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Institute for Nuclear and Energy Technologies 

Structure and Activities of the Institute for Nuclear  
and Energy Technologies 

Thomas Schulenberg  

 

Mission 

The Institute for Nuclear and Energy 

Technologies (Institut für Kern- und 

Energietechnik, IKET) is situated with its offices 

and research laboratories on the North Campus 

of KIT. It is focused on nuclear, fusion and 

renewable energy technologies for electric power 

production and on hydrogen technologies for 

energy storage in chemical form. Its research 

topics include analyses and tests of thermal-

hydraulic phenomena, combustion phenomena 

and neutron physics which are typical for normal 

operation or for accidental conditions in nuclear 

power plants, for future nuclear fusions reactors, 

for geothermal or solar power plants, but also for 

mobile systems. Most subjects are application 

oriented, supported by some basic research 

projects, if needed. 

 

Organizational structure  

IKET is structured into nine working groups as 

indicated in Fig. 1. Working groups on accident 

analyses, on accidents management systems 

and on transmutation as well as the AREVA 

Nuclear Professional School have been 

concentrating in 2015 primarily on nuclear 

applications, whereas the Karlsruhe Liquid Metal 

Laboratory (KALLA) and the Hydrogen group 

were addressing nuclear as well as other energy 

technologies, as will be outlined below. The 

working group on magneto-hydrodynamics is 

primarily working on nuclear fusion applications, 

whereas the working group on energy and 

process engineering is rather concentrating on 

geothermal energies. Thus, the institute covers a 

wide field of different energy technologies, and 

the share of its personnel resources on the 

different research topics is determined each year 

by the worldwide market request for energy 

research. 

Fig. 1: Organizational structure of the Institute for Nuclear and Energy Technologies (IKET) 
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Having a larger share of nuclear and fusion 

research, IKET has a quality management 

system according to the international standard 

ISO 9001. Internal audits are performed every 

year to train the use of its quality guidelines and 

to improve the quality level further on. 

 

Research areas 

By the end of 2015, IKET had employed more 

than 120 (full time equivalent) scientists, 

engineers, technicians and other personnel. 

Around half of the employees were funded in 

2015 by the Helmholtz Association (HGF), the 

others by third party funds of the European 

Commission, by industry, by German ministries 

or by other research funds. Doctoral students as 

well as students of the Baden-Wuerttemberg 

Cooperative State University (DHBW) were filling 

around 20% of these positions at IKET. In 

addition, students perform their bachelor or 

master theses or spend an internship in the 

research laboratories of IKET. 

IKET contributed in 2015 to the HGF programs 

“Nuclear Waste Management and Safety 

(NUSAFE)”, “Renewable Energies (RE)”, 

“Storage and Cross-Linked Infrastructures (SCI)”, 

as well as “Nuclear Fusion (FUSION)”. Fig. 2 

shows the allocation of its personnel resources in 

2015 to these programs. More than 2/3 of all 

IKET personnel was needed to solve issues on 

nuclear safety, on severe accident research or 

on alternatives for nuclear waste management.  

 

 
Fig. 2: Share of personnel resources of IKET in 
programs of the Helmholtz Association.   

 

Technologies developed at IKET can be applied 

to a wide range of energy conversion systems. 

Liquid metal technologies, for example, can be 

used to cool advanced nuclear energy systems 

for transmutation of minor actinides in spent fuel, 

but they are also needed in blankets of nuclear 

fusion reactors, in targets of concentrated solar 

power systems, and even for cracking of 

methane to produce hydrogen as a carbon free 

gaseous fuel. The Helmholtz Alliance for Liquid 

Metal Technologies (LIMTECH) is supporting 

these synergies since 2015 with a joint research 

program, to which IKET is contributing with 

several doctoral theses. 

The risk of hydrogen explosions with its 

disastrous consequences is not only to be 

mitigated during severe accidents of nuclear 

power plants, but needs to be managed as well 

for hydrogen fueled cars and their future 

infrastructures. Codes for flow and combustion of 

hydrogen, developed at KIT, are thus offered 

world-wide for containment design of nuclear 

power plants as well as for future mobile 

systems. A prominent example of the latter 

application is the hydrogen shuttle bus powered 

by fuel cells, which is operated by KIT and fueled 

at a gas station, which has been erected with 

technical support of IKET. Since 2015, IKET is 

contributing such hydrogen research to the new 

HGF program SCI. 

The number of publications, as usual in research 

organizations, expresses the productivity of the 

institute. More than 200 publications, i.e. more 

than 3 per scientist and year, were given in 2015 

to international journals, to conference 

proceedings and as book chapters. 

IKET contributes to education and training along 

with scientific research with more than 1000 

semester hours, not only on the university 

campus of KIT, but also at the Baden-

Wuerttemberg Cooperative State University 

(DHBW), at the Hector School of KIT, in the 

AREVA Nuclear Professional School of KIT, and 

in Universities of Applied Sciences (FH). 

Moreover, IKET coordinates since 2015 the 

master courses on energy engineering at KIT. 

The AREVA Nuclear Professional School is an 

IKET working group for education and training of 

young scientist in nuclear engineering, 

sponsored by AREVA GmbH since 2009. 

NUSAFE

SCI

FUSION

RE

2015
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Supported by lecturers of other organizations, 

this school has been offering compact courses in 

2015 on nuclear technologies and methods.  

Moreover, this group is supervising doctoral 

students who were financially supported in 2015 

by AREVA, RWE, VGB, and the European 

Commission. The contract with AREVA 

supporting the AREVA Nuclear Professional 

School has further been extended in 2015 until 

2022. 

 

Some Research Highlights of 2015 

Funded by the Federal Ministry of Economic 

Affairs and Energy (BMWi), the Hydrogen Group 

has continued experimental work related to the 

flame behavior in partially confined layers of 

premixed gases with a concentration gradient. 

The focus in 2015 was on layers attached to 

vertical walls. 

The experiments were conducted in the HYKA 

test vessel V30. The experimental matrix 

included homogeneous mixtures and pre-mixed 

layers with vertical and horizontal concentration 

gradients. Besides hydrogen inventory, ignition 

point and blockage ratio in the driver section 

have been varied, see Fig. 3. 

In the SCI program, the Hydrogen Group focused 

on the bonfire test protocols and thermal 

shielding of pressure cylinders made from carbon 

fiber wrapped compound material and on the 

two-way coupling of the flame propagation and 

the structural dynamics of adjacent flexible walls.  

Regarding the bonfire testing, it was shown that 

the quite vulnerable pressure cylinder material 

could be effectively protected applying an 

intumescent paint. This measure prolonged the 

time to catastrophic failure of the 700 bar loaded 

vessels by a huge factor. This would give 

sufficient time to first responders even in the 

unlikely event that the standard safety device, 

the temperature induced pressure relief device 

TPRD, did not activate. 

Regarding the coupling of the flame to a flexible 

wall, a two way coupling of the KIT CFD code 

COM3d and the commercial FEM code ABAQUS 

was developed and tested. The Hydrogen Group 

conducted several related experiments in the 

HYKA Test Chamber Q160. The results showed 

good agreement with the respective numerical 

simulations. 

 

Fig. 3: Experimental set-up for investigating transient 
flame behavior coupled to flexible walls using 
transparent walls and optical measurement 
techniques in HYKA Test Chamber Q160. 
 

The Energy and Process Engineering Group of 

IKET developed in 2015 a new measurement 

system to determine the thermo-physical 

properties of geothermal brines. Funded by 

BMWi, the national project PETher aims in 

determining the physical properties of brine 

under in-situ conditions, reflecting the original 

conditions in geothermal applications without 

precipitation of salts or release of gases. Fig, 4 

shows the mobile device measuring the specific 

heat, the density and the kinematic viscosity of 

brine at various geothermal sites. A 

measurement system for thermal conductivity 

shall be added next. 

 

Fig. 4: In-situ measurement of specific heat, density 
and kinematic viscosity of geothermal brines, 
developed by the Energy and Process Engineering 
Group. 
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Production of hydrogen from methane without 

CO2 emissions: What seems easy in theory - 

thermal cracking of methane into its constituents 

hydrogen and carbon - has not been achieved 

yet in a continuously running process.  Reasons 

are the very high temperatures required, the 

tendency of carbon blocking any gas phase 

reactor by depositing at the walls or at any 

catalytically active surface, again raising the 

need for elevated temperatures. Following a 

proposal by Nobel Price laureate Prof. Carlo 

Rubbia and funded on his initiative by the 

Institute of Advanced Sustainability Studies IASS 

in Potsdam, the Karlsruhe Liquid Metal 

Laboratory investigated the option of using a 

liquid metal bubble column type reactor for 

cracking. After first successful trials in 2014, a 

major breakthrough has been achieved now by 

demonstrating a hydrogen yield of 78 %, while 

proving at the same time, that the carbon really is 

produced continuously as a powder in the 

process and separated in a relatively simple way 

by utilizing the density difference to the liquid 

metal. Fig. 5 shows the KALLA researchers 

together with Prof. Rubbia and his IASS 

colleagues during a joint project meeting at IKET. 

 

Fig. 5: KALLA researchers together with Prof. Rubbia 
and his IASS colleagues during a joint project meeting 
on cracking of methane with liquid metals. 

 
The study of liquid metal flows in strong magnetic 

fields plays an essential role in the development 

of nuclear fusion reactors, where breeding of 

tritium and heat extraction can be accomplished 

by circulating in the blanket the lithium-containing 

alloy PbLi. An existing scaled mock-up of a 

helium cooled lead lithium (HCLL) breeding 

blanket, which was available from previous 

analyses, has been upgraded such that the 

geometry near the plasma-facing first wall 

represents best the most recent design foreseen 

in ITER. Now the flow has to pass through 

multiple narrow gaps instead of a single larger 

opening that was present in an earlier design 

approach. Experiments have been performed in 

the MEKKA laboratory at IKET, Fig. 6, where the 

liquid metal flow has been investigated under the 

influence of a strong magnetic field. 

