B
B
B
O-LP
and
CFD
7 CFD
13 LP
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Table 8. ISP-47 Step 2 participants

1)
2)
3)

Organisation

Country

Code

AECL
FZK
GRS
GRS
GRS
IJS
IJS
IPPE
IPPE
IRSN
IRSN
IRSN
JNES
LEI
NAI
NRG
RUB
Studsvik
UJV
Univ. of Pisa
VEIKI

Canada
Germany
Germany
Germany
Germany
Slovenia
Slovenia
Russia
Russia
France
France
France
Japan
Lithuania
U.S.A
Netherlands
Germany
Sweden
Czech Rep.
Italy
Hungary

GOTHIC 6.1b
GASFLOW 2.2
CFX 5.7
ASTEC 1.1
COCOSYS 2.1v2/4
CFX 4.4
CONTAIN 2.0
KUPOL-M 1.10
KUPOL 3-D
TONUS 2004.2
ASTEC 1.0/1.1
TONUS 2004.2
DEFINE
COCOSYS 2.1v3
GOTHIC 7.2
CFX 4.4
COCOSYS 2.1v2
MELCOR 1.8.5
MELCOR 1.8.5
FUMO
GASFLOW 2.1.3

Category

Blind
Phases I-IV
All
All
Phase I
All
All

Calculations
Open I-II,
Blind III-IV

Open
I-IV

CFD
CFD
All
All
CFD
All1)
All
LP
All
2
LP
All
)
CFD
Phases I-II
Phases I-III
LP
All
LP
All
All
All
CFD
Phase I
CFD
Phase I
LP
All
All
LP
All
All
CFD
Phase I
All
LP
All
All
3
CFD
All
All
)
CFD
All
All
LP
All
All
LP
All
All
LP
All
LP
All
All
All
CFD
All
9 CFD
6 CFD
6 CFD
5 CFD
Total number of contributions
11 LP
10 LP
9 LP
2 LP
Only two plots of results for open I-II, blind III-IV calculation were submitted for the CFX calculation by GRS.
GRS provided a detailed analysis of the injection piping using COCOSYS.
NAI contributed plotted GOTHIC results of several parametric calculations.

For Step 1, according to the lumped parameter approach 4 participants have performed calculations using
only one compartment to simulate the TOSQAN facility and 9 have used a multi-compartment
nodalisation. For the CFD codes, 8 participants have performed calculations in a 2D approach and only
2 participants have used a 3D description of the experiment. Regarding the MISTRA exercise, only two
participants have used a single node to model the facility and most of the LP contributions use between 10
and 50 compartments. CFD calculations are performed in a 2D approach with 3 types of grid (coarse: 300400 nodes, medium: ~3 000 nodes and fine: ~6 000 nodes). Only two participants have used a 3D approach
to confirm the 2D results. For Step 2, lumped parameter models used zone numbers between 4 and 75,
while CFD mesh numbers ranged from 1 470 to 105 664.
Physical models implemented in the codes are related to the gas in terms of state equations (perfect or real
gases), turbulence models and condensation models. Different approaches are implemented in the codes:
global correlation (GC) such as Tagami-Uchida, or heat and mass transfer analogy (HMT) such as ChiltonColburn, and wall functions (WF). The implemented models involved in Step 1 are given in Table 9. Major
differences in the codes exist in respect to the generation, transport, and removal of fog droplets, as well as
in the transport of wall condensate. Injection jet entrainment is simulated numerically by the CFD models,
while some lumped parameter models were enhanced by user-specified jet entrainment simulation features.
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Table 9. Physical modelling of Step 1 participants
Participant

A-AECL

Real gas

B-UJV
C-IRSN
D-IRSN

Real gas
Real gas
Real gas

Condensation model
Max of Uchida and Gido-Koestel
correlation (GC and HMT)
Surface film model (HMT)
Chilton-Colburn
Stefan’s Law (HMT)

E-IRSN

Perfect gas

Chilton-Coburn (HMT)

Mixing length scale
model

Real gas

Homogeneous Equilibrium Model (WF)

k-ε model

Real gas

Stefan’s Law (HMT)

Real gas
Real gas
Real gas

Stefan’s Law (HMT)
Stefan’s Law (HMT)

Real gas

-

L-NUPEC

Real gas

Nusselt theory + deterioration factor
(HMT)

k-ε model

M-NRG

Perfect gas

Stefan’s Law (HMT)

k-ε model and k-ε model
(low Reynolds number)

N-NSIRAS
O-IJS
Q-STUDSVIK
R-PSI
S-NAI
T-LEI
U1-IPPE
U2-IPPE
V-GRS

Real gas
Real gas
Perfect gas
Real gas
Perfect gas
Real gas
Real gas
Real gas
Real gas
Real Gases (LP) and
Perfect Gases (CFD)

Film tracking
Film Flow
HMT

FC-Becker
Technologies
FS-Becker
Technologies
G-FZK
H-GRS
I-VEIKI
K-Univ. of
PISA

W-CEA

State Equation

Turbulence model

k-ε model

k-ε model

Gido-Koestel correlation (HMT)
HMT
Stefan’s Law (HMT)
HMT
Stefan’s Law (HMT)

k-ε model
k-ε model

Chilton Colburn (HMT)

Mixing length (CFD)

Special experience of individual participants from previous simulations of MISTRA or ThAI tests may
have been relevant to obtain good results in the present ISP-47. Such activities before the start of ISP-47
were e.g. the international MICOCO benchmark on a MISTRA test, and the German national benchmark
on ThAI experiment TH7. In order to reduce the bias effects of related privileged knowledge of some
participants, results of a previous, simpler thermal-hydraulic ThAI test (TH1) were distributed in advance
as an opportunity for all ISP-47 participants to gather some facility-specific experience. Another bias
reduction was obtained by the three-tiered organisation of Step 2.
An important feature of all participating CFD models is the spatial resolution of the injection nozzles and
jets. Table 10 summarises the related information.
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Table 10. Geometric characteristics of test facilities and nodalisations
Experiment

Diameter
of injection nozzle (mm)

Nozzle distance
to next side wall (mm)

Range of radial model
node sizes (mm)

TOSQAN

41

730

2.5 - 20.5

MISTRA

200

2 025

15 - 81.7

ThAI, helium injection

28.5

450

28.5 - 280

ThAI, upper steam injection

44.3

450

44.3 - 280

720

44.3 - 280

ThAI, lower steam injection

138

In the Step 1 (TOSQAN and MISTRA) cases, most CFD meshes are fine enough to have a radial resolution
of the injection nozzle by more than 1 node. Such mesh refinement is facilitated by the use of 2-dimensional
model geometry. It allows simulating a velocity profile over the injection boundary surface. The mesh is fine
enough to resolve radially also the expanding jet profiles.
On the contrary, ThAI in Step 2 cannot be approximated using a 2-dimensional mesh, but requires a
3-dimensional model. The larger effort of the 3-dimensional representation guides most participants to
select a coarser mesh, where the injection cell size is equal or larger than the injection nozzle diameter (an
exception is the CFX model of GRS which has a higher local resolution). Such approach leads to
considerable numerical dispersion of the jet profiles. This is the major reason why nodalisation effects are
more visible in Step 2 as compared to Step 1. If this injection zone is relevant for the addressed
phenomena, mesh refinement close to the injection is needed and a better characterisation of the injection
conditions for instance velocity profiles and turbulence parameters should be provided. Turbulence
parameters have not been specified for any of the three ISP-47 experiments. This however does not explain
the wide scatter of calculated turbulent kinetic energy, see chapter 7.1.7. Another observation from
Table 10 is the indication that the discretisation of the free space between the vertical injection nozzles and
the next side walls is finer in the Step 1 models, which allows to have less numerical disturbance in the
simulated global velocity distributions. The smaller time step associated with a smaller spatial mesh size
can be accommodated easier in a 2-dimensional than in a 3-dimensional model because of the computing
effort involved.
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6. PHENOMENOLOGY

As explained before, the main objective of the ISP-47 is to assess the actual capabilities of CFD and LP codes in
the area of containment thermal-hydraulics. Therefore, an assessment of the thermal-hydraulic phenomena that
took place in the ISP-47 experiments has to be made first, before the assessment of the code capabilities with
respect to the prediction of these phenomena can be made (see Table 3 for an overall overview for the
phenomena addressed in the ISP-47 exercise). To illustrate the discussions, we focus on the phenomenology
of the TOSQAN condensation experiment (which is also partly valid for the MISTRA test), and on the
ThAI experiment with special emphasis on test phase III.
6.1

Phenomenology of TOSQAN and MISTRA tests

For steady-state condition, i.e. quite homogeneous conditions, the phenomenology of TOSQAN and
MISTRA is mostly the same, whereas for the transient helium phase, i.e. for stratified conditions, differences
between the facilities cause different behaviour. The position of the helium injection is 2 m above the bottom
in TOSQAN, and the condensation zone is only above this injection, providing two distinct flow regions in
the vessel. In MISTRA, the helium injection is situated 1.3 m above the bottom of the facility. Comparing the
regions below the injection position to the total height of the facilities, that one of MISTRA is much smaller
than that one of TOSQAN. In addition MISTRA has the so called dead volume behind the condensers, and
the walls below the injection are cold, while they are warm in TOSQAN. As a result, the helium injection
leads to a gradual concentration rise under mixed conditions in MISTRA, whereas in TOSQAN a sharp
stratification interface is obtained (Figure 4), which is broken at a later time In order to understand the reason
leading to the mixing inside the TOSQAN vessel, it is necessary to understand the competition between the
phenomena governing the different characteristic zones. The phenomena are demonstrated by means of CFD
simulations (TONUS-3D) of so-called “virtual tests”.
Figure 4. Transient phenomena in TOSQAN and MISTRA during the helium injection
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helium concentration Che
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6.1.1 Influence of wall condensation in TOSQAN
Two cases are simulated (Figure 5) using the same injection (densimetric) Froude number (jet conditions,
Fr=265), the same boundary conditions for wall temperatures, and the same flow modelling, but one
having condensation on walls, the other one without condensation on wall: Test V1 is a steam injection in
air with wall condensation and test V2 is a helium injection in air without any steam and without wall
condensation. V1 is similar to the steady-state condition No. 2 of the TOSQAN ISP test, whereas V2 is a
completely “virtual” test, not performed in TOSQAN.
The densimetric Froude number is defined as usually for variable density effects in turbulent jets:

Fr =

(ρ ∞

ρ 0 u 02
− ρ 0 ) g 2 r0

where u0 is the injection velocity, g the gravitational acceleration, ρ0 the density of the injected fluid, ρ∞ the
density of the ambient atmosphere, and r0 the injection nozzle radius.
For the V1 test, results are considered under steady-state conditions; for the V2 test, results are taken at a time
for which the Froude number is the same as in the V1 test. In the V1 calculation, a downward flow near the
cold wall is induced by density differences due to condensation, whereas in the V2 test, the flow near the wall
is induced only by the forced convection from the injection. In V2, the flow is totally re-entrained by the
entrainment of the jet, leading to no exchange with the lower vessel part. As a result, a two-layered stratified
concentration field is obtained in V2. On the contrary, for the V1 test, the parietal flow is enhanced by the
condensation process and produces a mixing with the lower part of the vessel, and the steam concentration is
quite homogeneous.
Figure 5. Steam concentration during test V1
with condensation on walls (left), and helium concentration
during test V2 at same Froude number, without condensation (right)
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Velocity
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Helium
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6.1.2 Influence of wall temperatures in TOSQAN
The lower hot walls in TOSQAN can produce a free convective flow directed upwards, in competition with
the downward flow from the condensation process. The effect of the wall temperature difference is
investigated by calculating a virtual test V3 similar to V1, but having a larger wall temperature difference
(Figure 6). It is observed that the stopping flow position near the wall is shifted slightly upward in V3
because of the stronger buoyancy along the hot wall part. However, the overall impact of the wall
temperature difference is not big.
Figure 6. Steam concentration (a) and velocity field (b)
for test V1 (left) and V3 (right)
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6.1.3 Synthesis of the flow description in TOSQAN
From the results presented above, a general description of the main phenomena occurring in TOSQAN is
presented in Figure 7.
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Figure 7. Schematic view of the zones corresponding to the main phenomena occurring during airsteam condensation tests (temperature field)
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The relevant effects are thus:
•
•
•
•
•
6.2