Measurements of magnetohydrodynamic pres-

sure drop show that the new design creates 

about 3.5 times higher pressure drop near the 

first wall compared to experiments in the 

previous geometry. Nevertheless it turns out that 

even the increased pressure drop at the first wall 

remains moderate and acceptable in comparison 

with the one in the manifolds that distribute and 

collect the flow into the breeder units. 

 

Fig. 6: Magneto-hydrodynamic flow test of a blanket 
module mock-up in the MEKKA laboratory.  

 
The Accident Management Systems Group at 

IKET, together with the German aeronautics and 

space research centre (DLR) and the Research 

Center Jülich (FZJ), is part of the German 

Helmholtz research activity “Portfolio security”. 

The three organisations combine their vast 

knowledge in cyber security, sensors and 

platforms, emergency management and security 

of critical infrastructures in one project. So far the 

central activity focuses on Critical Infrastructure 

Protection. An agent based modelling system 

was set-up to describe the interdependent critical 

infrastructures. As a starting point, agents were 

defined for the health care system (e.g. hospitals, 

elderly care and pharmacies) and water supply. 

Key parameters representing a critical 

infrastructure are the resources needed for its 

operation and the self-help capabilities in case of 

a lack of external resources. The city of 

Karlsruhe was selected as example location, as 

shown in Fig. 7. As next steps, households, 
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Fig. 7: Aerial representation of the affected area (light, partial blackout and dark, total blackout and loss of 
water supply); dots represent the status of a particular critical infrastructure. 

emergency management organizations with their 

crisis teams and first responders will also be 

included. In addition, possible management 

options will be defined and implemented into the 

agent based system. 

Passive safety system, which can refill cooling 

water into a boiling water reactor without the 

need of electric power, have become of particular 

interest after the Fukushima accident. As the 

reactor is still producing residual heat after shut-

down, steam from the reactor can drive a turbine 

connected with a pump to refill water, as used in 

the Fukushima power plants, or it can simply be 

injected into cold water increasing its pressure 

beyond the reactor pressure. Such steam 

injectors had been used in the 19
th
 century to 

refill water into the boiler of locomotives, but their 

application to nuclear power plants is still under 

discussion, as the physical flow phenomena 

inside the steam injector are rather complex. 

David Heinze, a young scientist of the AREVA 

Nuclear Professional School, completed his 

dissertation in 2015 on modelling the two-phase 

flow phenomena in such steam injectors using a 

one-dimensional theory. His predictions of 

atomization, of entrainment and mixing of steam 

and liquid, as well as of direct contact 

condensation of steam in cold water are 

describing surprisingly well the observed 

phenomena. 

A large matrix of single-layer tests haven been 

performed in 2015 in the LIVE3D and LIVE2D 

facilities of the Accident Analysis Group to 

investigate the homogenous molten melt 

behavior in the lower head of a light water 

reactor under different severe accident scenarios 

and boundary cooling conditions. The test results 

were systematically analyzed in 2015 and the 

outcome of LIVE experiments provided more 

clarity for the remained uncertainties about the 

melt behavior. The melt flow regime, heat 

transfer efficiency and the heat flux distribution 

along the vessel wall have shown significant 

differences depending on the occurrence of crust 

formation, the vessel geometry in 3D or 2D and 

the combination of the top and external cooling 

conditions. Fig. 8 shows an infrared image 

showing the upward movement of hot cells on 

the melt surface.  
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Fig. 8: Visualization of flow pattern in melt surface per 
infrared video images at LIVE3D facility 

 The Transmutation Group at IKET was 

concentrating in 2015 on severe accident 

simulations of nuclear systems with a fast 

neutron spectrum using the SIMMER code, 

which describes the interaction of fluid 

mechanics, neutron physics and structural 

damage of a degrading reactor core. For 

validation, KIT/IKET and Kyushu University (KU) 

participated in the IAEA project on simulation of 

transient experimental tests in the old sodium 

cooled fast reactor EBR-II. Results will further 

improve version III of the SIMMER code, which 

became the main tool for severe accident 

analyses in European projects on sustainable 

nuclear energy systems. All objectives of this 

KIT/KU cooperative work were achieved and 

several experiments were successfully 

simulated, as will be discussed in this report. The 

simulation results will also be reported at 

international conferences in 2016/2017 and will 

be included in an IAEA publication. 

The following sections shall provide some deeper 

insight into selected research topics of these 

eight scientific working groups. 

 

 

 

R=345 mm ↓   

R=458 mm↑  
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Group: Magnetohydrodynamics 

Magnetohydrodynamics for liquid-metal blankets 

L. Bühler, T. Arlt, H.-J. Brinkmann, V. Chowdhury, C. Köhly, C. Mistrangelo 

 

Influence of modifications of HCLL 

blanket design on MHD pressure losses 

The study of liquid metal flows in strong magnetic 

fields plays an essential role in the development 

of nuclear fusion reactors where breeding of 

tritium and heat extraction can be accomplished 

by circulating in the blanket a lithium-containing 

alloy. The Helium Cooled Lead Lithium (HCLL) 

blanket is one of the concepts that will be tested 

in ITER. The eutectic alloy PbLi is used as 

breeder material and the heat is removed by 

helium flowing inside channels embedded in the 

walls. In the breeder zones the liquid metal flows 

at low velocity (<1mm/s) as needed to circulate 

the PbLi towards external ancillary systems for 

tritium removal and purification. A HCLL blanket 

module consists of a number of Breeder Units 

(BU) arranged in columns. Boxes are stiffened by 

a grid of plates to withstand the high helium 

pressure in case of an accidental in-box leak of 

coolant. This frame creates an array of 

rectangular cells where breeding units are 

positioned. 

In 2008-2009 an experimental campaign was 

carried out to study MHD flows in a scaled mock-

up of a HCLL blanket according to a design 

developed at CEA [1]. The test section consists 

of four BUs hydraulically connected two by two at 

the first wall (FW) through an opening that 

extended over the entire toroidal size of the BU 

(see Fig. 1(a)). A manifold feeds BU1 and BU3 

and a second one collects the liquid metal from 

BU2 and BU4. The flow scheme is depicted in 

Fig. 2(a). Results showed that the major 

pressure drops occur in manifolds and at the first 

wall [2]. In order to improve the structural stability 

of the HCLL TBM the long gap at the first wall 

has been replaced by a series of small openings, 

as visualized in Fig. 1(b). The top view of one 

stiffening plate (SP) shows how the cross-section 

of the liquid metal flow path has been reduced 

due to the insertion of additional solid parts 

required to ensure mechanical stiffness. 

Therefore the velocity increases locally owing to 

the reduced cross-section along the flow path 

and the liquid metal flow contracts and expands 

along magnetic field lines to enter the upper BU. 

 

 

 

 

 

Fig. 1 (a): Original design of a stiffening plate 
(SP) between two BUs: at the FW the opening 
extends along the total width of the BU. (b) 
Modified design of the SP at the FW with a 
series of small openings. 

Fig. 2 (a): Scheme of liquid metal paths in the test section. 
The inlet manifold feeds BU1-BU3 and the second one 
collects the liquid metal from BU3-BU4. (b) Dots mark the 
position of pressure taps and arrows typical flow paths. 
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In order to integrate the described design 

modifications [1], the first wall of the former test 

section has been cut at locations corresponding 

to the stiffening plates that separate BU1 from 

BU2, and BU3 from BU4, and new parts have 

been inserted. From an MHD point of view the 

resulting flow distribution is expected to cause 

additional pressure drops due to the fact that the 

flow contracts and expands along magnetic field 

lines [3]. In order to quantify the influence of 

design modifications described above, the 

available test section has been changed to 

account for the new design features. 

Experiments have been performed to record 

pressure distribution in the new mock-up in a 

wide range of flow parameters and data have 

been compared with results obtained by using 

the former test section. 

Pressure differences between pairs of pressure 

taps are measured via four capacitive pressure 

transducers mounted in series that are sensing 

the same pressure. Measurement spans of 

individual transducers overlap to avoid reading 

errors due to nonlinearity near the end of the 

ranges. From all four readings the one with the 

highest accuracy for the considered data is 

selected as the measured pressure value. For 

the discussion of the results the dimensional 

pressure p* is normalized as p = p*/(σu₀LB²). Here 

σ is the electric conductivity of the fluid, u₀ the 

average velocity in a cross-section of a breeder 

unit, L a typical length scale of the problem 

corresponding to half of the toroidal size of the 

mock-up, and B the magnitude of the external 

magnetic field. The pressure distribution is 

recorded along typical flow paths marked by 

different colors in Figure 2(b). Dots indicate 

pressure taps. The non-dimensional parameters 

characterizing the flow of a liquid metal with 

density  and kinematic viscosity  are the 

Hartmann number Ha, the Reynolds number Re, 

and the interaction parameter N 

  ReHaNL/uReBLHa 0 /  ,   , / 2  . 

Pressure drops in geometric elements that form 

the test section are plotted in Fig. 3 as a function 

of N⁻¹ for the flow at Ha = 1000. The main 

contributions to the total pressure drop (A1-I) 

occur in the inlet circular pipe Δpin (A1-B), in the 

manifolds ΔpM (B-C, H-I), across the gap at the 

back plate ΔpBP (B-D1), and at the first wall ΔpFW 

(E2-F1). ΔpBP results from the expansion of the 

flow along magnetic field lines from the small 

manifold cross-section into the larger rectangular 

boxes. ΔpFW near the first wall is mainly caused 

by larger inertia forces for higher velocities, i.e. 

when N⁻¹>>1. The latter stem from the increased 

velocity due to the reduction of the cross-section 

along the flow path. Inside the breeder units 

pressure remains almost constant, since the 

liquid metal flows much slower than in pipes and 

manifolds. Results obtained with the modified 

test section (green, solid symbols) are compared 

with those recorded in the former experimental 

campaign carried out in 2009 (red and orange, 

open symbols in Fig. 3 und Fig. 4). For similar 

Reynolds numbers the pressure drop at the first 

wall is significantly larger when using the mock-

up with small openings at the first wall. 