Global condensation and pressure level.
Jet profile.
Wall profile.
Homogeneous atmosphere: temperature level.
Stratification below injection.
Phenomenology of the ThAI test

6.2.1 Overview of the test phases
Phase I
The upper helium injection leads to a stratified atmosphere with an upper helium-rich zone and a lower
zone with very low helium content. At the end of phase I, a helium concentration gradient is established
between the vertical elevations z = 4.6 m and z = 6.7 m. The concentration levels, the gas distribution, and
the location of the stratification layer are determined by the convective transport processes, the injection
location and direction, and the jet entrainment. The injection is a momentum dominated buoyant vertical
jet. The test vessel is pressurized by the gas injection.
Phase II
During phase II the upper steam injection quickly leads to mixed conditions above the z = 5.4 m elevation.
The lower edge of the helium cloud sinks during phase II and gradually covers the sensor at elevation
4.6 m. The concentration levels of steam and helium, the spatial distributions, and the location of the
stratification layer are determined by the convective transport processes, the injection location and
direction, and the jet entrainment. The injection is a momentum dominated buoyant vertical jet.
Pressurization of the vessel is affected by steam injection and steam condensation. Heat transfer to the
walls leads to wall heat-up and storage of thermal energy in the walls. Condensate water runs down the
walls; fog droplets are generated in the atmosphere.
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Phase III
During this phase with lower steam injection, an upward moving transition layer between the upper light
atmospheric region and the lower heavier atmospheric region is observed. The injection is a slow
horizontal steam jet bending upward to develop a buoyant plume. Two-phase steam-water condensation
and transport phenomena similar to phase II are observed. A more detailed discussion of the phenomena in
phase III was motivated by the simulation problems that were observed in this phase. This discussion is
presented below.
Phase IV
After shutting off the steam injection, the atmospheric stratification stays until the end of the experiment.
Heat is partly transferred back from the walls to the atmosphere.
6.2.2 Detailed description of phase III
A more detailed description of phase III is given here, which was found to be a very interesting phase
concerning several phenomena representative for typical conditions of a hypothetic accident. The
experimental helium concentration measurements are shown in Figure 8. The experimental sensor names
indicate the vessel part of the sensor location (D = upper dome, A = annulus, C = inner cylinder, B = lower
plenum) and the sensor elevation (87 = 8.7 m etc.).
Figure 8. Helium concentration measurements in the ThAI experiment
Helium Volume Fractions
0.35

Volume Fraction (-)

0.30

DCH87
DCH77

0.25

DCH67
ACH57

0.20

CCH54
0.15

ACH46
ACH31

0.10

BCH17
phases

0.05
0.00
0

1000

2000

3000

4000

5000

6000

7000

Time (s)

At the end of phase I, a helium concentration gradient is established between the vertical elevations z = 4.6 m
and z = 6.7 m. During phase II the upper steam injection quickly leads to mixed conditions above the z =
5.4 m elevation. The lower edge of the helium cloud sinks during phase II and gradually covers the sensor at
elevation 4.6 m.
At 4 700 s, the start of phase III, there is a strong gas stratification in the vessel, the helium concentrations
are 22% in the upper and 2% in the lower part of the facility. The transition from the high to the low
concentrations is somewhere between the elevations of 5.4 m and 3.1 m, the transducer at 4.6 m is at the
upper edge of this transition region (Figure 8).
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1. Immediately after the start of the lower steam injection at 4700 s, the concentration at 4.6 m decreases
rapidly, while the measurement data at 3.1 m and 1.7 m increase. This is only possible because the
atmosphere is mixed by convection.
2. In the following the concentrations at 5.4 m, 5.7 m and 6.7 m decrease successively, indicating an
erosion of the stratification.
3. While the helium concentrations in the upper part decrease, those in the lower part increase. This
means helium is transported downwards.
4. The decrease of the helium concentrations from the high to the low value takes a certain time: at 6.7 m
it takes 420 s (5 640 s – 5 220 s), at 5.7 m 300 s (5 160 s – 4 860 s). This shows that there is a
transition layer between the regions of high and low helium concentration.
5. The thickness of that upward moving transition layer can be estimated. At 5 160 s the helium
concentration at 5.7 m has decreased to the low value (7.5%), which means that the transition region
has passed this elevation. 60 s later the concentration at 6.7 m starts to decrease, indicating the arrival
of the transition region. This shows that the thickness of this region is somewhat less than 1 m.
6. At 5 050 s an atmosphere flow starts at the upper outlet of the inner cylinder at the elevation 6.2 m. A
short time afterwards (5 220 s) the helium concentration at 6.7 m starts to decrease.
During phase IV the erosion of the upper light gas region is no longer progressing, and the level z = 7.7 m
remains in the light gas cloud.
Important interactions related to the atmospheric stratification are interpreted as follows. As schematically
indicated in Figure 9, the lower injected steam rises as a buoyant plume. The plume entrains the
surrounding air/helium/steam-gas of the lower cell during its rise. The experimental observations show that
this plume does not break through the transition zone between the regions of high and low helium
concentration. Instead, it penetrates into the transition zone until it reaches an elevation with the same
density as the plume density itself. The gases of the plume that reach this point will from then on be
transported mainly horizontally, and the transition zone is continuously fed with gas from the plume. This
gas has a relatively low concentration of helium. In the transition zone it is mixed with the gas that has a
higher concentration of helium.
When it reaches the colder walls part of the steam condenses and the mixture flows downward. The fact
that mixing occurs is proven by the experimental helium concentrations.
This mixing is caused by the turbulence in the transition zone, because molecular mixing is a very slow
process, and its contribution is negligible for turbulent flow situations. Therefore, molecular mixing is not
discussed further here. The driving mechanism for the turbulent mixing in the transition zone is the transport
by the turbulent eddies which are transported from the bulk of the upper and lower regions, or are formed by
shear flow between the stratified layers in the transition zone. The damping mechanism for this turbulent
mixing consists of the buoyancy forces. Namely, in a stably stratified flow situation, the turbulent eddies have
to transport a relatively heavy fluid parcel from a lower layer into an upper layer of the transition zone, and a
relatively light fluid parcel from the upper cell into the lower cell. For this situation, turbulence is damped,
and therewith the turbulent mixing. So, the turbulent mixing at the interface is determined by a competition of
these driving and damping mechanisms. The resulting net turbulent mixing causes a smearing and weakening
of the gas density stratification in the transition zone. This is observed experimentally, because the transition
zone is not very sharp, but it stretches over a height of almost one meter.
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Figure 9. Schematic representation of the phenomena occurring in ThAI phase III
(rhoH1: density of the heavy mixture, rhoL2: density of the light injected gas,
rhoL1: density of the light mixture layer)
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6.2.3 Plume trace during phase III
Figure 9 is only schematic and does not show the actual location of the rising steam plume in the test
vessel. This is done in Figure 10 by marking (in yellow) the temperature signals that are higher than
temperatures measured at similar locations outside the plume. It can be seen that the major part of the
plume enters the inner cylinder and a small part rises in the annulus near the wall of the inner cylinder.
During the first 350 s of phase III (4 700 to 5 050 s) the plume does not reach the outlet of the inner
cylinder at the elevation of 6.2 m. It does not break through the transition zone between the regions of high
and low helium concentration, which is located below 6.2 m during this time span. A part of the steam
content of the plume condenses on the cold wall of the inner cylinder resulting in a downward flow along
the wall inside the inner cylinder. At 5050 s the velocity sensors (Figure 10) show the start of the flow at
the outlet (6.2 m) of the inner cylinder.
The steam condensation at the inner cylinder wall is high because most of its steel mass of about 1 400 kg
is cold at the start of phase III. This was evaluated from the COCGRS2 calculation, which gives a
condensation rate of 10 g/s at both sides of the inner cylinder wall (about one third of the injected steam).
During the first part of phase III a counter-current flow at the entrance (2.2 m) of the inner cylinder is
simulated. This is a phenomenon similar to observations at chimneys in hot summer; due to the low density
at the upper part of the chimney the combustions gas and smoke do not flow through but come back out at
the entrance.
A different interpretation for the stratification being stable is tried to find based on parametric calculation
studies, see [28].
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Figure 10. ThAI ISP-47 experiment phase III. Indicated in yellow:
thermocouples showing higher temperatures than other sensors
at the same elevation and vane wheels showing an upward flow (from 5 050 s on)
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7. OVERALL ASSESSEMENT OF ISP-47 RESULTS

7.1

Step 1 (TOSQAN-MISTRA)

The analysis of the code-experiment comparison can be done under several headers that are analysed
hereafter. For each header, two points are developed:
•
•

Summary of the main results.
Potential reason if the code-experiment comparison has failed.

7.1.1 Global thermal-hydraulic behaviour during a steady-state condition
Concerning the global thermal-hydraulic behaviour during a steady-state condition, i.e. level of total
pressure (Figures 11 and 12), level of temperatures and level of concentrations, it can be said that the codes
are able to reproduce with a quite good level of accuracy the mean total pressure during a steady-state
condition. In the MISTRA blind exercise, scattering of the results can go up to +/- 10% and larger
deviations have been explained by so-called “user” effect (selection of correlations). These conclusions on
the global thermal-hydraulic behaviour during a steady-state condition are valid for air-steam mixtures and
air-steam-helium mixtures.
Figure 11. Relative difference between calculated and measured pressure,
for TOSQAN Helium steady-state condition
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Figure 12. Comparison of calculated and measured pressure, for MISTRA
(axes are total pressure in bar, the two groups correspond
to the two phases A and B and the straight lines indicate 10% deviation)

Phase B

Phase A

7.1.2 Local analysis of the variables in the injection zone during a steady-state condition
The local analysis of the variables in the injection zone during a steady-state condition is performed on
several horizontal profiles in the jet region and one vertical profile on the jet axis. The results show that,
for a plume-jet configuration (TOSQAN, steady-state conditions Nos. 1, 3 and 4), all codes calculate very
different momentum behaviour (Figure 13), whereas the temperature differences are relatively small due to
the well-mixed state of the atmosphere. For a jet configuration (TOSQAN, steady-state condition No. 2
and MISTRA Phase A and B), codes and experiments are in better agreement in the open exercise and
deviations are larger in the blind exercise. For the latter, insufficient grid convergence and/or turbulence
modelling may be the reason.
The calculation of a plume or a jet-plume is thus not well established. Reasons for that could be the
modelling of turbulence in such configuration (buoyant jet), since the empirical constants of the turbulence
models are generally given for jet configurations. As a further step, it should be noticed that the
characterization of the injection region is important for the gas distribution and for the flow patterns. These
considerations on the local analysis of the variables in the injection zone during a steady-state condition are
applicable for air-steam and air-steam-helium mixtures.
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Figure 13. Vertical velocity profiles on symmetry axis
at TOSQAN helium steady-state condition, CFD codes
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7.1.3 Local analysis of the variables in the region near the walls during the steady-state condition
In the region near the walls, under steady-state conditions, the shape of the experimental radial velocity
profiles in TOSQAN is not always well reproduced by the CFD codes (Figure 14). The TOSQAN ISP-47
results constitute a first step to thermal and dynamical boundary layer measurements. It can be concluded
that near the walls flow calculations can be successful only if a higher level of modelling is included in the
code. Some CFD codes are able to reproduce these boundary layers. These considerations on the flow near
the wall during a steady-state condition are relevant under air-steam and air-steam-helium mixtures.
Figure 14. Vertical velocity radial profiles at the lower part of the condensing zone
near the wall, during TOSQAN steady-state condition No. 4, CFD codes
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7.1.4 Thermal and gas density stratifications under steady-state condition
Concerning thermal and gas density stratifications under steady-state conditions, LP and CFD codes
generally well compute the stratification (Figure 15) in the TOSQAN open exercise although the flow
velocities calculated for the plume and near the wall often differ from the experiment. Regarding the
MISTRA blind exercise (Figure 16), deviations are larger and three LP predictions failed completely. The
remaining ones approached the quality of the CFD predictions, and deviations of code predictions were
generally coupled to deviations in calculated superheating.
Since the steady-state conditions in TOSQAN are relatively homogeneous and the number of
thermocouples in the gas quite high, the code-experiment accuracy in terms of mean gas temperature can
be evaluated, and is found to be not very accurate (if the differences are considered regarding to the small
thermal gradient). However, this should have no important impact on safety considerations. Reasons for
these different levels could be the ways how superheating is considered in the global heat and mass transfer
modelling.
Levels of concentrations are generally good even if the number of measurement points do not allow the
comparison between mean values. Furthermore, it should also be emphasized that the concentration
gradients are not very high in the TOSQAN and the MISTRA tests, and considering the experimental
uncertainty, these results are not relevant for high atmospheric gas density stratification situations.
These considerations on thermal and gas density stratification under steady-state condition are valid under
air-steam or air-steam-helium mixtures.
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Figure 15. Temperature vertical profiles on the injection axis, during TOSQAN helium steady-state
condition, LP codes (upper graph) and CFD codes (lower graph)
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Figure 16. Temperature vertical profiles along a half radius, during MISTRA Phase A,
LP codes (upper graph) and CFD codes (lower graph)

7.1.5 Wall condensation distribution under steady-state and transient conditions
Considering wall condensation distribution under steady-states conditions, it can be said that the MISTRA
tests provide relevant data under air/steam and air/steam/helium mixtures (Figure 17). Accurate modelling
of the injection jet is needed to match the vertical condensation distribution. Experimentally, modifications
of the injection conditions (due to unexpected leakages) have shown a strong influence on the vertical
distributions of steam condensation (temperature and gas composition of the mixture flowing to the upper
condenser). Predictions by the codes show failure of the models and the transient effect of helium addition
is also really not reproduced (Figure 18 to Figure 21). Many reasons may be pointed out, from numerics
(effect of grid size) to physics (turbulence model, wall condensation model in the case of impinging flow
and local superheating – Figure 22 and Figure 23) and the present exercise has not provided conclusions.
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So, further investigations are needed, and dedicated and more detailed code improvement around these
experimental conditions is recommended.
Figure 17. Condensation distribution along the three MISTRA condensers.
Codes-experiment relative difference (axes are percentage of the total condensed mass flow rate
represented by each condenser for the two phases A and B, the two straight lines represent 10%
deviation and only the 2004 tests series is reported because it exactly corresponds to the boundary
conditions of the benchmark exercise – injection with a flat velocity profile)

Figure 18. Condensation mass flow-rate on the lower condenser
(Qcond(t)-Qcond-Phase A), MISTRA 2002 data, helium phase
(time zero corresponds to the beginning of helium addition). LP codes
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Figure 19. Condensation mass flow-rate on the lower condenser
(Qcond(t)-Qcond-Phase A), MISTRA 2002 data, helium phase
(time zero corresponds to the beginning of helium addition). CFD codes

Figure 20. Condensation mass flow-rate on the upper condenser
(Qcond(t)-Qcond-Phase A), MISTRA 2002 data, helium phase
(time zero corresponds to the beginning of helium addition). LP codes
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Figure 21. Condensation mass flow-rate on the upper condenser
(Qcond(t)-Qcond-Phase A), MISTRA 2002 data, helium phase
(time zero corresponds to the beginning of helium addition). CFD codes

Figure 22. Superheating vertical profiles close to the condenser,
MISTRA helium phase. LP codes
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Figure 23. Superheating vertical profiles close to the condenser,
MISTRA helium phase. CFD codes

7.1.6 Transient phases, gas density stratifications
Considering transient phases, thermal and gas density stratifications are clearly identified in the TOSQAN
and MISTRA tests. It should be emphasized that the analysis of the transient phase has only been done on
the air-steam-helium phase (TOSQAN and MISTRA), and that the transient air-steam phase has not been
studied.
Concerning the transient behaviour, it can be seen that some of the major transient phenomena are not always
reproduced by the models (Figure 24 to Figure 26) and if so, the kinetics or the levels of the concerned
variables are not the same in the calculations and in the experiments. Some multi-dimensional codes
(2 contributions) reproduce the kinetics of the transient stratification whereas most Lumped-Parameter codes
reach the final level. The same conclusions can be drawn for the MISTRA tests, where relevant gradients of
gas temperature and concentration are mainly located in the lower head of the vessel, poorly instrumented
and also poorly modelled.
CFD codes should improve their capability of such transient stratified flows. Reasons for the wrong
behaviour of some CFD contributions in such configurations are probably coming from momentum and
diffusion transport: if velocities and turbulent diffusion are not well calculated, such transient behaviour
involving the competition between different phenomena (natural or weakly forced convection) cannot be
calculated with a good accuracy. Turbulence modelling is probably the main reason for that. Thermal and
gas density stratification has been only a small feature in the TOSQAN and MISTRA tests, therefore most
of the participants did not take much effort modelling it. Stratification is specifically addressed in the
step 2 (ThAI) exercise.
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Figure 24. Helium concentration time evolution at the lower part of the vessel,
TOSQAN transient helium injection, CFD codes
Ch_z1_r12_q14
40
TOSQAN
35
Helium concentration (%)

A
30

G

25

L

20

L(3D)

15

M
R

10

S
5
U2
0
-500

0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500
Time (s)

Figure 25. Helium concentration time evolution, at the lower part of the vessel,
TOSQAN transient helium injection, LP codes
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Figure 26. Gas temperature time evolution, at the lower part of the vessel on a half radius,
TOSQAN transient helium injection, CFD (up) and LP (down) codes
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7.1.7 Turbulence variables
Turbulence variables have been compared on a poor level (1 curve for steady-state condition No. 4 in
TOSQAN, see Figure 27, and 1 radial profile for MISTRA Phase A). Since turbulence is involved in
stratification/mixing phenomena, characterization of turbulence should be performed with more accuracy.
These considerations on turbulence variables are valid under air-steam or air-steam-helium mixtures.
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A further step in code qualification by such distribution experiments concerning the turbulence variables is
recommended. On the numerical side, the grid convergence of CFD codes should be checked in future
analyses in order to distinguish the turbulent diffusion from the numerical one.
Figure 27. Time evolution of the turbulent kinetic energy during helium injection
(0-600 s) up to steady-state condition 4, on TOSQAN axis, above the injection, CFD codes
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7.2

Step 2 (ThAI)

The ThAI experiment which was selected as basis of this ISP exercise offers a platform to assess both LP
and CFD models. The phenomena are reactor relevant. Similar tests in the ThAI research program (see
Appendix 2) have shown that stratification phenomena measured under prototypical scale (HDR) are well
reproduced in this reduced-scale facility.
During Step 1 of ISP-47, problems with steam condensation modelling, coarse meshes, and numerical
effort of the CFD models did not show up clearly. The essential differences between Step 1
(TOSQAN/MISTRA) and Step 2 (ThAI) are the increase in geometric complexity and the transient system
behaviour. Both of these features are relevant for real reactor scenario calculation, and they impose much
higher challenges to the simulation models in general.
7.2.1 Selected data comparisons
The following figures show selected results from the comparisons of measured and calculated data. The
individual model calculations are identified by a 7-character string, where the first three characters indicate
the code used, the next three characters indicate the institution or company of the code user, and the last
character refers to the kind of blind or open simulation (1 = fully blind calculation, 2 = open phases I-II
followed by blind phases III-IV, 3 = fully open calculation).
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The blind pressure predictions (Figure 28) show some deviations that are caused by insufficient
representation of the stratification and deviations in the steam condensation. Model improvements lead to
smaller deviations in the open calculations of phases I-II (Figure 29), but in the same calculation,
deviations during the blind phases III-IV are even larger.
For the set of completely blind calculations, the helium stratification during phases I, II and up to the mid
of phase III was predicted by four out of ten submitted LP contributions (see Figure 33 and Figure 35),
helium concentrations in the upper and lower plenum). During the remaining part of the experiment, only
ASTGRS1 and COCGRS1 were successful (see also Figure 30). This was achieved using a nodalisation
with enough detail in vertical direction together with the plume and jet simulation according Section 8.3.7
and A.1.3. Five out of six CFD contributions show a good blind prediction of phase I (Figure 34 and
Figure 36), but only three CFD calculations have been carried out for the entire experiment. One of them
predicted the helium stratification in phase II, but none during phases III and IV (Figure 34).
For the second set of calculations, the experimental results of phases I and II were open. All contributions
except two LP models simulated with different qualities a stratification during these phases, but again only
the GRS contributions show good predictions for the remaining blind phases of the experiment (Figure 37
to Figure 40).
In the open post analyses, the models FUMUPI3 and GASFZK3 approximated the stratification
(Figure 32), the latter by using an artificial extension of the lower steam injection source.
Blind predictions of the condensate mass in the upper gutter show large uncertainties (Figure 41); the
mechanistic condensate flow model of GOTHIC approximates the measured data best. The helium injection
jet velocity profiles predicted blindly by the CFD models (Figure 42) show substantial scattering. In this
figure, the measured data are close to the analytical model of a free jet, which forms the basis of advanced LP
model simulations. Blind predictions of fog droplet concentration (Figure 43) were done by only a few
participants. The COCGRS results in this figure are affected by a model error; after correction this curve
comes closer to the COCLEE curve.
Many more relevant details are given in the three comparison reports related to ISP-47 Step 2 (ThAI)
simulations [12,13,14].
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Figure 28. Blind ThAI predictions, pressure transients
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Figure 29. Open/blind ThAI predictions, pressure transients
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Figure 30. Blind ThAI predictions, vertical helium concentration profiles in phase III

H8: Helium concentration near vessel axis at 5600 s
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Figure 31. Open/blind ThAI predictions, vertical helium concentration profiles in phase III

H8: Helium concentration near vessel axis at 5600 s
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Figure 32. Open ThAI predictions, vertical helium concentration profiles in phase III
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Figure 33. Blind ThAI LP predictions, helium concentrations in upper plenum at 7.7 m
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Figure 34. Blind ThAI CFD predictions, helium concentrations in upper plenum at 7.7 m
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Figure 35. Blind ThAI LP predictions, helium concentrations in lower plenum at 1.7 m
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Figure 36. Blind ThAI CFD predictions, helium concentrations in lower plenum at 1.7 m
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Figure 37. Open/blind ThAI LP predictions, helium concentrations in upper plenum at 7.7 m
H1: Helium concentration in upper plenum
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Figure 38. Open/blind ThAI CFD predictions, helium concentrations in upper plenum at 7.7 m
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Figure 39. Open/blind ThAI LP predictions, helium concentrations in lower plenum at 1.7 m
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Figure 40. Open/blind ThAI CFD predictions, helium concentrations in lower plenum at 1.7 m
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Figure 41. Blind ThAI predictions, water condensate mass in the upper gutter

M6: Water mass collected from upper plenum gutter
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Figure 42. Blind ThAI predictions, helium jet profiles in phase I

W6a: Vertical velocity at LDA position (6.3 m) at 2600 s
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Figure 43. Blind ThAI predictions, fog droplet density in the upper plenum
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7.2.2 Injection boundary conditions
The thermodynamic conditions of the steam injection are well known. It consists of steam with a minor
amount of droplets, which is almost no difference to saturated steam as specified in [11] for the computer
calculations. Only during the start of phase III a condensate mass of 0.4 kg enters the vessel. As the GRS
post calculation with COCOSYS shows, this has only a negligible influence on results of the calculation.
This is also confirmed by FZK post test calculations with GASFLOW that use the GRS estimated
condensate mass and by GOTHIC parameter studies.
The turbulence source at the horizontal injection position is unspecified. It should be characterized more
clearly by experimental data or by means of a detailed model simulation. The lower injection with the wide
horizontal buoyant steam jet presents a difficulty for the analysis with the current CFD codes. LP models
cannot simulate the jet and its momentum, corresponding data have to be provided by user input, see
Section 8.3.7 and A.1.3.
7.2.3 Overall prediction quality
Table 11 to Table 13 give an overview of the simulation quality obtained by the individual models, related
to some key phenomena of the experiment. The quality assessment refers to the comparison of simulated
and measured data. The symbol ++ indicates that the phenomenon is simulated quite well. The symbol +
means that the phenomenon is approximated qualitatively. No entry means that the model failed to predict
the phenomenon or that the participant did not provide data.
Table 11. Quality of simulated phenomena, fully blind calculations
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++