For moderate Hartmann numbers all 

contributions depend on the flow rate. However, 

the pressure drop ΔpFW across the gap at the first 

wall exhibits the most significant dependence on 

the Reynolds number. It tends to zero for 

Re/Ha
2
=N-1 → 0, suggesting that it is mainly 

related to the action of inertia forces. Instead, 

ΔpBP remains rather constant (8-12%) showing 

that it is determined primarily by electromagnetic 

phenomena. For Ha = 1000 in the parameter 

range investigated ΔpFW provides 5-35% of the 

total pressure drop for increasing Re. For larger 

magnetic field the pressure distribution in the 

mock-up is nearly unaffected by the flow rate, 

even for the highest Reynolds numbers 

reachable in the experiments (see Fig. 4). Even 

the losses at the FW are approximately constant 

and they provide about 1.5% of the total pressure 

drop. Pressure losses in manifolds and at the 

back plate give a contribution of 65-67% and 8-

10%, respectively.   

Experimental results obtained by using the 

modified test section show that design changes 

lead to an increase of pressure drop near the first 

wall by a factor of 3 to 3.5. As a consequence the 

total pressure drop becomes larger too. 

However, the influence of 3D MHD phenomena 

that occur at the FW are more relevant for 

moderate Hartmann numbers (Ha < 2000), since 

they are mainly related to inertia. For intense 

magnetic fields the contribution of the pressure 

drop at the FW wall is smaller than 2%. 

Therefore, even if these losses increase owing to 

the modified design, they are almost negligible 
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compared to pressure drop in manifolds. It can 

be concluded that, although additional 3D MHD 

effects actually take place near the FW as a 

result of the expansion and contraction of the 

liquid metal when passing from one BU to the 

adjacent one, their influence on the total 

pressure drop is small especially for strong 

magnetic fields (Ha > 2000). 

 

Fig. 3: Contributions to total pressure drop for Ha = 
1000. Previous experimental data (2009) are 
compared with those obtained by using the modified 
test section (2015). 

 

Fig. 4: Contributions to the total pressure drop for the 
flow at Ha = 3000. Results obtained with the modified 
test section are compared with the ones from the 
previous experimental campaign (2009). 

 

Electromagnetic coupling of MHD flows. 

In order to support design activities for a helium-

cooled lead lithium (HCLL) blanket module for a 

DEMO reactor a numerical study is performed to 

simulate flow conditions in typical components of 

a HCLL blanket manifold (Fig. 5). Pressure 

distribution and occurrence of flow recirculation 

are investigated. Results depend on the position 

and conductivity of the wall that separates 

distributing and collecting manifolds and on the 

electromagnetic flow coupling between 

neighboring fluid regions. MHD flows are 

considered in a generic model geometry with 

typical features of the liquid metal manifold 

foreseen in a HCLL blanket module. The 

geometry, shown in Fig. 6, consists of two ducts 

which are electrically connected across a step-

shaped dividing wall. As a result the flow 

undergoes periodic expansions and contractions 

and due to the electromagnetic coupling at the 

common separating wall, the flow in one duct 

influences the one in the neighboring channel. 

The half-length of one period in axial direction x 

is L and the alternating position of the dividing 

wall measured from the middle of the manifold is 

±Δy. When Δy=0 we have two electrically 

coupled straight square channels. In general the 

flow rates q₁ and q₂ in the two ducts may differ, 

depending on applied pressure differences. 

 

Fig. 5: MHD test section for studying the pressure drop 
in one PbLi manifold of a HCLL blanket module. 

 

 

Fig. 6: Sketch of a generic manifold geometry. Two 
ducts with expansions and contractions are electrically 
coupled at a step-shape dividing wall. 

 Results are obtained by using a code based on 

an asymptotic method valid for large magnetic 

fields and small velocity (inertialess flow). For 

strong magnetic fields, viscous effects are 

confined to very thin boundary layers, while the 

core of the flow behaves practically as being 

inviscid. In addition complete numerical 

simulations for inertial MHD flows are performed 

using a code based on the open source package 

OpenFOAM. A more realistic geometry close to 

the one shown in Fig. 5 with walls of finite 

thickness and conductivity is considered. 
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Fig. 7: Magnitude of surface potential plotted on the 
walls of the ducts for Ha=1000, Δp₁=Δp₂, and profiles 

of axial velocity at different axial positions.

 

 

Fig. 8: Pressure along a full length of a period, plotted 
along a center line at z=0 and along a line near the 
side wall at z=1 for channels CH1 and CH2. 

 
Results are shown for a reference case with 

expansion ratio Δy=0.5 and Ha=1000. Equal 

pressure differences are assumed in the two 

channels, Δp₁=Δp₂, and therefore both flow rates 

are equal, q₁=q₂. Surface electric potential is 

plotted in Fig. 7. In the narrow parts of the ducts 

the velocity is larger. This yields higher values of 

induced potential on the side walls at z=±1 (see 

dark red areas). Where the cross sections are 

larger the magnitude of induced potential 

difference is smaller. 3D MHD effects at 

expansions and contractions lead to 

modifications in the velocity distribution 

compared to fully developed conditions. This can 

be seen in subplots of Fig. 7, where profiles of 

axial velocity are displayed at several axial 

positions. At x=-1.59 the flow is almost fully 

developed with core velocities of order one and 

side layer jets along walls parallel to the 

magnetic field. At x=-0.2, before expansion of 

CH1 (contraction of CH2), a fraction of flow in the 

side layers moves in reversed direction. Behind 

the expansion of CH1 (contraction of CH2) at 

x=0.2 the highest velocities are observed in CH2 

and a partly reserved flow occurs in the layers of 

CH1. At x=1.59 the flow is again almost fully 

developed. In the narrow parts of the ducts 

induced currents are large and as a result we 

find here the strongest pressure gradients. This 

can be seen in Fig. 8, e.g. for CH1 in the regions 

-2<x<0 and 4<x<6 or for CH2 in the range 0<x<4. 

Near expansions and contractions the magnitude 

of pressure gradients increases due to additional 

Lorentz forces caused by 3D electric currents. In 

the small channels, where velocities are large, 

induced currents and braking Lorentz forces are 

high. Here mechanical energy is removed from 

the flow and transformed into electrical energy. 

The latter is transferred via leakage currents 

through conducting walls to the neighboring 

larger ducts and released there partly as 

mechanical energy to drive the slower flow in the 

larger cross section. The small ducts act as local 

electric MHD generators while the larger ducts 

function as electromagnetic pumps. This can be 

seen by the increasing pressure with respect to 

the mean value when moving along the 

streamwise direction in CH1 in the range 0<x<4 

and for CH2 in the regions -2<x<0 and 4<x<6. 

The pressure drop Δp over a half-length of a 

period, as indicated in Fig. 8, has been 

investigated for different expansion ratios Δy. For 

Δy=0 we observe the pressure drop of a fully 

developed flow in two straight, electrically 

coupled channels. With increasing Δy the 

pressure drop increases for two reasons. First, 

the flow has to pass through smaller cross 

sections. This leads to increased velocity and 

higher pressure drop. Second, larger expansion 

ratios increase the intensity of 3D MHD effects 

associated with additional pressure drop. For 

Δy=0.6, which is still a bit smaller than that in the 

blanket, the increase in Δp is already 91% 

compared to a flow in two parallel channels. First 

results have been published in [4]. 
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Analytical study of instabilities in mag-

netohydrodynamic boundary layers 

Experiments to investigate instabilities in 

fundamental MHD flows are performed, both to 

obtain data for validation of computational codes 

and to reach a deep understanding of basic MHD 

phenomena needed for the physical 

interpretation of complex, coupled problems. 

Experiments have been carried out in the 

MEKKA laboratory to analyze liquid metal flows 

in rectangular channels under the influence of 

intense magnetic fields. The investigated MHD 

flows are characterized by the two non-

dimensional groups, the Hartmann number Ha, 

describing the magnetic field strength, and the 

Reynolds number Re, describing the average 

axial velocity, and by the wall conductance ratio 

c=wtw/(L) for walls with electric conductivity w 

and thickness tw. The conductance parameter c 

describes the ratio of the conductance of wall 

material to the one of the fluid. In the test section 

used for the experimental campaigns walls 

parallel to the magnetic field are electrically 

insulating (c=0) and those perpendicular are 

covered by thin foils of copper to achieve a well-

defined electric wall conductance c>0. These 

electric boundary conditions correspond to the 

classical Hunt-type MHD flow [4]. For strong 

magnetic fields (Ha>>1) stationary laminar MHD 

flows in electrically conducting ducts exhibit a 

uniform core velocity with thin viscous Hartmann 

layers at walls perpendicular to the magnetic field 

and high-velocity jets along walls aligned with the 

field. These jet-like velocity patterns may become 

unstable for high enough flow rates, i.e. for large 

Reynolds numbers [5]. 

 

Fig. 9: GaInSn loop with (1) electromagnetic pumps, 
(2) flow straightener, (3) test section with conducting 
Hartmann walls, (4) potential probes on duct  wall, (5) 
traversable probe and (6) flow meters. 

 

The design of the employed liquid metal loop is 

shown in Fig. 9. Two lateral ducts serve as 

electromagnetic conduction pumps that feed the 

test section in the middle. The eutectic alloy 

GaInSn is used as model fluid and the entire loop 

is exposed to a uniform magnetic field. 

 

Fig. 10:. Perturbation of axial velocity component for 
one wavelength in the lower right quarter for c=1, 
Rec=260 and Ha=100. 

 
In addition to the experimental studies a linear 

stability analysis has been performed for liquid-

metal flows in square ducts with thin electrically 

conducting walls in a homogeneous magnetic 

field. A vector streamfunction-vorticity formulation 

is used to describe the problem in terms of 

perturbation equations. The resulting eigenvalue 

problem for three-dimensional small-amplitude 

perturbations is solved by a Chebyshev 

collocation method. Compared to ideal 

assumptions used in previous studies [5] the 

analysis has been extended to deal with realistic 

wall conductance ratios c=1, 0.1, 0.01. 