++
+

+

++

+
+
++
++

+

Condensate distribution

+

Temperature
Stratification

++

All
Helium stratification

+
++

Onset of convection

+
+
++
++

Helium stratification

++
++
++
++

Fog density

++
+
++
++

IV

Temperature
Stratification

ASTEC, GRS
ASTEC, IRSN
COCOSYS, GRS
COCOSYS, LEE
COCOSYS, LEI
CONTAIN, IJS
FUMO, Univ. Pisa
KUPOL-M, IPPE
MELCOR, Studsvik
TONUS-0D, IRSN
CFD CFX, GRS
DEFINE, JNES
GASFLOW, FZK
GOTHIC 6.1b, AECL
GOTHIC 7.2, NAI
TONUS-3D, IRSN*)

III

Helium stratification

LP

II

Temperature
Stratification

Code, Participant

I
Helium stratification
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+
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+
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+
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+
+
++
++
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++

(not simulated)
(not simulated)
+
+
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++
++
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++
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(not simulated)

The TONUS-3D calculation was started before opening the test results, but results were submitted afterwards.
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Table 12. Quality of simulated phenomena, open-blind calculations
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Table 13. Quality of simulated phenomena, open calculations
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Wall condensation model modified
++
++
++
+
+
(not simulated)
Factor on wall condensation reduced; bulk condensation added
++
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7.2.4 Velocity distributions
The velocity distributions simulated by the CFD models are very heterogeneous. Especially, the flow fields
in the upper and the lower plenum of the test facility do not show consistent patterns. The way CFD
models are used to simulate this experiment did not lead to the quality of calculated flow fields which are
expected from their principal capabilities. Some reasons are given in the last paragraph of chapter 5.
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8. CONCLUSIONS OF ISP-47

All of the ISP-47 tests performed in the TOSQAN, MISTRA and ThAI facilities were performed
successfully. Thus a firm experimental basis for code validation and assessment is present. The conclusions
from the comparison of calculated and measured data are detailed in the following.
8.1

Conclusions of Step 1

8.1.1 TOSQAN exercise
The first step of the ISP has pointed out that, in the TOSQAN open exercise, the model predictions fit with
a generally good accuracy the experimental results obtained during condensation steady-state conditions.
Lumped parameter codes with multi compartment nodalisation and CFD models are able to predict vertical
and radial profiles for temperatures and steam concentration satisfactorily in comparison to the experimental
results of TOSQAN. The advantage of the CFD models shows up in the simulation of velocity profiles
(vertical or radial velocity components), resulting in a better prediction of the vertical temperature profile
along the injection axis especially under high injection rates.
The analysis of the low steam injection steady-state condition No. 4 after air and helium addition shows that
the results are quite similar as for the low steam injection steady-state conditions 1 and 3 before helium
addition.
Concerning the levels of calculated variables during the steady-state condition No. 4, it can be said that the
pressure and the steam concentrations are generally well reproduced by the model calculations. The
calculated gas temperatures generally deviate more than the experimental errors. Furthermore, it should be
emphasized, considering the experimental uncertainty, this test is not relevant for high gas density
stratification situations.
In the injection region under steady-state condition No. 2 (jet conditions, densimetric Froude number of
265, see Froude number definition in section 6.1), the comparison between calculations and experiment is
generally good.
The injection flow under steady-state condition No. 1 is in a transition regime as shown by the Froude
number (densimetric Froude number of 2), but the experimental results, compared to the literature [27], show
that this injection flow is rather a jet. However, it is seen that the flow conditions in the transition regime are
not well reproduced by the calculations. Furthermore, all models are not consistent among each other because
they calculate different momentum behaviours.
In the region near the walls, under steady-state conditions, the shape of the experimental radial velocity
profile is qualitatively well reproduced by most CFD models, and the order of magnitude of the downward
velocity close to the wall is generally well reproduced. It can be concluded that near-wall flow velocity
profiles can be obtained only if more sophisticated modelling is applied. These TOSQAN results constitute a
first step to thermal and dynamical wall boundary layer measurements for more sophisticated modelling in
CFD codes. It is seen that some CFD models are able to reproduce qualitatively these wall boundary layers.
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Concerning the transient behaviour, it can be seen that some of the major transient phenomena are not always
reproduced by the models and if so, the kinetic or the levels of the concerned variables are not the same in the
calculations and in the experiment. Some multi-dimensional models reproduce the kinetics of the transient
stratification whereas most Lumped-Parameter models only reach the final level of concentration.
A last comment should be made on turbulence variables: they have been compared only during helium
injection and steady-state condition No. 4. Future model qualification of such gas distribution experiments
should address turbulence variables more intensively.
8.1.2 MISTRA exercise
First of all, the MISTRA experimental results provide specific data on the following phenomena:
•

•
•

Interaction between injection and wall condensation: modifications in the injection (suppression of
leakage) change the condensation distribution along the condensers for the two steady-state
conditions.
Saturation behaviour: helium addition modifies the saturation profile along the 3 condensers.
Transient effect of helium addition on the wall condensation.

Gas concentration stratification occurs in the lower part of the facility where only a few measurement points
are available. Also less attention has been paid by the benchmark participants (LP and CFD models) to this
region, and it is not possible to conclude on predictive capabilities of models regarding gas concentration
stratification by using only MISTRA results. In the TOSQAN helium phase, this phenomenon is also
addressed, while thermal and gas stratification is investigated in a more detailed way in ThAI.
From the blind benchmark exercise, it can be concluded that LP models give reasonable results if the
nodalisation is sufficient to capture the main findings of the flow pattern. Missing user experience can lead
to large deviations from experimental values (wrong flow patterns and large pressure overestimation). LP
models usually incorporate fog modelling, and this is an important point for the Phase B steady-state
conditions in order to avoid subcooled conditions.
Regarding CFD contributions, some capabilities have been demonstrated, and experienced users of codes
such as GOTHIC or GASFLOW for example provide valuable contributions. Nevertheless some open
questions remain such as:
•
•

Simulation of a rising jet with a coarse grid or using an algebraic turbulence model.
Impact of the wall thermal boundary conditions instead of computing the thermal behaviour of the
steel vessel wall.

Implementation of a condensation model in a commercial CFD code has been performed by some
contributors, but the calculated pressure and temperature data show some notable differences when compared
to Phase A results, such that additional development and validation work will be needed. At the time of the
MISTRA exercise, only few CFD codes had implemented bulk condensation models; additional
improvement and also validation work is needed in this field.
The distribution of the condensation flow along the three condensers is matched by none of the participants
for the two steady-state conditions and also not for the transient phase. Differences between measured and
calculated data increase for the Phase B results as compared to those of Phase A. Experimental data show
that this distribution is affected by the steady-state steam injection conditions and the transient helium
addition. Due to interacting phenomena, analysis and explanation of the condensation distribution are
difficult, and some post-test calculations or simplified analytical test case studies (flow impingement for
example) may be interesting to enhance the current knowledge.
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Mean values such as total pressure are quite well predicted by all the participants.
Some computations reproduce well the gas temperature profiles, others however obtain large deviations
mainly due to an overprediction of the superheating. While the experimental superheating in phase B is
close to 0 Kelvin, several models obtain values of 5 to 10 Kelvin or more. This has only a small effect on
the calculated helium concentrations which are generally well predicted, as the atmosphere in the facility is
mixed and only a small concentration gradient exists. The experimental concentration is about 30%.
Several models produce deviations of less than 1%, others less than 2%.
8.2

Conclusions of Step 2: ThAI exercise

Major improvements of predictions were achieved by several participants when moving from the first to
the second set of calculations, mainly by refinement of the nodalisation and more systematic treatment of
the injection jet entrainment. In particular, the atmospheric stratifications during phases I and II were better
approximated by several LP models.
Most contributions underestimated the atmospheric stratification in phase II.
The very challenging conditions leading to maintain the stratification in phase III were in most cases not
met, neither by CFD nor LP contributions.
Almost complete failure results from using LP models with too coarse nodalisation. Nodalisation rules for
LP codes exist, but they are not complete and not always applied.
Detailed inspection of heat transfer coefficients, flow resistance, flow patterns and turbulence modelling
show that these phenomena are modelled with widely different results.
The completeness and robustness of physical sub-models in most CFD simulation codes must be further
improved in order to achieve more accurate results. Existing nodalisation rules for CFD codes in
containment thermal hydraulics are not always applied.
The large computational effort of the CFD models did not result in a corresponding improvement of
prediction quality.
Large differences among the participating codes show up in the ranges of simulated physical phenomena.
Especially, the models for the behaviour of condensate water range from condensate elimination to
mechanistic two-phase simulation. The mechanistic treatment of wall condensate flow (GOTHIC) is
superior to the user-specified drainage logic.
Summarizing the results of blind and open-blind simulations, it can be concluded that for this test the results
delivered by the CFD models are not generally better than the LP ones. This finding is unexpected and should
be discussed a bit further. The simulation of the injection jets is the special feature where CFD models should
give better solutions because they provide a numerical approximation, taking into account all relevant
influence effects. Public literature has many references of successful and accurate numerical jet simulation;
also during Step 1 of ISP-47 the capabilities of CFD models to simulate free jets were shown. In the present
ThAI test, during phase I there should be no disturbances by more difficult interactions (steam condensation
etc.), so the helium injection jet could have been simulated reasonably by the CFD models. However, the
actual CFD model results show large difference in jet profiles and stream-traces during phase I. The solutions
are highly dependent upon the mesh sizes and aspect ratios; they do not present grid converged results.
Despite this fact the helium stratification is well predicted in phase I. On the other hand, the numerical
approximation of analytical jet solutions together with LP models leads to atmospheric distributions of the
same quality, if a suitable vertical mesh resolution is used.
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The simplest case of a vertical jet can well be treated by analytical solutions. The horizontal buoyant jet in
phase III is more difficult. The different modelling approaches result in large differences in the simulated
buoyant steam plume behaviour.
The atmospheric stratification during phases III and IV is different from those observed during the earlier
phases. During phases I and II, the injection jets are located inside the upper light gas cloud. Certain
stratification may be simulated by any model, just by using a mass source at an upper location, without
putting more emphasis on simulating jet details. During phase III, the upper light gas cloud is more
independent of the steam injection at the lower nozzle. In fact, it shows some resistance against the
tendency of the injected steam to break up the stratification. All CFD models break up the stratification in
phase III, indicating a possible common overprediction of the relative buoyancy in this phase.
The reason why COCOSYS (GRS) and ASTEC (GRS) were able to predict blindly the upper plenum
helium stratification during phases III-IV, but none of the other LP or CFD models, is related to
nodalisation and entrainment simulation.
Present results demonstrate that the much higher numerical effort of the field models does not result in a
substantial enhancement of prediction quality, as compared to the (better) LP models. Mesh refinement did
not always lead to better results for CFD models as well as LP models.
Following the discussions of the final ISP-47 meeting the ThAI test will be repeated with a higher
measurement density in order to obtain more quantitative knowledge about the relevant phenomena. In
addition the critical phase III will be prolonged in time.
8.3

Outcome of the detailed analysis of ISP-47 results

Prior to the ISP-47 exercise, some open questions still existed regarding the containment thermalhydraulics and especially the phase of a severe accident scenario related to hydrogen release. These key
points have been considered as the basis of the ISP-47 objectives and now, after a three years process, the
achievements of the current exercise are reflected against the objectives of ISP-47 [1, 11] as follows.
8.3.1 To provide experimental data suitable for CFD/LP code benchmarking
The three experimental facilities TOSQAN, MISTRA and ThAI have provided experimental data of high
quality, suitable for CFD and LP code benchmarking in steady-state and transient conditions with wellknown and/or controlled initial and boundary conditions, using highly accurate measurement techniques.
Pressure transients and atmospheric temperature fields were studied as in former exercises. Furthermore,
detailed gas velocity and gas concentration (air, steam and helium) fields were obtained for the first time in
such an exercise. Numerous data on turbulence have been provided in the TOSQAN experiment but have
not really been used in the code benchmarking exercise.
8.3.2 Ability of LP codes to simulate flow pattern
The traditional understanding that LP models make use of coarse meshes, and LP model zones should
correspond to well separated rooms with solid walls, should be reconsidered. Some present LP codes are
able to generate stable solutions with several hundreds of nodes, and it is only the lack of handling tools
which restricts a more frequent use of higher node numbers. The extension of LP nodalisations to
subdivide free spaces works well in the present ISP-47 cases, although it is based on an incomplete
approximation of the momentum conservation equation: the advective and viscosity terms are omitted, and
the solution is numerically stabilized by adding fictitious wall friction forces. The findings from the present
ISP lead to the conclusion that atmospheric density stratifications can be simulated with such simplified
models. Turbulence is important in momentum-dominated cases, but stratification is generally associated
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with low (even laminar) velocities or stagnation. Although LP codes are not designed to simulate jet
profiles explicitly, they are able to predict atmospheric stratifications resulting from an injection of steam
or light gas in form of a jet.
8.3.3 “User effect” on LP or CFD simulation and need for particular guidelines
This important point has been raised several times during former ISP exercises and it has been also
outlined in the current ISP-47. For example, in the MISTRA blind simulation, a participant totally failed in
predicting the flow pattern due to the absence of specific nodalisation close to the injection. Another
contributor computed a largely overestimated total pressure due to “wrong” choice in the available heat
transfer correlations. Also, during the Step 2 exercise, Table 11 shows that some contributions (user +
code) fail to predict important phenomena (gas density stratifications) despite other contributions (same
code but different user) succeed. In case of GOTHIC, the newer version 7.2 gives a better approximation
of the temperature stratification than the older version 6.1b, thereby indicating the impact of code
development. According to the present ISP exercise (Step 1), this “user effect” seems to be less important
in CFD contributions probably because these contributions are provided by users close to the code
development teams. This finally means that if a computer code (LP, CFD) is used in the containment
thermal-hydraulic community, suitable code guidelines, user group support and training courses should be
supplied to the users to guarantee an acceptable level of confidence. Nodalisation rules have to be
developed in a general way. Guidelines should be followed strictly. This last point may be a challenging
issue regarding the experience from the present exercise.
8.3.4 Differences between “blind” and “open” calculations – prediction of phenomena
Blind predictions have shown larger discrepancies between calculated and experimental results than open
calculations, as it has been already shown in previous ISPs. For the blind calculations in ISP-47 (MISTRA,
ThAI) some information from previous experiments was made available to all the participants, in order to
reduce the impact of prior specific facility-related knowledge. Open calculations are more devoted for code
users and developers to investigate parametric calculations or better use of each code. Blind calculations
are more relevant for code validation.
8.3.5 Scaling effect
Scaling is an important and difficult task relevant to the reactor case. In the ISP-47, volumetric scaling is
addressed in the TOSQAN and MISTRA experiments by running similar test sequences (steady-state
conditions with same gaseous mixtures). Conservation of dimensionless numbers (Grashof, Richardson…)
is usually required in order to achieve similarity, but the test sequences in the three facilities have not been
designed to respect such criteria. Some contributors have tried to follow the proposed scaling criteria
according to the mesh density; a sensitivity of results relative to scaling was not observed.
8.3.6 Thermal hydraulic models in codes
LP codes have experienced many years of development and improvement in thermal hydraulics of steam and
non-condensable gases. On the other hand, only few CFD models include steam saturation, fog formation and
fog transport. Industrial CFD codes do not have models for steam condensation and evaporation as well as
the transport of condensed water on walls; therefore, they need to be upgraded by user coding.
Fog formation close to the condensing walls or near the saturated steam injection point has been observed
in this ISP. This has been extensively analysed, discussed and studied for the ThAI experiment, leading to
these points:
•

First, the thermodynamic conditions of the experimental steam injection should be well-known, as it
was fulfilled in all three ISP-47 tests.
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•
•

•
•

Fog formation should be simulated in the codes to avoid supersaturated states.
The influence of fog on the buoyancy forces and the resulting gas distributions was found, by
analytical investigation, to be negligible compared to the atmosphere entrainment of the ThAI phase
III buoyant plume.
The simulation of condensed water (fog, wall films, pools) is relevant to the simulation of relative
humidity and fission product transport.
Large differences in modelling detailed fog and water condensate phenomena exist between the
various codes, ranging from complete disregard to full mechanistic simulation of these phenomena.

8.3.7 Simulation of flow patterns close to the injection
For the jet-plume configuration in TOSQAN and MISTRA, all models calculate very different momentum
behaviour. For a vertical jet configuration, models and experiments are in better agreement in the open
exercise and deviations are larger in the blind exercise. For the latter, insufficient grid convergence and/or
turbulence modelling for CFD contributions may be the reason.
LP models do not resolve flow field details close to the injection. Due to the simplified momentum balance
equations, it is not possible to calculate momentum-dominated jet profiles. However, as demonstrated
within this ISP, it is possible to simulate momentum driven flows and the associated atmosphere
entrainment. For a jet an analytical expression was used [12]. A buoyant plume was simulated by nodes
approximating the form of the plume (this is also based on an analytical solution [12]).
As far as CFD is concerned, it can be concluded, from the open literature on free forced and buoyant jets,
that free jets can generally be accurately computed using CFD, provided that the numerical error is made
small. Within this ISP, significant differences between the computed and measured vertical jet profiles
have been observed. These differences could be partly attributed to the application of locally too coarse
meshes for correct jet representation, and partly to inadequate turbulence modelling. As a result, the
numerical error dominated the modelling error. As shown by one CFX-5 contribution within this ISP, local
mesh refinement can be used to avoid these numerical errors associated with jet modelling.
8.3.8 Gas concentration and thermal stratification
In this ISP, it is shown that LP models are able to simulate buoyancy driven flow. This includes positive
buoyant motions, caused e.g. by injections of light gases, steam, or thermal energy release by hot walls, as
well as negative buoyant motions, caused e.g. by wall cooling and condensation. Therefore they can well
predict the formation of a stratification caused by the injection of a light gas at a high elevation. This is
done by simulating (1) the convective flow induced by the light gas above the injection position and (2) the
stagnating conditions below. For this a nodalisation with enough detail in vertical direction is needed. With
the same mechanism also the break up of the stratification by a strong injection of a light gas at a low
elevation can be predicted. The successful LP codes simulate the “erosion” of the stratification from its
bottom in phase III of the ThAI experiment by a small buoyancy driven flow rising into the lowest node
layer of the upper region; this node layer can also be called “transition” region. This causes a gradual
density increase in these nodes. When their density has become close enough to that of the nodes below, a
strong convection flow mixes their atmosphere with the atmosphere of the lower region.
The gas density stratification involves low flow velocities with transition to mixed laminar/turbulent or
weakly turbulent flow conditions. In all CFD analyses, high Reynolds number turbulence models were
applied. These models have been developed for fully turbulent flows and over-predict the amount of
turbulence in weakly turbulent flows. Consequently, the CFD results showed a much more intense
turbulent mixing at the stratification front, and therewith a too rapid weakening of the stratification. Hence,
although CFD codes contain models of the driving mechanisms both for creating as well as for destroying
stratification, they predicted too fast the loss of stratification in phase III of the ThAI experiment.
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8.3.9 Implementation and pertinence of wall condensation models in codes
LP codes have experienced many years of development and improvement in modelling filmwise steam
condensation on walls by using global or heat and mass transfer analogy based correlations. A similar
situation is given for nuclear field codes like e.g. GOTHIC, TONUS-3D or GASFLOW. Implementation of
condensation models in industrial CFD codes is necessary through user-coding subroutines. Some
participants have performed this development during this exercise, if such models were not available from
their previous work. Application of empirical condensation heat and mass transfer correlations in a field
model seems sufficient for the present exercise (in contrast to wall function formulations), but one has to keep
in mind that characteristic length scales are implicitly introduced in these correlations that are not compatible
with grid convergence analysis. However, correlations for turbulent natural convection heat transfer along
vertical walls as well as wall function formulations show difficulties to accurately predict the condensation at
the upper condenser in the MISTRA exercise. Absence of a forced convection contribution may perhaps be
the reason for these discrepancies. Thus, the errors made in the condensation modelling originate primarily
from the applied wall treatment, i.e., the treatment that is used to compute the near wall velocity, temperature,
and concentration profiles.
The impact of the helium addition on the condensation distribution along the three condensers in the
MISTRA exercise is also not matched by most of the models. Reasons detailed above may be considered
to accept these deviations, but this point should be investigated to assure a certain level of prediction
accuracy in the reactor case.
8.3.10 Status of CFD codes compared to LP codes to simulate a 3D transient scenario
The well-known conceptual limitation of the lumped parameter model approach, resulting from an
incomplete set of momentum conservation equations, motivated spending considerable effort and
investment in the development of field models for containment thermal hydraulics. For good modelling
results, the following conditions are equally required for LP and CFD models:
•
•
•
•

Accurate simulation of injection jets and associated mixing processes.
Sufficient refinement of nodalisation to represent the expected distributions.
Elimination of numerical disturbances, e.g. by nodalisation in horizontal layers.
Adequate simulation of steam condensation and wall heat balances.

Some CFD models have shown capabilities to compute 3D transient scenarios, but sensitivity analysis
requires very long computational time that often limits the application of CFD as compared to the LP models.
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9. RECOMMENDATIONS FOR FURTHER IMPROVEMENT
OF CONTAINMENT THERMAL-HYDRAULIC ANALYSES

The ISP-47 has shown that some open issues exist in the modelling that need further development and
experimental validation. Recommendations for codes and experiments are developed in this section.
9.1

Recommendations for CFD

Further improvements of CFD for containment thermal-hydraulic analyses are recommended with respect
to condensation and stratification.
•

Condensation: the wall treatment
The wall treatment refers to the calculation of the near wall velocity, temperature, and concentration
profiles. The application of the so-called automatic wall treatment, which is valid for all y+ values, is
already a large improvement. However, the application of this wall treatment does still not guarantee
that the boundary layers are correctly represented, especially for fully natural convective boundary
layers, but also for mixed forced convective/natural convective boundary layers. The automatic wall
treatment could be further improved by for example the application of an automatic near wall mesh
refinement, for situations where it cannot be guaranteed that these boundary layers are correctly
modelled on the existing mesh. When Stefan’s law is used to calculate the condensation fluxes, correct
modelling of the boundary layers could be mandatory for correct prediction of wall condensation.

•

Condensation: the impinging jet
Concerning flow and heat transfer, the impinging jet has been widely used for turbulence modelling
validation. It is recommended to determine what improvement can be made for thermal-hydraulics,
especially in relation to mass transfer (i.e., condensation) modelling.

•

Condensation: correlation based modelling
Since for the next decades, plant applications for CFD simulations may rely on correlation based
condensation models, further work on this area needs to be performed (validation, improvement,
impinging jet, effect of non condensable gases, effect of stratification, …); an appropriate guide-lines
(mesh-size, …) should be derived.

•

Stratification: mixed laminar/turbulent or weakly turbulent flow
As explained, low Reynolds modifications for turbulence models are available, however, they
currently have to be used always together with full resolution of the boundary layers (i.e., y+ smaller
than 1). Therefore, the application of low Reynolds modifications is currently not practical. It is
proposed to implement these low Reynolds modifications also in a framework with the earlier
discussed automatic wall treatment.

•

Stratification: turbulence damping due to stratification
Sub-models for turbulence damping due to stratification have already been developed for standard
two-equation turbulence models. However, some controversy exists in the literature about the exact
model formulations. It is recommended to determine whether the existing formulations are adequate
for nuclear containment thermal-hydraulics.
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Furthermore, it is noted that more advanced three and four-equation turbulence models are presented
in the literature (see e.g. [22]), which are claimed to be superior to standard two-equation turbulence
models for complex buoyancy-driven flows. It is recommended to determine whether such more
advanced models are really required for nuclear containment thermal-hydraulics. A calibration with
simple benchmark tests for vertical or horizontal buoyant jets without wall effects and condensation
[25] could help. Detailed data and analyses on slow buoyant horizontal jets are available from the
OECD SETH project.
9.2

Recommendations for LP

Present user guidelines and nodalisation rules must be improved to a level which guarantees a good
simulation of existing experiments, and they must be applied.
The ISP-47 has demonstrated that the applied nodalisation has a major influence on the quality of the results.
Also the application of the mass source distribution to mimic a jet turned out to be an important issue.
Therefore, general Best Practice Guidelines should be developed, documented, and disseminated to guarantee
optimal quality of LP containment thermal-hydraulic analyses.
9.3

Recommendations for Combined LP/CFD Approach

It is evident that LP models are currently the main tools for general containment thermal-hydraulic
analysis. LP models will always require much less computing time than CFD, and thus are suitable for
parametric analysis and PSA level 2 studies.
However, LP codes have some inherent limitations due to the applied simplified flow model description.
These limitations can be overcome by an appropriate user modelling by taking into account the expected
relevant phenomena. This was demonstrated in ISP-47; the best predictions for Step 2 have been achieved
by two LP contributions. On the other hand however, the large scatter of LP results inclusive the worst
predictions showed the strong user influence.
Therefore, combined use of both LP codes and CFD is recommended, where LP act presently as the basic
tool for containment analyses, whereas CFD is used to compute:
•

A few selected accident scenarios which require more detailed analyses of the (local) phenomena that
occur.