Calculations have been performed for Hartmann 

numbers up to 10
4
 [6]. As expected for MHD duct 

flows in sufficiently strong magnetic fields 

instabilities occur first in the side layers, whose 

thickness is proportional to Ha
-1/2

,
 when the 

Reynolds number exceeds a critical value Rec. 

The Reynolds number is defined in this analysis 

by the maximum velocity in the jets. Fig. 10 

shows perturbations of axial velocity component 

in the lower right quarter of the duct for one 

wavelength for c=1, Rec=260 and Ha=100. 

Perturbations are located in the side layers and 

they are aligned along magnetic field lines. At 

high Hartmann numbers, an asymptotic behavior 
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for the critical Reynolds number is observed, i.e. 

Rec≈520 for Ha>>1. The axial wave length of 

unstable struc-tures scales proportionally to the 

thickness of the jets since kc~0.5Ha
1/2. The 

present results for Rec are still lower compared to 

experimental data but larger than the value of 

Rec=313 found in [7]. 
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Introduction 

In June 2012, the International Atomic Energy 

Agency (IAEA) initiated a four-year Coordinated 

Research Project (CRP) with the objective of 

improving state-of-the-art liquid metal cooled fast 

reactor codes and data used in neutronics, 

thermal hydraulics and safety analyses, by 

considering validation against whole-plant data 

recorded during landmark shutdown heat 

removal tests (SHRT) that were conducted at 

Argonne’s Experimental Breeder Reactor II 

(EBR-II) in the 1980’s. Twenty-two organizations 

representing eleven countries are participating in 

the CRP under the technical leadership of the 

Argonne National Laboratory (ANL). As 

secondary CRP aim, the training of the next 

generation of fast reactor analysts through 

international benchmark exercises is considered.  

For the study, two of the tests performed at the 

EBR-II plant – a protected loss-of-flow (PLOF,  

SHRT-17) and an unprotected loss of flow 

(station blackout, ULOF, SHRT-45R), both 

initiated from full power and flow, were 

considered. During the analysis of the protected 

loss-of-flow, the focus was mainly on prediction 

of the natural convective cooling, while during the 

analysis of the unprotected loss-of-flow, more 

attention was devoted to the feedback effects as 

the thermal expansion reactivity effects. In order 

to support these studies, an optional neutronics 

benchmark analysis was considered as part of 

the SHRT-45R simulations. 

The CRP activity was divided into different 

phases. During phase 1, the neutronics 

benchmark was carried out and the participants 

generated blind simulation results for both 

transients. After the distribution of the recorded 

experimental data, phase 2 started by performing 

several activities for improving simulation results. 

The participants decided also to apply the Best 

Estimate plus Uncertainties (BEPU) methodology 

(up to now used only in Light Water Reactors – 

LWRs - framework) for the qualification of the 

EBR-II simulation (PLOF test).   

The KIT/IKET (TRANS group) is contributing to 

all the phases by performing transient analyses 

with the SIMMER code and neutronics 

investigations by means of the codes ERANOS 

2.2 and PARTISN v5.97.  

 

EBR-II reactor and core layout 

The EBR-II plant was a uranium metal-alloy-

fuelled sodium-cooled fast reactor (62.5 MWth) 

designed and operated by ANL for the U.S. 

Department of Energy at Argonne-West. 

Operation began in 1964 and continued until 

1994. The original emphasis in the design and 

operation of EBR-II was to demonstrate the 

feasibility of a closed fuel cycle (breeding Pu) 

with on-site pyro-metallurgical reprocessing.  

Later on, it has been dedicated to safety studies 

by performing several Shutdown Heat Removal 

Tests (SHRTs) and Inherent Safety Tests (ISTs).  

As indicated in Figure 1, EBR-II was a pool type 

reactor in which all major primary system 

components were submerged. Two primary 

pumps drew sodium from this pool and provided 

sodium to the two inlet plena for the core by a 

piping system. Subassemblies (SAs) in the inner 

core and extended core regions received sodium 

from the high-pressure inlet plenum accounting 

for approximately 85% of the total primary flow. 

The blanket and reflector subassemblies in the 

outer blanket region received sodium from the 

low-pressure inlet plenum. Hot sodium exited the 

SAs into a common upper plenum where it is 

mixed before passing through the outlet pipe (so- 

called “Z-pipe”) into the intermediate heat 

exchanger (IHX). Sodium then exited the IHX 
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flowing back into the primary sodium tank before 

entering the primary sodium pumps again. 

 

 

Fig. 1: EBR-II Primary System Components and 
Sodium Flow Paths [10] 

 
The core layout for the two considered tests was 

different as indicated in Figure 2. Therefore, in 

order to take into account the peculiarities of the 

two tests (several SA types composing the core), 

two different SIMMER core models were 

established. For the PLOF case, the core zone 

has been modeled by 19 radial meshes while for 

the ULOF case 34 radial meshes have been 

considered. 

 

 

(a) 

 

(b) 

 

Fig. 2: Core layout: (a) SHRT-17 – PLOF (b) SHRT-
45R – ULOF [10] 

 
All the reactor components have been taken into 

account for creating the 2D RZ SIMMER-III 

model (Figure 3). Unavoidable approximations 

(necessary for 2D geometry) have been 

introduced for modeling the reactor outlet Z-pipe 

and the sodium inlet pipes. In addition, a 

simplified Intermediate Heat Exchanger (IHX) 

model (characterized by a constant sodium outlet 

temperature) and a single “equivalent” pump 
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(representing the two primary pumps and the 

Electromagnetic Pump) have been implemented 

in the model.  

In order to carry out the EBR-II benchmark 

studies, the standard SIMMER-III version has 

been modified by Kyushu University (KU) for 

taking into account a set of specific Equations of 

State (EOS) and the Thermo-Physical Properties 

(TPP) for the EBR-II fuel (U-5%Fissium alloy). 

 

Fig. 3: SIMMER-III EBR-II RZ model (PLOF SHRT-17) 

 

EBR-II results: comparison against 

experimental data 

The PLOF case 

For SHRT-17 – PLOF, oriented mainly to 

investigate the effectiveness of natural 

circulation, only the fluid-dynamics modules of 

SIMMER were considered (neutronics module 

deactivated) resulting in a reduced calculation 

time. Under these favorable calculation time 

conditions, several modeling options (e.g. radial 

conduction, axial conduction, effect of IHX 

position, gap conductions, fuel porosity, etc.) 

were investigated. The results obtained during 

phase 2 (optimization phase) are in good 

agreement with the experimental data as 

indicated in Figure 4 where the Z-pipe inlet 

temperature and the coolant temperature at core 

top in the instrumented SA XX10 (steel SA) are 

shown as examples. The improvement for XX10 

is mainly related to the radial heat condiction. 

The ULOF case 

In order to establish a neutronics reference for 

SIMMER simulations, KIT/IKET extensively 

contributed to the neutronics benchmark part 

before performing ULOF transient simulations. 

Several codes (ERANOS 2.2, PARTISN v5.97, 

MCNPX 2.7.0) and modeling options 

(heterogeneous/homogeneous models for 

generation of multi-group cross-sections, 

diffusion/transport approximations for neutron 

transport, etc.) were considered and compared. 

A very good agreement with the results obtained 

by the other participants has been obtained. An 

example of parametric studies performed for the 

neutronics benchmark is shown in Table 1. More 

details will be published in [5].  

 

(a) 

 

(b) 

Fig. 4: SHRT-17 – PLOF: (a) Z-pipe Inlet 
Temperature (b) coolant temperature at core top 
(XX10) 
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Table 1: EBR-II SHRT-45R: results neutronics benchmark 

 ERANOS PARTISN 

 
HEX-Z Cold 
dimensions 

(REF) 

HEX-Z 
Expanded 

dimensions 

HEX-Z 
Homogeneous 
XS treatment 

HEX-Z 
P3 

HEX-Z 
Diffusion 

XYZ Sn-16 

k-eff 0.99969 0.98761 0.99751 1.00198 0.97482 0.99960 1.00339 

Time (s) 409 - - 3305 - 6380 62 

 Effects on k-eff of modeling options 

Effect, 
pcm 

- -1224 -219 229 -2552 -9 369 

 
In addition to the specific EOS and TPP 

introduced in SIMMER by KU, extended 

SIMMER versions have been developed at 

KIT/IKET and adopted in the ULOF study. The 

most important modifications introduced are: 1) a 

new core thermal expansion reactivity feedback 

model developed at KIT [8-10], and 2) a new 

PARTISN-based spatial kinetics model (instead 

of a TWODANT-based one) used in order to 

benefit from the SIMMER parallelization 

capability. The comparison against whole-plant 

data allows a further validation of the SIMMER 

extensions considered.  

 

Fig. 5: SHRT-45R – ULOF: net reactivity [6] 

 
In the new core thermal expansion reactivity 

feedback model introduced in SIMMER, axial 

core expansion considers fuel or clad driven 

modes (depending on the burnup level, namely 

depending on the state of the gap closure) as 

well as radial core expansion considers both 

cylindrical (only grid plate expands) and conic 

(both grid and constraints plates expand) modes. 

Within the study, both options have been 

considered as shown in Figure 5. The results 

obtained by the conic mode are in good 

agreement with the results presented by other 

participants. 

Comparison with several available experimental 

data (including those in the XX09 and XX10 

instrumented SAs) has been performed as well. 

As an example, Figure 6 shows the coolant 

temperature behavior at different axial positions 

in the fueled instrumented SA (XX09). The 

agreement with the experimental data is quite 

good for the temperature at core top (at 32.2 cm 

from core bottom, Figure 6-a) and for the 

temperature above core (at 48 cm from the core 

bottom, Figure 6-b). Discrepancies at the long 

term (after 600 s) are due to the missing 

contribution to the mass flow coming from the 

Electromagnetic Pump (EM) installed outside of 

the Z-pipe which is not properly modeled in our 

current study. This contribution has not been 

initially considered due to the simplified pump 

model adopted in SIMMER (a single “equivalent” 

pump) but it is currently under investigation in 

view of the submission of the final results.  
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(a) 

Fig. 6 a): SHRT-45R – ULOF (conic mode): XX09 
temperature at core top 

(b) 

Fig. 6 b):. SHRT-45R – ULOF (conic mode): XX09 
temperature above core 

 

Conclusions 

The group TRANS of KIT/IKET is participating in 

the IAEA EBR-II benchmark activity since June 

2012, by performing transient analyses with the 

SIMMER-III code and neutronics investigation 

with the ERANOS and PARTISN codes. 

Analyses for two tests (SHRT-17 - PLOF and 

SHRT-45R - ULOF) have been performed after 

having assessed two different RZ models for 

taking into account the core configurations of the 

two tests. An extended SIMMER version has 

been developed at KIT/IKET and validated during 

the study. In this extended version, specific EOS 

and TPP for the EBR-II fuel have been 

implemented by KU and a new core thermal 

expansion reactivity feedback model has been 

developed by KIT/IKET [9]. The version adopted 

also includes a new PARTISN-based spatial 

kinetics model in order to benefit from the 

parallelization capabilities of PARTISN and 

SIMMER codes. Contribution to the neutronics 

benchmark part has also been provided in order 

to establish an independent neutronics reference 

for SIMMER simulations.  

The results obtained in phase 1 and 2 for the two 

tests are within the range of results obtained by 

other benchmark participants. By model refi-

nements (phase 2), oriented to a better under-

standing of the phenomena involved, it has been 

possible to obtain a good agreement with the 

experimental data both for the PLOF and ULOF 

cases. Therefore, the study has provided a basis 

for a further validation of the SIMMER code.  
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Introduction 

The analysis of severe accidents in LWRs at the 

IKET group UNA is focused on the in- and ex-

vessel core melt behavior. The overall objective 

is to investigate the core melt scenarios from the 

beginning of core degradation to melt formation 

and relocation in the vessel, possible melt 

dispersion to the reactor cavity and to the 

containment, and finally corium concrete 

interaction and corium coolability in the reactor 

cavity. 

The experimental platform includes three 

experimental facilities:  

- LIVE to investigate the melt pool behavior in 

the RPV lower head;  

- DISCO to study the melt dispersion to the 

reactor cavity and direct containment heating;  

- MOCKA to study molten corium concrete 

interaction.  

The results of the experiments are being used for 

the development and validation of codes applied 

for safety assessment and planning of accident 

mitigation concepts, such as MELCOR and 

ASTEC. The strong coupling between the 

experiments and analytical activities contribute to 

a better understanding of the core melt 

sequences and thus improve safety of existing 

reactors by severe accident mitigation measures 

and by safety installations where required.  

The understanding of major processes for the 

assessment of the plant response and behavior 

under design basis or beyond design basis 

situations still have to be further developed. For 

this purpose, experimental investigations are 

carried out in the WENKA and COSMOS 

facilities addressing the thermal-hydraulics and 

physico-chemical phenomena during postulated 

design and beyond design transients and 

accidents. 

 

LIVE experiments 

The main objective of the LIVE program is to 

study the late in-vessel core melt behavior and 

core debris coolability both experimentally in 

large scale 2D and 3D geometry and in 

supporting separate-effects tests, and 

analytically using CFD codes in order to provide 

a reasonable estimate of the remaining 

uncertainty band under the aspect of safety 

assessment. The LIVE-3D test facility allows the 

investigation of a melt pool in the lower plenum 

of a RPV in 3D geometry with simulated internal 

heat generation. Other test facilities had only a 

2D geometry or were performed without heating 

of the melt. The main part of the LIVE-3D test 

facility is a 1:5 scaled semi-spherical lower head 

of the typical pressurized water reactor. 

The diameter of the test vessel is 1 meter. The 

top area of the vessel is covered with an 

insulation lid. The test vessel is enclosed in a 

cooling vessel to simulate the external cooling. 

The melt is prepared in an external heating 

furnace designed to generate 220 l of the 

simulant melt. The volumetric decay heat is 

simulated by 6 spirally formed heating elements 

providing a maximum power of about 28 kW. To 

investigate both the transient and the steady 

state behavior of the simulated corium melt, an 

extensive instrumentation of the test vessel is 

realized. The temperatures of the vessel wall 

inner surface and outer surface are measured at 

5 latitudes and 4 locations at each latitude. Heat 

flux distribution through the vessel wall can be 

calculated based on these temperatures. 

Additionally, 80 thermocouples are positioned 
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within the vessel to measure the temperature 

distribution in the melt pool and in the crust. 

In 2015 the results of single layer LIVE tests 

were systematically analyzed. By comparing the 

published data from other experimental facilities 

the LIVE test results can contribute to a better 

understanding of remaining issues regarding the 

heat transfer behavior in the melt pool. These 

issues are the influence of crust formation on 

molten pool heat transfer, the 2D effect and the 

heat flux distribution under different boundary 

condition. 
 

Effect of crust formation 

Large discrepancy in Nu~Ra correlations 

(Nusselt Na over Rayleigh Ra number) of upward 

and downward heat transfer were observed 

depending on whether a crust layer exists on the 

cooling boundary. For the upward heat transfer, 

higher Nuup number is obtained in crust-forming 

liquid. LIVE experiments with nitrate salt as 

simulant material has shown similar behavior in 

comparison with water experiments, that both the 

upward and downward Nu number in case of 

crust formation are higher than the Nu number 

without crust formation. In Fig. 1 the Nuup are 

shown, in which the Nu numbers with crust 

formation are marked with red color. In the 

reactor case, a crust layer should be formed in 

an oxide melt pool. With crust formation the 

melt/crust interface is ideal isothermal. Without 

crust formation, the temperature at the interface, 

namely the wall inner surface temperature is not 

uniform and is higher than the wall outer surface 

temperature; even the wall outer surface can be 

maintained isotherm with a cooling medium 

during phase transition. In the experiments 

without crust formation, the heat flux is 

underestimated when the wall outer surface 

temperature is assumed as the interface 

temperature for the heat flux distribution. In 

addition, the uneven crust surface promotes the 

local convective heat transfer.  

Moreover, the heat flux distribution on the curved 

side wall shows different character as the heat 

flux without crust formation. As shown in Fig. 2, 

in salt tests with crust formation the heat flux 

profile through the vessel wall was flat at the 

vessel bottom and increases with steady slope 

towards the melt upper surface. It is supposed 

that the heat transfer inside the crust layer due to 

the temperature gradient is responsible for this 

effect. A crust layer can homogenize the vertical 

heat flux difference at the bottom and reduce the 

highest heat flux at the melt surface. 

Fig. 1: Upward Nu numbers in LIVE tests with (red) and without crust formation 
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Effect of 2D geometry 

There is no boundary restriction of the turbulent 

flow in 2D geometry since the wave length of the 

thermal instabilities is more than 10 times smaller 

than the width of a 2D cavity. However, the 

aspect ratio describing the heat transfer area 

between upward and sidewall surfaces, here 

defined as AHT = A_up/A_dn, shows the difference 

of up/down heat transfer area splitting between 

2D and 3D geometry: AHT_3D is twice of AHT_2D, 

indicating that larger upper surface area in 3D 

pool is able to remove larger fraction of heat and 

thus mitigate the intensity of upward heat flux 

and the heat flux tapering on the side wall.  

The comparison of the normalized temperature 

distribution in Fig. 3 and the normalized heat flux 

distribution in Fig. 4 demonstrate the effect of 

heat transfer in 2D geometry. The influence of 

the 2D effect should be given special concern by 

using the general results originated from 2D 

experiments. 

 

 

 

Fig. 3: Comparison of melt temperature distribution 
in LIVE3D and LIVE 2D 
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Fig. 4:. Comparison normalized heat flux distribution in 
LIVE3D and LIVE 2D 

 

MOCKA experiments 

The MOCKA facility is designed to investigate 

the corium/concrete interaction in an anticipated 

core melt accident in LWRs, after the metal melt 

is layered beneath the oxide melt. The 

experimental focus is on the cavity formation in 

the basemat and the risk of a long-term basemat 

penetration by the metallic part of the melt. 

In MOCKA experiments cylindrical concrete cru-

cibles with an inner diameter of 25 cm are used. 

Both the sidewall and the bottom are 

instrumented with Type K thermocouple 

assemblies to determine the concrete erosion as 

a function of time. The initial melt consists of 42 

kg Fe together with 4 kg Zr, overlaid by 68 kg 

oxide melt (initially 56 wt.% Al2O3, 44 wt.% CaO). 

The initial height of the metal melt is about 13 

cm. The melt temperature at start of interaction 

was approximately 2000 °C. The initial 

temperature was estimated from the reaction 

enthalpy of the used thermite taking into account 

the temperature measurements from the former 

BETA tests. The CaO admixture lowers the 

solidus temperature and the viscosity of the 

oxide melt. The resulting solidus temperature of 

approx. 1350 °C is sufficiently low to prevent a 

formation of an initial crust at the oxide/concrete 

interface. The internal heat generation in the 

oxide phase is simulated by a succession of 

additions of pure thermite and Zr metal to the 

melt from the top being the first of a kind heating 

method realized for high temperature melts 

worldwide. The heat generated by the 

exothermal oxidation reactions of the 

continuously added Zr is deposited in the oxide 

phase. Due to density-driven phase segregation 

the metal melt at the bottom of the crucible is fed 

by the enthalpy of the Fe melt which is generated 

in the oxide phase by the thermite reaction of the 

added thermite. Approximately 75 % of the 

heating power was deposited in the oxide phase 

and 25 % in the iron melt. In this way a prototypic 

heating of both melt phases can be achieved.  

The heating method used in MOCKA allows 

investigation of MCCI process with reinforced 

concrete. The rebars in the concrete elevate the 

melt/concrete interface temperature up to the 

melting temperature of the reinforcing steel, i.e. 