•

A few selected critical accident scenarios which are difficult to analyse using LP codes due their
inherent limitations and to guide the LP code user in selecting the proper models and code parameters
for bridging these limitations.

However, the proposed approach requires further development of CFD codes as discussed above, until a
systematic qualification of CFD-codes (especially industrial ones) for simulating containment thermal
hydraulics is done. Such qualification has to include validation on experiments with reliable and dense
instrumentation including blind pre-test calculations and benchmarks with containment system codes.
These benchmarks could include for example mass and energy balances, interaction between atmosphere
and water (sump, pools)…
The overall objectives of the combined LP/CFD approach are to improve and guarantee the quality of the
containment thermal-hydraulic analyses, and therewith to reduce the safety margins. In this way, containment
thermal-hydraulic analysis will benefit from the best of both LP and CFD.
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9.4

Best practice guidelines and general considerations on codes

Present user guidelines and nodalisation rules for LP codes must be improved and applied to a level which
guarantees a good simulation of practical applications. This requires to start with existing experiments.
Present user guidelines and nodalisation rules for CFD codes must be expanded, and they must be applied.
E.g. the turbulence modelling in the CFD models was not according to best practice guidelines. The ISP-47
has demonstrated that it will not be practical to apply currently available general Best Practice Guidelines
(for example the ERCOFTAC [23] or ECORA BPG [24]) to containment thermal-hydraulic CFD analyses.
Therefore, it is recommended to develop specific BPG for containment thermal-hydraulic CFD analyses.
These BPG should include guidelines concerning jet modelling for containment thermal-hydraulics as well
as filmwise condensation. The applicability of these rules must be critically examined in respect to real
reactor conditions.
The experience gained with this exercise especially for lumped parameter codes leads to the
recommendation for a common international activity to elaborate general guidelines (with specific aspect
to nodalisation) for lumped parameter codes including specific requirements for user manuals.
Presently, nuclear field codes seem to be more suited for containment thermal-hydraulics simulation than
industrial CFD-codes. But it was shown by one participant that results from using an industrial CFD-code
is of the same quality as the ones obtained with nuclear field codes. This success is based on a considerable
effort for in house user coding over a long period of time. To investigate local and time specific processes,
CFD codes are needed, but for general reactor safety analyses, lumped parameter codes – e.g. successfully
used to simulate the ISP-47 tests – provide the experienced user with reliable information about pressure,
temperature distribution, general stratification behaviour, and order of magnitude of gas velocities in the
atmosphere.
9.5

Recommendations for further experiments

In the discussion of the ISP-47 results, the importance to investigate atmospheric stratifications, plume-jet
and wall condensation has been pointed out. The experimental database to simulate such phenomena has
been widely extended by ISP-47, but experimental data to some phenomena are still poor. In addition, code
modelling deficits have been identified. The codes should be improved based on the ISP47 data. Also, the
analysts should specify additional data needed for code improvement inclusive the details in geometry and
boundary conditions. Before running new experiments, the available ones should be analyzed in detail.
Open questions still remain for the following topics:
•

Dissolution of an atmospheric stratification: The resistance of an atmospheric stratification against its
dissolution depends on the density difference between the lower and upper regions. This density
difference could be varied in future experiments (see 7.1.4).

•

Plume and jet-plumes:
̶
Weak horizontal jet: The simulation of a weak horizontal jet changing into a buoyant plume seems
to be more sensitive in respect to stratifications. Future experiments concerning the impact of
horizontal jets on the stratification could be helpful.
̶
Injection in compartments: The experimental investigation should not be limited to gas injection
through pipes or nozzles, because in reactor application, the gas releases often occur in
compartments. Impinging plume/plume-jets on walls/compartments should be investigated.
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•

The impact of condensation induced flow, i.e. impact of density differences due to wall condensation
on the global flow-pattern should be investigated in more detail:
̶
Effect of helium on condensation induced flow: this has been measured in TOSQAN and
MISTRA, but only under one operating condition in each facility and some more points would be
necessary to extrapolate those data.
̶
Coupling condensation and complex flow patterns: Coupling condensation or dry heat transfer to
walls and complex flow patterns could be investigated in order to check the wall function
approach in CFD models that has been not well validated in TOSQAN.

A high level of measurements has been reached in this ISP-47. But the analysis of the data has shown that
in future experiments more emphasis should be put to following items:
• The gas density distribution and the transition region between two layers of high and low density –
more gas concentration measurements (see 7.1.6 and Phase III in ThAI*).
• The injection source and region (velocity, turbulence), especially for CFD calculations (see 7.1.2).
• The jet or the jet-plume development: The velocity distributions simulated by the CFD models are
heterogeneous. This could be related to the turbulence modelling. The turbulence variables should be
measured with a higher level.
• The penetration of a buoyant plume in the transition region rising from the lower region into the
transition region. Not enough measurements exist for the plume in the ThAI test*.
• The velocity and concentration profile close to the walls for the improvement of the law of the walls in
CFD codes (see 7.1.3).
As recommended on the final ISP-47 meeting, the ThAI test will be repeated with a higher measurement
density addressed above and marked by a star *, see also appendix 2.
Some second order recommendations for experiments have also been given during these discussions on
ISP-47:
• Spatial distribution of condensation: spatial distribution of condensation could be measured during
transients and steady-state conditions when it is needed for a better understanding of the gas
distribution (see 7.1.5).
• Fluid velocity and turbulence measurements in a saturated atmosphere with fog and droplets. The
impact of fog on turbulence is largely unknown and mostly neglected in the code models. Such
measurements, based on LDA techniques, are restricted by the limitations of the optical path lengths in
a foggy atmosphere. This may require use of other or development of new instrumentation.
• Fog concentration measurements at more positions.
• Heat flux measurements in a large scale facility to provide better accuracy in the energy balance.
9.6

Summary of recommendations

The high quality of the ISP-47 tests leads to the recommendation that all of these ISP tests should be
calculated in a proper way before using the code for the assessment of hydrogen distribution in plant
applications (mandatory validation). This is recommended for lumped parameter codes as well as for
nuclear and industrial CFD codes.
The experience gained with this exercise especially for lumped parameter codes leads to the
recommendation for a common international activity to elaborate general guidelines (with specific aspect
to nodalisation) for lumped parameter codes including specific requirements for user manuals. For CFD
codes, further improvements regarding the modelling of condensation, and the modelling of turbulence,
including the wall treatment related to these two issues, are recommended.
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The ISP-47 tests provide a good data base for further code development. However experimental data to
some phenomena are still poor. The analysts should specify data needed in addition.
At present, there is no proposal for a further containment thermal-hydraulics exercise on the table. This
may change after further investigations of the ISP-47 tests in future and after performance of the envisaged
ISP for hydrogen combustion. Main effort should be addressed to scaling to plant application. So a next
common international activity is suggested to perform a generic plant application exercise (analytical
benchmark) to study nodalisation effects, impact of steam and light gas injection etc. based on a generic
(probably simplified) PWR containment.
At present, nuclear field codes seem to be more suited for containment thermal-hydraulics simulation than
industrial CFD-codes. But it was shown by one participant that results from using an industrial CFD-code
is of the same quality as the ones obtained with nuclear field codes. This success is based on a considerable
effort for in-house user coding over a long period of time.
To investigate local and time specific processes, CFD codes are needed, but for general reactor safety
analyses lumped parameter codes – e.g. successfully used to simulate the ISP-47 tests – provide the
experienced user with reliable information about pressure, temperature distribution, general stratification
behaviour and order of magnitude of gas velocities in the atmosphere. For assessing the hydrogen safety
issue in a PWR containment, combined use of both LP codes and CFD is recommended.
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Appendix 1
DISCUSSION OF MODELLING ISSUES

The thermal-hydraulic phenomena and their effect on the light gas density stratification as shown in ThAI
Phase III, which can be due to species and/or temperature stratification, can be summarized as follows:
•

At some point in time, injection of steam starts in the lower cell. The density of the injected steam is
smaller than the initial density of the gas mixture in the lower cell. As a result, flow re-circulations
develop in the lower cell. The relevant driving mechanisms for the development of these flow recirculations in the lower cell are:
̶
The momentum of the injected jet.
̶
Buoyancy forces resulting from the density difference between the injected steam and the gas
mixture in the lower region.
̶
Condensation at the walls.
The effects of the presence of the thin condensate liquid film on the walls and the possible formation
of mist droplets on the flow re-circulations are judged to be of minor importance.

•

Upward movement of the stratification interface occurs while steam injection takes place in the lower
region. One driving mechanism for this upward movement of the stratification interface is the
shrinking of the upper cell. This shrinking is determined by the amount of injected mass in the lower
cell, the amount of condensation in the lower cell, the amount of condensation in the upper cell, and
the pressurization of the system.

•

The other driving mechanism is an erosion of the stratification from its bottom. Between the regions of
high and low density, a transition region with a thickness of somewhat less than 1 m exists. The plume
penetrates into the transition region, turns to the side and flows down along the cold wall, transporting
helium with it.

Given the discussion of the relevant thermal-hydraulic phenomena above, an evaluation of the modelling
capabilities concerning the major issues, as condensation, stratification and jet injection needs to be made
for both CFD and LP codes. This evaluation is based on all three tests, TOSQAN, MISTRA and ThAI.
A.1

LP Code capabilities

The capabilities of LP codes will be discussed with respect to the modelling condensation, stratification, and
jet injection. It is worth mentioning that LP models are not generally limited to be used with coarse meshes.
The capabilities to resolve local phenomena are subject to the spatial mesh resolution, as is common for any
model based on Eulerian meshes. Since wall boundary layers (including velocity profiles with local buoyancy
and condensation effects) cannot be resolved explicitly in an LP model, the node size facing the wall should
not be smaller than the wall boundary layer thickness. The wall boundary layer effects are taken into account
by means of appropriate wall exchange correlations for mass, momentum and energy.
A.1.1 Condensation
In LP codes, condensation is modelled using empirical correlations. Empirical correlations have been
obtained from specific experimental conditions. In general, these correlations can be implemented directly
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in the LP code. Only in case of forced convection, an uncertainty in the LP code implementation results
from the estimate of the bulk flow velocity. Based on overall indicators such as the measured system
pressure and total measured condensate masses, it can be concluded that the total condensation can be
predicted quite well using LP codes.
In LP condensation modelling, two methods are currently used: a) explicit condensation correlations like
e.g. Uchida and/or Tagami, b) condensation based on the heat and mass transfer analogy using heat transfer
correlations. Both methods have been validated extensively using many experiments, including large scale
tests like HDR. The ISP-47 results show that all LP models calculate similar heat transfer coefficients with
a spread of 30% (the MELSTU exception is an error). This spread may be related to different choices of
nodalisation or different estimates of bulk flow velocity for forced convection heat transfer. The
atmospheric heat transfer works in series with structural heat conduction. For long term transients, the total
heat transport from the atmosphere to the structures is dominated by heat conduction, such that the
atmospheric heat transfer coefficient becomes less important.
A.1.2 Gas density stratification
LP codes are designed to simulate buoyancy driven flow. This includes positive buoyant motions, caused
e.g. by injections of light gases, steam, or thermal energy release by hot walls, as well as negative buoyant
motions, caused e.g. by wall cooling and condensation. Therefore they can well predict the formation of a
stratification caused by the injection of a light gas at a high elevation. This is done by simulating (1) the
convective flow induced by the light gas above the injection position and (2) simulating stagnating
conditions below. For this a nodalisation with enough detail in vertical direction is needed. With the same
mechanism also the break up of the stratification by a strong injection of a light gas at a low elevation can
be predicted. The erosion of the stratification in ThAI phase III is predicted by the successful LP codes by
simulating the following processes:
•

Steam is injected into the lower region and condensed in the upper one. This creates a pressure driven
flow from the lower to the upper region.