1528 °C. This should result in higher melt pool 

temperatures than during MCCI with concrete 

without reinforcement for which a concrete 

decomposition temperature of approximately 

1300 °C was estimated. After a fast initial 

decrease in melt temperature, the temperature of 

the oxide melt cluster around 1600 °C in MOCKA 

7.1 test with rebars, Fig. 5. Surprisingly, the 

same long-term temperature was also found in 

MOCKA 6.3 test without rebars, Fig. 6. As the 

thermal properties of the pure concrete and that 

of the reinforced concrete do not differ much and, 

in addition, the same internal heating power was 

generated in all experiments under conside-

ration, the former estimated decomposition 

temperature of the pure concrete cannot be used 

to prescribe the temperature boundary condition 

for the MCCI process. The melt/ concrete 

interface temperature relevant to the MCCI 

process must be higher than the commonly used 

concrete decomposition temperature. 

 

Fig. 5: Melt temperatures at different positions as a 
function of time in MOCKA 7.1 test 
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Fig. 6: Melt temperatures at different positions as a 
function of time in MOCKA 6.3 test 

 
Recently performed MOCKA experiments with 

siliceous concrete gave rise to a similar 

conclusion. An experimental program to 

investigate the concrete decomposition process 

at high temperatures is underway. In contrast to 

the fairly isotropic concrete ablation in the CCI 2 

experiment a highly pronounced lateral ablation 

was observed in all MOCKA tests using LCS 

concrete with and without rebars. The 

corresponding lateral/axial ratios of the ablation 

depth are approximately 3 (approximately 1 in 

CCI 2 test performed at ANL). The knowledge of 

relation between the axial and lateral basemat 

erosion is important in evaluation of the 

consequences of a severe reactor accident. 

However, the extrapolation of the obtained 

results to reactor conditions is difficult. 

 

COSMOS experiments 

The objective of the COSMOS (Critical-heat-flux 

On Smooth and Modified Surfaces) experiments 

is to study the influence of safety-relevant 

components of light water reactors (fuel 

assemblies, grid spacers etc.) on heat removal, 

boiling crisis, pressure loss and other important 

issues. The focus is on how these parameters 

are influenced by the material properties of the 

structures. New measurement technologies like 

fiber optic void sensors will be used to provide 

qualified data for the development and validation 

of physical correlations used in the systems 

codes and for the validation of detailed CFD 

codes in the long-term. The focus shall be on the 

use of up to date and innovative measurement 

techniques (e.g. LDA, PIV, high-speed cameras) 

of high spatial and temporal resolution and the 

possibility of their use in applications involving 

high temperatures and pressures. 

The water loop for flow boiling heat transfer 

experiments at low pressure COSMOS-L was 

constructed and put into operation. A 

comprehensive series of two-phase flow 

experiments was successfully completed. The 

influence of the rod surface structure on critical 

heat flux (CHF) for flow boiling of water was 

investigated for Zircaloy tubes in a vertical 

annular test section. Though only a small 

influence of surface structures on critical heat 

flux was observed for the pressure of 120 kPa in 

the COSMOS-L test section the increase of CHF 

value is expected to be more pronounced (up to 

30%) at higher pressure for certain clad surface 

modifications, like oxide layers, formed on the 

clad surface of operating fuel rods. 

To quantify these phenomena for high pressures 

with an objective of increasing the safety margin 

to the start of the boiling crisis in prototypic 

conditions, the COSMOS-H experimental facility 

is being constructed. The facility consists of a 

high-pressure water loop and two cooling circuits 

and is designed for investigations of the CHF 

under non-scaled thermohydraulic conditions. 

The test section of the facility is approximately 

3.7 m high and includes an outer pressure tube, 

which encloses the test fuel rod bundle guided by 

a circular or rectangular separation tube. The test 

section consists of several segments including 

those that are specially designed for the visual 

analysis of the flow. The modular construction of 

the section allows different vertical positioning of 

these special segments depending on the 

experimental conditions and test requirements 

(Fig. 7). To test and approve the test section 

design a single cladding tube will be used in the 

first experiments. In the future tests larger fuel 

rod bundles of 2x2, 3x3 and hexagonal 

arrangements will be included in the study. 

The low pressure loop COSMOS-L was used in 

2015 mostly for testing the high pressure 

COSMOS-H concept, material selection and 

instrumentation for the test section of the 

COSMOS-H facility. 

 



Group: Accident Analysis 

28 

 

WENKA experiments 

The WENKA channel (Water Entrainment 

channel Karlsruhe) serves the investigation of 

counter-current stratified two-phase flows. These 

complex flow phenomena are relevant in 

accident scenarios of pressurized water reactors 

like the reflux condensation mode after a Loss Of 

Coolant Accident (LOCA). The objective of the 

experimental work is the provision of detailed 

datasets for development and validation of 

turbulence and phase interaction models for the 

CFD codes for which local measurements of 

various flow parameters with high spatial 

resolution are required. The WENKA channel 

has a modular construction concept and 

operates under ambient conditions. Water and 

air flow rates can be controlled in a wide range. 

The current configuration allows the observation 

of different flow regimes, such as supercritical 

flow, supercritical flow with droplet entrainment, 

partially reversed flow and fully reversed flow. 

These flow regimes include flow phenomena like 

hydraulic jumps, bubble and droplet entrainment 

and propagation of capillary and gravity waves. 

For the measurements advanced optical 

methods are used such as intrusive devices. The 

velocity and velocity-fluctuation profiles are 

measured by particle image velocimetry (PIV). 

For measurement in water fluorescent tracer 

particles are used to suppress reflections at the 

Fig. 7: Scheme of the COSMOS-H test section 
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liquid surface. To provide high-resolved void 

fraction data a special method was developed. 

The method uses sequences of high speed 

images to calculate a 2D distribution of the 

volumetric void fraction. After the image post-

processing the probability of existence of a two-

phase region is calculated by averaging over a 

period of 16 s; the void fraction is then calculated 

by integration of the intensity values. The 

validation of the method was performed by 

comparing its results to the electric needle probe 

data, demonstrating a measurement uncertainty 

of 8.6 %. Using these and other instruments an 

extensive database containing high-speed 

movies, flow maps, turbulence and velocity data 

including droplet mass flow has been obtained 

within the last three years. The measurement 

data can be directly compared with the results of 

CFD simulations. 

 

Application of the MELCOR code 

The UNA group participates in the WASA-BOSS 

(Weiterentwicklung und Anwendung von Severe 

Accident Codes – Bewertung und Optimierung 

von Störfallmaßnahmen) project. This project is 

supported by the German Federal Ministry of 

Education and Research (BMBF). Task of the 

UNA group is evaluating and improving the 

capability of the severe accident code MELCOR 

to calculate the behaviour of molten core 

material, which relocated to the lower plenum 

during a hypothetical severe accident in a 

nuclear power plant. In order to improve the 

prediction of such molten core material several 

new models have been developed. For example, 

the Phase-Change Effective Convectivity Model 

(PECM) developed at the Royal Institute of 

Technology (KTH) is able to provide a more 

detailed and precise description of the molten 

pool behaviour in the lower head in the same 

calculation time as MELCOR. 

The applied approach consists of coupling new 

models such as the PECM to the system code 

MELCOR. Therefore, the program DINAMO 

(Direct Interface for Adding Models) was 

developed. This program allows the calculations 

of specific phenomena of a severe accident by 

external models in MELCOR without the 

necessity of complex modifications of the 

MELCOR source code. In order to improve the 

prediction of molten core material in the lower 

plenum the PECM, which has been implemented 

into the CFD software OpenFOAM, is coupled to 

MELCOR via the coupling tool DINAMO. First 

coupled simulations on the experiment LIVE-L1 

showed that the coupled system can improve the 

prediction of a severe accident in MELCOR. 

Based on these results, additional LIVE-tests 

have been simulated to further validate the 

coupled MELCOR-PECM system as well as the 

participating codes. In LIVE-L10 and LIVE-L11 

the influence of different external cooling 

conditions on core melt behaviour in the lower 

plenum is investigated. In LIVE-L10 a constant 

coolant support was established to realize sub-

cooled cooling conditions with a non-boiling 

coolant. A coolant support based on the current 

water level is used in the LIVE-L11 test to realize 

boiling of the coolant. Apart from the cooling 

conditions the two experiments show the same 

setup. In Fig. 8 the vertical temperature profiles 

in the coupled MELCOR-PECM system for the 

two experiments with a volumetric heating power 

of 21 kW compared to the experimental findings 

and a standalone MELCOR calculation is shown. 

The mean temperature predicted by the coupled 

system matches the mean temperature 

measured in the experiments. For both 

experiments in MELCOR this temperature is 

overestimated. In addition, standalone MELCOR, 

which cannot resolve the temperature 

distribution, predicts a significant temperature 

increase in the molten material in LIVE-L11 

compared to LIVE-L10, which was not observed 

in the experiments. The independence of the 

behaviour of the molten material in the lower 

plenum from the external cooling conditions 

found in the experiments is predicted correctly by 

the coupled MELCOR-PECM system. 
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Fig. 8: Vertical temperature profiles for LIVE-L10 (top) 
and LIVE-L11 (bottom) with 21 kW volumetric heating  

The coupled system was further tested by 

simulating an entire nuclear power plant under 

severe accident conditions. Therefore, a 

MELCOR input deck for a generic western 

pressurized water reactor shown in Fig. 9 was 

developed. 

In flow path 228 a leak opens after 500 s. Apart 

from the water provided by hydro-accumulators, 

no coolant is injected into the primary circuit to 

mitigate the severe accident. In order to provide 

external cooling for the molten core material in 

the lower head the reactor cavity (control volume 

700 in Fig. 9) is flooded with water. In Fig. 10 the 

pressure and water level in the reactor pressure 

vessel in the coupled simulation is compared to 

the results of a standalone MELCOR calculation. 