•

A small buoyancy driven flow rises into the lowest node layer of the upper region; this node layer can
also be called “transition” region. This causes a gradual density increase in these nodes. When their
density has become close enough to that of the nodes below, a strong convection flow according to
Figure 9 mixes their atmosphere with the atmosphere of the lower region. Then the small buoyancy
driven flow starts entering the next higher node level. Beside the good prediction of the stratification
erosion, the start of the convective flow is shown correctly by the blind COCOSYS and ASTEC
calculation of GRS.

A.1.3 Jet injection
In LP codes, the three dimensional momentum conservations are not solved directly. Instead, a momentum
balance is solved between two computational volumes, which takes into account the static pressure (p) and
the buoyant head (ρgz), whereas the convective and viscous transfer terms are omitted. Pressure losses can be
included using a loss factor in the junction connecting the two computational volumes. Due to the application
of such simplified momentum balance equations, it is inherently not possible to solve a forced convective jet
directly. However, with additional input from the code user, using analytical expressions, it is possible to
mimic jet and plumes and their associated atmosphere entrainment within an LP code. The entrainment of a
buoyant plume can also be calculated by a nodalisation approximating its geometrical form (see GRS chapter
in [12]). Both procedures have been demonstrated successfully for the blind calculations of the ThAI
experiment. Nodalisation rules are referenced in [12]. The simulation of a horizontal jet is more complex but
it can be also modelled based on the analytical expression, which provides information (1) how far the jet
travels in horizontal direction, (2) about its atmosphere entrainment and (3) its expansion. This has been
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applied successfully in blind simulations of ThAI (ISP-47) and PANDA – SETH [29]. For ThAI phase III,
the steam source has been distributed to the nodes located in the horizontal part of the jet. The actual
atmospheric flow (for example through the inner cylinder) is then calculated by the code. Parametric studies
have shown that the stratification behaviour is not very sensitive on how the steam injection has been split.
For PANDA, the plume nodalisation has been chosen, because the jet has travelled only a short way in
horizontal direction and then changed into a vertical plume. Nodalisation rules for the simulation of the
horizontal jet are not documented at the moment.
A.2

CFD code capabilities

The capabilities of CFD codes will be discussed with respect to the modelling of condensation,
stratification, and jet injection.
A.2.1 Condensation
Concerning condensation modelling within CFD, a distinction can be made between:
•
•

Application of an empirical correlation.
Direct application of Stefan’s law.

Empirical correlations are based on fully developed flow conditions and are formulated in terms of mean
flow quantities, whereas local quantities are computed in CFD. Therefore, it can be difficult to apply
empirical correlations correctly in a CFD code.
The manner in which Stefan’s law is being used in CFD depends on the applied wall treatment. This will
be discussed now.
The presence of the liquid film is usually neglected when Stefan’s law is applied directly. CFD analyses
(e.g. [18], [20]) have demonstrated that it is commonly justified to neglect the presence of the liquid film.
When Stefan’s law is applied, the following three possibilities exist to represent the wall boundary layers:
•
•
•

Application of the so-called log-law profile.
Full resolution of the boundary layers.
Application of the so-called automatic wall treatment ([23]).

Fully developed forced convection boundaries can be accurately represented using the log-law profiles (or:
standard wall functions). However, care must be taken that the so-called non-dimensional distances y+
between the wall and the near wall cell centres lie between 30 and 150-300. Fully natural convection
boundary layers differ substantially from forced convection boundary layers. Consequently, the log-law
profiles cannot be used to represent fully natural convection boundary layers. Instead, fully natural
convection boundary layers have to be fully resolved on the applied mesh. This requires that the nondimensional distances y+ of the near wall cell centres are smaller than 1, resulting in (very) high near wall
mesh resolutions. For this situation, the wall fluxes are computed by direct computation of the gradients in
Stefan’s law. It is estimated that full resolution of boundary layers requires about 50-100% more
computational cells than the application of standard wall functions. When the so-called automatic wall
treatment is used, the applied wall treatment depends on the applied near wall mesh resolution. The wall
fluxes are computed directly using Stefan’s law when the boundary layers are sufficiently resolved on the
mesh. The standard log-laws are used when the non-dimensional distances y+ are larger than 30. For
intermediate near wall mesh resolutions, the formulation switches gradually from the standard log-law
formulation to the fully resolved boundary layer treatment as the mesh is refined. Therewith, this approach
can deal with all y+ values, which is very convenient in practice, since the y+ values at a certain location
may vary significantly during transient calculations. Automatic wall treatment is available in CFX-5, and
FLUENT has a similar option.
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In order to compute condensation accurately, it has to be always guaranteed that the applied wall treatment
correctly represents the boundary layers, which can be forced convective, natural convective, and mixed
forced-natural convective type boundary layers. In that respect, the so-called automatic wall treatment may
be very helpful and computationally efficient.
During phase II in the ThAI experiment, steam injection took place at the upper injection nozzle. This
resulted in an impinging jet at the upper dome of the facility. A similar phenomenon occurred on the
ceiling and on the top condensing surfaces in the MISTRA test, which were impacted by the steam jet
deflected by the ceiling. The capabilities of turbulence models with respect to the modelling of impinging
jets have been widely investigated. For example, it is well known that the standard k-ε turbulence model
fails to predict the correct flow quantities in the stagnation point. This will impede the correct prediction of
the amount of wall condensation in the stagnation region.
A.2.2 Gas density stratification
The gas density stratification that occurs within the model scale experimental facilities involves a mixed
laminar/turbulent or weakly turbulent flow. The standard k-ε and SST k-ω models have been developed for
fully turbulent flows. These models over-predict the amount of turbulence in mixed laminar/turbulent or
weakly turbulent flow situations [17]. Consequently, these models cannot predict the stratification
correctly in such flow situations, since the amount of turbulent mixing at the interface is over-predicted.
So-called low Reynolds modifications for turbulence models [17] are available in order to include mixed
laminar/turbulent or weakly turbulent flow situations. In [19], an example is presented of a stratified flow
with mixed laminar/turbulent flow conditions, where the standard k-ε model indeed fails to predict the
correct stratification level, whereas the applied low-Reynolds number k-ε model predicts the stratification
level correctly.
It is noted that current available low-Reynolds number turbulence models require that the wall boundary
layers are fully resolved. Therewith, a high near wall mesh resolution (y+ smaller than 1) is required.
Buoyancy may destruct or produce turbulence, depending on whether the flow is stably or unstably
stratified. For example, as explained above, turbulence is damped at the stratification front in the
considered example. Sub-models for this turbulence production or destruction due to buoyancy are
available. However, since in the open literature these sub-models are still under discussion, some codes
presently do not include these sub-models.
The successful CFD interpretation of the ThAI ISP-47 phase III stratification needs to apply a steam source
area widened by a factor 16 which is far away from the experimental geometry. It should therefore be
regarded as a parametric study which showed that good stratification results can be obtained with a CFD
code, based on a wrong flow field prediction. The way of simulating the jet generated a strong air
entrainment in the lower region near the source. Similar as for the LP codes, it strongly reduced the
buoyancy of the plume on the way up so that not much turbulence could develop anymore near the
stratification layer. In this case, modelling the strong turbulence damping in the stratification layer (well
known from meteorology) was not necessary. Thus the stability of the upper cloud was maintained already
due to the air entrainment right at the source, of which there is no experimental information. However, the
simulated entrainment was associated with a plume rising entirely in the annulus, while the measurements
show a plume rising mostly in the inner cylinder; the calculated flow field has its direction opposite to the
measured data.
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A.2.3 Jet injection
The capabilities of turbulence models with respect to the modelling of free jets have been widely
investigated (see e.g. [17]). Within the ISP-47 CFD analyses, the standard k-ε turbulence model and the
SST k-ω model have been used. Outside boundary layers, the SST k-ω model is identical to the standard kε model. When using the standard k-ε turbulence model, the spreading rate of the modelled jet is overpredicted. This over-prediction results from the following two contributions:
•

Modelling error: the spreading rate of a free round jet is over-predicted by about 30% (see e.g. [17]).

•

Numerical error: the presence of numerical diffusion, since the numerical grids (or: meshes) applied
for the jets in the ThAI test are too coarse to represent the injected jet with negligible numerical
diffusion, but some participants used refined meshes close to the injection, in order to minimize this
problem.

A.3

Implications for modelling

From the discussion of the code capabilities as presented above, it can be concluded that the correct density
stratification in e.g. the ThAI experimental facility can be obtained only when the correct modelling is used
for the following major issues.
A.3.1 Condensation
The applied wall treatment and the modelling used for the impinging jet are the two major issues
concerning the correct prediction of the amount of condensation. Condensation has a direct effect on the
expansion/compression of the upper and lower cells which are separated by the stratification front.
Therewith, the considered modelling issues directly affect the helium concentration field. Based on overall
measured parameters such as system pressure and total measured condensate masses, it may be concluded
that condensation is predicted fairly well using CFD, until ThAI phase III. Similarly condensation was
generally well predicted in MISTRA phase A but some discrepancies were observed during the helium
injection phase.
A.3.2 Stratification
The selection of a high Reynolds number versus a low Reynolds number turbulence model and the modelling
of turbulence damping due to stratification are the two major issues for the prediction of the correct
turbulence level. The turbulence level at the stratification front has a direct effect on the turbulent mixing at
this stratification front. None of the presented CFD results is based on a computation where correct modelling
is used for all those considered aspects. For example, all CFD analyses have used a high Reynolds number
turbulence model. This corresponds to the observation that all CFD models show a much more intense
turbulent mixing at the stratification front, and therewith a too rapid weakening of the stratification. This too
rapid weakening causes a subsequent mixing at the macroscopic main flow or system scale, resulting in a
complete loss of the stratification in phase III of the ThAI experiment. It was observed that all codes that
predicted this complete loss of stratification in phase III, predicted a too weak stratification at the end of
phase II. Therewith, it can be concluded that there is scope for further improvement.
A.3.3 Jet injection
The modelling error and numerical error for jet injection have already been explained. For the bottom steam
injection in phase III of the ThAI experiment, there was also discussion about the unknown turbulence level
at the outlet of the injection nozzle, and the possible effect of the supports of the inner cylinder on the jet
spreading. Since no velocity profiles have been measured in the jet region, no conclusion could be drawn for
this injection location. For other injection locations where detailed velocity measurements have been made, it
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appeared also not possible to quantify the modelling capabilities/deficiencies. Here, the major reason is that
very coarse meshes have been used for jet representation. As a result, the numerical error dominated the
modelling error. As shown by one CFX-5 contribution within this ISP, local mesh refinement can be used to
avoid these numerical errors associated with jet modelling. For these reasons, and also because it is currently
not known to which extent a jet should be resolved for containment thermal-hydraulics, it is recommended to
develop Best Practice Guidelines (BPG) for this subject.
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Appendix 2
OTHER TOSQAN, MISTRA, AND
THAI EXPERIMENTS SPECIFIC ON THERMAL-HYDRAULICS

In this appendix are reported only the experiments other than the ISP-47 ones, that concern mainly
thermal-hydraulics.
TOSQAN
Test reports exist for tests 1, 2, 3, 6, 7, 8 and 9b (IRSN internal reports). TONUS-LP, TONUS-CFD,
ASTEC/CPA qualification on all these experiments has been performed, and leads also to 8 IRSN internal
reports.
Some publications presenting these tests and the associated code qualifications are given below.
•

•

•

Malet J., E. Porcheron, P. Cornet, J. Vendel Experimental and numerical study of natural convective
flows with filmwise condensation in a large containment vessel, 5th International Conference of
Multiphase Flow (ICMF 2004), 30th-May-4st June 2004, Yokohama, Japan 2004
Malet J., E. Porcheron, P. Cornet, J. Vendel, Filmwise steam condensation in the presence of non
condensable gases in the TOSQAN vessel, the International Congress on Advances in Nuclear Power
Plants, ICAPP 04, Pittsburgh, PA, USA, June 13-17 2004
Malet J., E. Porcheron, J. Vendel Filmwise condensation applied to containment studies: conclusions of
the TOSQAN air-steam condensation tests, the 11th International Topical Meeting on Nuclear Reactor
Thermal-Hydraulics (NURETH-11), Avignon, France, October 2-6, (2005).