Until the end of the coupled simulation with the 

PECM, which is induced by the failure of the 

lower head, the pressure and water level are in a 

very good agreement. However, the failure of the 

lower head is calculated about 1 hour earlier 

compared to the standalone MELCOR 

calculations. Due to the total simulation time of 

about 5 hours this significantly affects other 

potential severe accident management 

strategies. Based on the more accurate 

prediction of the LIVE tests the result of the 

coupled simulation is assumed to be more 

realistic. This first coupled simulation of molten 

material in the lower head shows the benefits of 

the coupling methodology. 

Fig. 9: Scheme of the developed MELCOR input deck for a generic western pressurized water reactor 
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Fig. 10: Pressure (top) and water level (bottom) in the 
reactor pressure vessel in the coupled and the 
standalone simulation 

 In addition to the external cooling of the molten 

material in the lower head, water can be injected 

into the reactor pressure vessel to cool the 

molten material from the top. This cooling 

configuration was investigated in the LIVE-L7v 

test. In order to further validate the PECM, this 

experiment was simulated. The simulation results 

showed significant deviations to the experimental 

findings. The PECM overestimates the mean 

temperature in the molten material and cannot 

resolve the stratified region in the bottom part of 

the molten pool. Therefore, the PECM was 

modified. The developed stratified PECM (S-

PECM) replaces the PECM-methodology in the 

stratified region by an “Effective Conductivity” 

approach. Fig. 11 shows the comparison of the 

vertical temperature profile with 29 kW of the S-

PECM with the traditional PECM and the 

experimental results from LIVE-L7v. 

 

Fig. 11: Vertical temperature profiles at r = 0.175 m 

 The S-PECM shows deviations compared to the 

experiment, however, it significantly better 

predicts the temperature profile than the 

traditional PECM. In the lower region also the 

stratification is resolved by the S-PECM. This 

modified model allows the improved simulation of 

molten core material in the lower plenum, which 

is cooled from the top and through the lower 

head wall. 
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Introduction 

For the Karlsruhe Liquid Metal Laboratory 

(KALLA), 2015 has again been an exciting year 

with some highly interesting and motivating 

research results and steps forward. The general 

segments of our research in liquid metal (LM) 

technology have been maintained: 

 Experiments and modeling of liquid metals 

as liquid phase medium in a bubble column 

chemical reactor, in particular for direct 

pyrolysis of methane 

 Investigation of LMs as efficient heat transfer 

fluids for concentrated solar power (CSP) 

systems 

 Experiments for cooling of core components 

of Accelerator Driven Systems (ADS) 

Some highlights of our research will be outlined 

in the following sections. One major success of 

the whole laboratory was the 3-year evaluation of 

the HELMHOLTZ-Alliance LIMTECH, where 

KALLA is one of the founding partners. An 

international expert panel has evaluated the work 

being done in the frame of this research alliance 

since 2013, with a very positive end encouraging 

judgement. At KALLA, 4 PhD students and one 

senior researcher are performing work in 

LIMTECH. 

 

Hydrogen/carbon production by methane 

cracking 

The project tries to shed light on the possibility to 

produce gaseous hydrogen and solid carbon 

from methane, without producing CO2 as a side 

product. It was embedded in a cooperation with 

the Institute for Advanced Sustainability Studies 

(IASS) in Potsdam and still is part of the 

Helmholtz Alliance for Liquid Metal Technologies 

(LIMTECH). The main drawback of former 

attempts to realize a thermal methane cracking 

process – mainly in tubular reactors – is the 

deposition of solid carbon layers on the heated 

reactor walls, subsequently leading to reactor 

blockage. Removing these carbon layers poses a 

severe problem, which has so far prevented 

continuous large scale industrial application of 

this process. Within this project, an alternative 

approach for the continuous cracking of methane 

was developed and investigated in the HELiS 

laboratory scale reactor at KIT, KALLA. The idea 

is the utilization of liquid metal as a heat transfer 

fluid, which is chemically stable and applicable in 

a bubble column reactor at temperatures above 

1200 °C. In the investigated process, methane 

gas is injected via a 0.5 mm single orifice into a 

liquid metal bubble column reactor, made of 

quartz glass with an inner diameter of 40.6 mm 

and a total length of 1300 mm. The methane 

decomposes inside of the formed bubbles which 

are rising up in the reactor.  

The bubble opens at the upper interface of the 

liquid metal, releasing the produced carbon, 

which is floating on the liquid metal surface and 

hydrogen but also the remaining methane gas 

and the formed gaseous intermediates. The 

advantages of this process are the continuous 

formation of new small scale reaction volumes 

represented by the injected bubbles and the 

natural carbon separation due to the density 

difference between the liquid metal and the 

carbon. During 2015, several experimental 

campaigns with and without the application of a 

packed bed were conducted and investigations in 

terms of temperature, flow rate and geometry 

influence were performed. The resulting 

hydrogen yield as a function of the predominant 

reference temperature under different conditions 

is shown in Fig. 1. 
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Fig. 1: Hydrogen yield as a function of reference temperature at 50 mln/min and 200 mln/min methane volume 
flow rate for two different packed bed geometries in comparison with pure tin experiments. 

By installing a new 8 kW electric furnace with 

three independent heating zones, the maximum 

operating temperature has been enhanced to 

1175 °C with a resulting hydrogen yield of 

maximum 78 % at 50 mln/min methane volume 

flow rate. This temperature has not been realized 

in a liquid metal reactor for methane cracking 

until now. Also the absence of considerable 

amounts of intermediates is promising for future 

process development, as the selectivity for 

hydrogen production is almost one. In general, 

the hydrogen yield increases by increasing the 

liquid metal temperature and the gas residence 

time in the reactor. No significant impacts of the 

investigated packed bed geometries on the 

hydrogen yield compared with pure tin 

experiments were detected. In contrast to 

investigations in tubular reactors, no carbon 

clogging occurred and the produced carbon 

accumulated as a loose powder on the liquid 

metal surface in the upper part of the reactor, 

shown in Fig. 2. 

The results have found widespread echo in the 

scientific as well as in the interested general 

public after KIT issued a press release on the 

successful steps in fall 2015. Several dozen 

international journals and newspapers reported 

about KALLA and the methane cracking, 

including Frankfurter Allgemeine, The Economist, 

Deutschlandfunk, Wirtschaftswoche, to name just 

a few. 

 

 

 

Fig. 2: Carbon powder accumulation in the upper part 
of the reactor after 14 days of operation. 
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Concentrated Solar Power (CSP) 

Liquid metals have been proposed in the past as 

high temperature heat transfer media in 

concentrating solar power (CSP) systems and 

have regained much attention in recent years, 

not at last due to well recognized work in this 

field by KALLA researchers. In 2015, as a major 

step towards liquid metal thermal hydraulics tests 

under concentrated sunlight conditions, the 

SOMMER (SOlar furnace arrangement with 

Molten-MEtal-cooled Receiver) facility has been 

completed. Calibration and verification mea-

surements by a specialized external company 

have been accomplished in November. 

Lead-bismuth-eutectic (LBE) mixture has been 

selected for the receiver first test loop. The 

thermal receiver of the SOMMER loop will be 

located in the focal point of the parabolic 

concentrator, the latter with a square aperture 

area of 16 m². The mirror has a focal length of 

2.4 m and consists of nine glass facets with 3 

mrad expected total slope error. This parabolic 

mirror is installed in a fixed position inside a 

building. Sunlight will be provided by a 32 m² 

heliostat mirror, equipped with a sun-tracking 

mechanism, located outside the building (see 

Fig. 3). 

 

Fig. 3: SOMMER facility 

At a direct normal irradiance value of 800 W/m², 

this arrangement will nominally deliver 10 kW 

thermal power to a receiver with an area of 100 

cm². The heat flux density distribution according 

to ray-tracing simulations and considering the 

above receiver area is shown in Fig. 4a. In order 

to determine the thermal efficiency of a liquid 

metal-cooled receiver in the focal point, a device 

for the precise measurement of the incident solar 

power and its areal distribution on the receiver 

surface is required, as well as a highly resolved 

map of local flux densities to characterize the 

performance of the facility. An assessment of 

different approaches for measurement solutions 

resulted in the design of a novel approach for the 

SOMMER facility: A fast response Heat Flux 

Micro (HFM) Sensor that is moved across the 

receiver plane by means of a superimposed 

linear and a rotational motion component (see 

Fig. 4b). This design satisfied the demand for 

short time assembly, testing and commissioning 

at low costs to obtain precise measurement data. 

 

 

Fig. 4: top) Heat flux density distribution; bottom) 
Schematic view of the measurement system: a) 
aluminum support rail b) linear actuator c) car with the 
rotational gear and the HFM sensor located in the tip 
of the copper rod 

 

Heavy-liquid metal thermal-hydraulic 

experiments for safety studies of fast 

reactors and accelerator-driven systems 

Heavy-liquid-metals, such as pure lead and the 

lead-bismuth eutectic alloy (LBE) are prominent 

candidate coolants for advanced reactor 

concepts, which can contribute to the reduction 

of nuclear waste. In particular, HLMs are 

considered for the transmutation of long-lived 

fission products and minor actinides, either in 

critical reactors or ADSs. In this context, HLM 

technology is being studied at several institutions 

worldwide and KALLA has been participating in 

international research programs since 2002. At a 

European level, the reference design for this 
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technology is the MYRRHA reactor to be 

constructed in Belgium. 

During 2015 KALLA contributed to the safety 

analysis of these systems within several 

European projects with experimental campaigns, 

including the following highlights. 

 A heated 19-rod bundle with wire spacers 

and cooled by forced-convective LBE was 

tested in the THEADES LBE loop facility 

within the FP7 project SEARCH, which 

finished in April 2015. The measurements 

showed a high degree of reliability and re-

producibility, and valuable lessons for the 

design and safety analysis of HLM-cooled 

systems can be derived from the results. The 

wire spacers, necessary for keeping the 

short distance between the rods constant, 

produce a swirl flow that leads to colder 

regions in the edges and hotter spots in the 

center. The Nusselt number is in good 

agreement with the most conservative 

correlation, see Fig. 5. 