Condensation tests consist of a water steam injection into the enclosure that is initially filled with air at
atmospheric pressure, the non condensing walls and the condensing wall having already reached their
nominal temperature. After a transient stage corresponding to enclosure pressurization, a steady-state
condition is reached when the water steam injection and the condensation flow rates are equal. This
corresponds to constant enclosure total pressure and thermal equilibrium. These tests are performed by
changing the injection mass-flow rate Qinj and the non condensing walls and the condensing wall
temperatures TNCW and TCW.
Table 14. TOSQAN condensation test matrix – experimental conditions
TNCW (°C)
higher part of TOSQAN
1
12.25 +/- 0.25
121.9
2
11.70 +/- 1.20
107.3
3
11.92 +/- 0.21
152.2
6
1.05 +/- 0.10
124.0
7
0.96 +/- 0.19
61.7
8
0.75 +/- 0.11
145.0
9b
0.95 +/- 0.16
87.1
Temperature uncertainty: +/-0.5°C
Test n°

Qinj (g/s)
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TNCW (°C)
lower part of TOSQAN
122.8
108.2
154.5
125.5
58.4
145.6
89.5

TCW (°C)
111.2
97.0
148.8
117.7
52.5
137.7
53.1
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MISTRA
Test reports exist for MISTRA M1, M2, M3, M4, M5 and M6 (air/steam or air/steam/He) tests, as well as
for MH1 and MH2 (air/helium tests). They are not open (either CEA reports or CEA/IRSN reports), but
some tests have been provided as part of the CCVM (Containment Code Validation Matrix) of
OECD/CSNI. The tests were designed with the objective of obtaining data for separate effect and then
coupled effect tests:
•
•
•
•
•
•
•

M1 (with conditions based on TOSQAN REF1 tests, for scaling effect study).
M2 (air/steam) test with centred injection and uniform condenser temperatures.
M3 (air/steam) test, similar to M2 but with off-centred injection leading to a fully 3D flow.
M4 (air/steam) test similar to M3 but followed by a helium transient and a steady-state condition
(air/steam/He).
M5 (air/steam) test with centred injection and a thermal gradient applied to the condenser surfaces.
M6 (air/steam) test, similar to M2 but with compartments.
MH1 and MH2 are air/helium tests to study turbulent jet behaviour with central and off-centred
injection.

The tests were used for the validation of the TONUS LP and CFD codes, and validation reports also exist.
Some publications presenting the facility, the test and the experimental data also exist:
•

•

•

•

Beccantini A., Coulon N., Dabbene F., Gounand S., Kudriakov S., Magnaud J.P. and Paillère H.,
Hydrogen distribution, combustion and detonation for H2 risk analysis in large scale facilities, Proc.
4th Int. Symp. Computational Technologies for Fluid/Thermal/Chemical Systems with Industrial
Applications, Vancouver, Canada, August 4-8, 2002
Studer E., Dabbene F., Magnaud J.P., Blumenfeld L., Quillico J.J. and Paillère H., On the use of the
MISTRA Coupled Effect Test Facility for the validation of Containment Thermal-Hydraulics codes,
Proc. Int. Topical Meeting on Nuclear Thermal-Hydraulics, NURETH-10, Seoul, Korea, 5-9 October
2003
Tkatschenko I., Studer E. and Paillère H., MISTRA Facility for Containment Lumped Parameter and
CFD code validation: Example of the International Standard Problem ISP47, Proc. Int. Conf. Nuclear
Energy for New Europe 2005, Bled, Slovenia, September 5-8, 2005
Tkatschenko I., Studer E., Magnaud J.P., Blumenfeld L., Simon H. and Paillère H., Status of the MISTRA
programme for the validation of containment thermal-hydraulic codes, Proc. Int. Topical Meeting on
Nuclear Thermal-Hydraulics, NURETH-11, Avignon, France, 2-6 October 2005

A document was also distributed to the OECD/CSNI CCVM working group:
•

Tkatschenko I., Studer E. and Paillère H., Overview report on the MISTRA experimental program,
1999-2006, prepared for the Group of Experts on the Development of a Phenomena-Based Validation
Matrix for Ex-Vessel (Containment) Models and Codes – CCVM, Dec. 2004

ThAI
The reports of the ThAI research program are not open (Becker Technologies reports for the German
Federal Ministry of Economy and Labour, BMWA). Public documents are:
•

ThAI phase I:
http://www.grs.de/products/data/3/150%201218%20EJB%202003.pdf

•

ThAI phase II:
http://www.grs.de/products/data/3/150%201272%20EJB%202003.pdf
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•
•
•
•
•

T. Kanzleiter, ThAI Experiment TH2 on Formation and Dissolution of a Stratified Containment
Atmosphere. Proc. Annual Meeting on Nuclear Technology, Stuttgart, Germany, May 2002
K. Fischer et al., Containment code comparison exercise on experiment ThAI TH7. Proc. NURETH10, Seoul 2003
P. Royl et al., Analysis of Containment Experiments with GASFLOW II. Proc. NURETH 10, Seoul
2003
U. J. Lee et al., Blind 3D-Calculation of the Containment Thermal Hydraulic Test TH10 in the ThAI
Facility Using GASFLOW II. Proc. Annual meeting on nuclear Technology, Düsseldorf 2004
T. Kanzleiter et al., ThAI Multi-Compartment Containment Experiments with Atmosphere
Stratification. Proc. 11th International Topical Meeting on Nuclear Reactor Thermal-Hydraulics
(NURETH-11), Avignon, France, October 2005

ThAI phase I was completed in June 2003. The test matrix below covers thermal-hydraulic tests as well as
iodine tests that also provide full thermal-hydraulic data for code validation, and can be used for thermalhydraulic code validation separately from the iodine topic.
Table 15. ThAI phase I test matrix
Topic

Objectives, Details

Experiments Performed
(Test # and test conditions)

Containment Thermal Hydraulics
Shake-down of the new ThAI
Vessel heat-up by steam injection, coolfacility
down by wall cooling
Development & dissolution of an
atmosphere stratification
Heat-up by steam injection and
Preparation of t/h conditions
subsequent steady-state operation with
suitable for subsequent ThAI
natural convection
iodine tests,
lateral pans filled with initially cold
Flow instrumentation trial
water
with moderate wall cooling
with strong wall cooling
Heat-up by steam injection &
superheating by wall heating
Code benchmark
Transient Experiment w/ stratification,
for comparison w/ blind LP & CFD code
calculations
Tracer gas propagation
Stagnant air atmosphere w/ temperature
in a stratified atmosphere
stratification,
release of tracer gas (of high & low
density) at the top.
arrival of tracer gas at the bottom
monitored
Hydrogen distribution
He gas distribution in a steam-air
atmosphere
w/ wall cooling, w/ and w/o stratification
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TH1

max. 3.5 bar / 125 °C

TH2

max. 2.1 bar /
strat. 40 -120 °C

TH3
TH4
TH5
TH6
TH7

TH8

2.25 bar / 101 °C

2.25 bar / 125 °C
(D.P. 101 °C)
max. 1.1 bar /
strat. 25 - 80 °C
1.1 bar / strat. 25 - 80 °C

TH9 2.85 bar / 105 °C
TH10 1.8 bar / strat. 25 – 106 °C
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Table 15. ThAI phase I test matrix (Cont’d)
Topic

Objectives, Details

Experiments Performed
(Test # and test conditions)

Effect of sump pH
(affects iodine retention in liquid phase)
on iodine phase transfer,
Test & improvement of instrumentation
for iodine concentration in gas phase
Dry atmosphere, w/ & w/o stratification,
cold sump

Iod-1
Iod-2
Iod-3
Iod-4

Iodine Behaviour

Iodine mass transfer from
atmosphere to sump water and
structures

3.0 bar / 120 °C / pH 1.5
2.9 bar / 120 °C / pH 8
1.0 bar / 100 °C
2.25 bar / 101 °C

Iod-5 1.1 bar / strat. 26 - 92 °C /
70 °C / 40 °C

Iodine partition between gas
phase & structures
(and liquid phase)
Dry, variation of atmosphere temperature Iod-6 1.5 bar / 95 °C / 75 °C / 60
°C
Variation of relative humidity
Iod-7 1.5 bar /100 °C, 5 %rh /
95 °C, 23 %rh / 75 °C, 50 %rh
Saturated, w/ wall condensation (weak & Iod-8 1.6 bar / 75 °C
strong wall cooling)

ThAI phase II will end by August 2006. Full thermal-hydraulic information for code validation is provided
by all experiments in the test matrix below, and can be used for thermal-hydraulic code validation
separately from the fission product topics.
Table 16. ThAI phase II test matrix
Topic
Containment Thermal
Hydraulics
Flow pattern inside ThAI vessel
w/ internals (forced by internal
blower)

Condensate distribution
FP resuspension from boiling
sump water
Containment spray
Spatial distributions of velocity
and heat transfer
PAR Behaviour
Recombiner performance tests

Objectives, Details

Status

Convection with enhanced turbulence;
LDA, PIV & RASS measurements

3-month test sequence performed
(TH11)

Transient pressurisation by gas and
steam release, and subsequent cooldown;
CFD code validation data for ISP-47
Confirmatory & complementary to
small-scale REST data
Overall effects: steam condensation,
depressurisation, induction of convection
CFD code validation data

1 test + 1 reproducing test
performed
(TH12, TH13)

Shake down experiment and PAR rate
test

5 tests performed
(Par-1 to Par-5)
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4 tests performed
(TH14, TH15, TH16, TH17)
1 test planned
Planned
(TH18)
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Table 16. ThAI phase II test matrix (Cont’d)
Topic

Objectives, Details

Status

Iodine transport by convection and phase
transfer
Effects of compartmentalisation and
atmosphere stratification,
variation of steam content (dry, humid,
condensing)
(Ozone simulating radiation effects)
Type & behaviour of reaction products,
Aerosols
Adsorption, transformation and
resuspension of iodine species at coated
wall surfaces

1 test performed
(Iod-9)
3 tests performed
(Iod-10, Iod-11, Iod-12)

Aerosol Behaviour
Aerosol resuspension

Effect under hydrogen deflagration

Interaction of PAR and aerosol

Deposition and change in particle size

3 tests performed
(Aer-1, Aer-3, Aer-4)
2 tests performed
(Aer-2, Aer-5)

Iodine Behaviour
Iodine mass transfer into pool

Multi-compartment iodine
distribution
Iodine-ozone reaction
Interaction of iodine and wall
coating

2 tests performed
(Iod-13, Iod-14)
1 test performed
(Iod-15)

Code validation based on ThAI experiments was done for COCOSYS, GASFLOW, GOTHIC, CFX,
FLUENT, and STAR-CD. The related reports are not open (Reports of Becker Technologies, RuhrUniversity Bochum, GRS, and Technical University of Munich, for the German Federal Ministry of
Economy and Labour, BMWA). The ThAI program is extended by laboratory tests under small scale
conditions.
An extension of the ThAI research program is currently negotiated in the OECD framework, addressing
the fields of hydrogen, iodine and aerosols. The project will run in parallel to the German national ThAI
project phase III. Thermal-hydraulic information for code validation will be generated in all experiments.
In particular, open questions left from ISP-47 will be answered by running appropriate new tests.
Following the discussions of the final ISP-47 meeting the ThAI test will be repeated with a higher
measurement density in order to obtain more quantitative knowledge about the phenomena mentioned in
Section 9.5. In addition the critical phase III will be prolonged in time. The repetition is scheduled for
2007. In any case the German side will invite the international community before running this test for
detailed discussions of its design; also the evaluation of the data and the analytical analysis will be
performed as an international activity.
The combined national and OECD test matrix is given below. All of the tests will provide full thermal-hydraulic
data for code validation, which can be used separately from the fission product topics.
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Table 17. Forthcoming THAI experiments
Topic

Objectives, Details

CFD data
CV tests

Field data on flow, heat and gas distribution for CFD model validation.

HYDROGEN
HM tests
HR tests
HD tests

Material scaling: Use of helium instead of hydrogen; repetition of ISP-47 transient.
Onset of recombiner activity under adverse conditions.
PAR ignition potential.
Recombiner efficiency under oxygen starvation conditions.
Hydrogen deflagration.

IODINE
IW tests
IO tests
IS tests
IP tests
IC tests

Wash-down of iodine or CsI depositions from walls by condensate film flow.
Impact of I2-O3 reaction on iodine volatility.
Interaction of gaseous iodine with steel walls.
Interaction of gaseous iodine with painted walls.
Impact of convective flow on iodine deposition.

AEROSOLS
AW tests

Transport of aerosol deposits with wall condensate film.
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