 This test section is being modified for further 

studies within the ongoing FP7 project 

MAXSIMA. Two small blockage elements 

covering one sub-channel each are placed at 

Fig. 5: Experimental results on the heated 19-rod bundle with wire spacers. Left: temperature profiles (above 
bulk value) for the reference case. Right: measured and predicted Nusselt numbers. 

Fig. 6: Location of the blockage elements to be installed in the rod bundle within MAXSIMA (side and top views)
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selected locations (one in the center and one 

in the edge). Additional thermos-couples are 

installed for detecting the local influence of 

flow blockages, particularly in respect to hot 

spots, compared to the reference results 

obtained within SEARCH, see Fig. 6. 

Two new Horizon 2020 projects with parti-

cipation of KALLA kicked off in April 2015: 

 SESAME (2015-2019) is completely 

dedicated to the thermal-hydraulics studies, 

considering several liquid-metal reactors 

designs. At KALLA, the inter-wrapper flow as 

external mechanism of fuel assemblies 

during decay heat removal operation shall be 

tested in a 3-bundle test section, see Fig. 7 

top, installed in the THESYS facility. For this 

campaign, the facility is upgrades with four 

parallel flow channels and three independent 

heating sub-systems. 

 

 

Fig. 7: Top: inter-wrapper flow geometry to be studied 
within SESAME: gap region between 3 fuel assem-
blies. Bottom: Porous blockage observed by accu-
mulation of particles in water within MYRTE. 

 MYRTE (2015-2019) is focused on the 

development of MYRRHA, including large 

work-packages on the accelerator sub-

system and core reactor thermal-hydraulics. 

At KALLA, the process of formation and 

growth of blockages shall be investigated in 

water tests, making use of optical 

instrumentation, see Fig. 7 bottom. 

 

Conclusions 

Highlights in the research year 2015 at KALLA 

have been the principle proof of concept on the 

feasibility of hydrogen and carbon powder 

production from methane by thermal cracking in 

a liquid metal bubble column, very positive 

evaluation of the LIMTECH results of the first 

three years as well as granting of two new EU 

H2020 projects, SESAME and MYRTE. 

Again, more than 20 publications and 

presentations have shown the productivity and 

the positive spirit of the 15 KALLA team 

members, including engineers, technicians, PhD 

students and scientists. One publication with 

major contributions from KALLA, the ”OECD 

NEA Handbook on Lead-bismuth Eutectic Alloy 

and Lead Properties, Materials Compatibility, 

Thermal-hydraulics and Technologies-2015 

Edition” has been cited 42 times between its 

publication in mid-2015 and March 2016, proving 

the international relevance of liquid metal 

research and contributions thereof from KALLA. 

 

List of Acronyms 

Acronym Meaning 

ADS Accelerator-driven system 

CSP Concentrated Solar Power 

HLM Heavy liquid metal 

KALLA Karlsruhe Liquid Metal 
Laboratory 

LBE Lead-bismuth eutectic 

MAXSIMA 
Methodology, Analysis and 
experiments for the safety in 
Myrrha assessment 
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Acronym Meaning 

MYRRHA Multi‐purpose hybrid research 
reactor for high‐tech applications 

SEARCH Safe Exploitation Related Che-
mistry for HLM cooled reactors 

SOMMER Solar furnace arrangement with 
Molten-Metal-cooled Receiver 
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Introduction  

Since 2011, the research group Accident 

Management Systems is carrying out research 

on decision support tools for disaster 

management and critical infrastructure (CI) 

protection. CIs such as the electricity supply, the 

supply of drinking water, hospitals, pharmacies, 

dialysis clinics, etc., are organizations and 

institutions that provide the population with vital 

services and products. Any disruption of a CI 

supply can lead to severe consequences, hence, 

the probability for failures and the potential 

impacts of CI disruptions have to be mitigated, 

reduced, or at least managed. Decision support 

tools for advanced analysis of risk, resilience, 

and vulnerability are necessary to assist CI 

providers and disaster management authorities. 

In 2015, the undertaken activities by the research 

group addressed the development of several 

support tools and analysis methods for different 

types of CI disruptions and threats. Multiple 

projects were conducted which dealt with the 

consequences of power outages (CEDIM 

activities and Helmholtz Association (HGF) 

portfolio project “Security Research”), the 

management of food shortages/ lacks of food 

(the SEAK project), and the risk and crisis 

management of terror attacks in public 

transportation systems (the RIKOV project). 

 

CEDIM Activities: Estimating the Initial 

Impacts of Power Outages 

The Research Group Accident Management 

Systems is a member of the interdisciplinary 

research platform of the Center for Disaster 

Management and Risk Reduction Technology 

(CEDIM).  

As part of the German excellence network of the 

research program Integrated Research on 

Disaster Risk (IRDR), CEDIM became an 

International Centre of Excellence (ICoE) for 

Critical Infrastructures and Strategic Planning in 

2015. Embedded in this, two activities were 

carried out addressing the estimation of initial 

impacts of power outages and their management 

at the local level. 

 

Fig. 1: Investigated power outages for conducting 
the pilot study. 

The first activity aimed at extending the 

knowledge on power outage impacts by 

reviewing media articles that reported a power 

outage incident in Germany. Therefore, a pilot 

study was conducted that considered how it 

would be possible to enhance the insights of 

power outage impacts and how to provide better 

evidence-based recommendations for disaster 
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management by the evaluation of media data. 

Derived from a dataset of 234 incidents and 

associated media articles, information was stored 

about e.g. the duration, the date and time, the 

number of affected people, the impacts on CIs, 

and the consequence-triggered interactions of 

emergency and disaster management 

authorities. 

The pilot study demonstrated how media articles 

about power outages were detected [8, 3]. The 

investigated incidents were reviewed and 

analyzed. The study showed that it is possible to 

recognize first tendencies to define the 

escalation tipping point. Till this escalation level 

of a power outage, the management of power 

outage consequences is left to the freedom of 

the individual. Higher level of escalation may 

require a response of official authorities. 

Although the number of samples used in the pilot 

is too small for final conclusions, the result 

promised that an enlarged data set may allow 

disaster management authorities to define, e.g., 

empirical-based reference scenarios for disaster 

management planning, protection target levels, 

and operation criteria for those point in time of a 

power outage in which further resources are 

requested. 

The second activity in CEDIM addressed an 

enhanced understanding of concrete power 

outage consequences in a particular city or 

county. Therefore, a spatial-temporal 

vulnerability assessment is developed. The 

development of a vulnerability assessment aims 

at estimating the initial sufferings from a power 

outage in a city or county. This should also 

enable the building of a common picture of the 

time-depending effects and a comprehensive 

view on the functionality of CIs in a municipality. 

Both is often missing at the local level. The 

spatial-temporal vulnerability assessment is 

based on an indicator-based model which takes 

into account the number, the size, and the type 

of CIs in the city districts. To consider escalating 

effects, the model is extended by dynamic 

parameters that express time-referenced 

dependencies on electricity and the consumption 

of coping capacity like emergency power units or 

batteries which may be implemented at CIs.  

In 2015, the research on the vulnerability 

assessment was focused on the modelling of 

coping capacity depletion and on macro-micro 

considerations. The ability to react to potential 

impacts of power outages depends on the 

consumption of coping capacity. The more 

capacity is depleted, the less time is available to 

plan and realize further response activities and 

the higher is the vulnerability. The estimation of 

vulnerability increasing is highly uncertain and 

depends on the evaluation of the coping capacity 

consumption. To get better statistical data about 

this uncertainty, a survey was processed. The 

survey was embedded in a workshop with 

representatives from disaster management 

authorities in the Federal state of Baden-

Wurttemberg. The final results were analyzed 

and published in a book chapter [7]. The results 

were also used to consider that a CI may consist 

of different elements which each have an 

individual preparation level and, hence, the 

coping capacity is inhomogeneous distributed in 

a CI [1]. 

 

HGF: Modeling Interdependencies of 

Critical Infrastructures 

In 2012, the Helmholtz Association (HGF) 

initiated the innovative HGF portfolio project 

“Security Research” in which three Helmholtz 

Centers, the German Aeronautics and Space 

Research Centre (DLR), the Research Center 

Jülich (FZJ) and the Karlsruhe Institute of 

Technology (KIT) are combining their expert 

knowledge in cyber security, sensors and 

platforms, emergency management, and security 

of CIs in a common research initiative for 

shaping Critical Infrastructure Protection (CIP). 

The project aims at establishing a scientific CIP 

platform which will support CI providers, 

operators, emergency and disaster management 

organizations, CIP policy makers, and other 

scientists whose work is related to CIP.  

One of the core activities of the project is the 

development of an enhanced advising and 

forecasting capability. This capability will help to 

investigate the potential occurrence of and the 

possible prevention strategies against longer 

lasting power blackouts that may be caused by 

cyber and terrorist attacks on components of 

information and communication technology (ICT) 

and power grids. Therefore, the existing models 

of each center are methodologically enhanced, 

and combined taking into account current and 
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upcoming technical trends and systemic 

developments till 2030. This includes the 

integration of renewables and the continued de-

centralized energy generation, improved smart 

grid capabilities and better stability management 

through enhanced information and com-

munication technologies. The new technologies 

imply also new cyber and terrorist threats which 

may compromise grid stability. Therefore, a 

fictive cyber-attack on the ICT structure which is 

operating the smart grid of the city of Karlsruhe is 

used as a scenario for demonstration. More 

studies will be carried out to investigate the 

stability of the energy supply under different 

conditions, the consequences to CIs and the 

possible strategies which are applicable to 

reduce the threat or remediate the 

consequences.  

The task of the Accident Management Group is 

the development of an agent-based model to 

consider the potential impacts of a missing power 

supply on CIs. The agent-based modelling allows 

to analyze complex systems comprised of 

individual, autonomous interacting agents. Such 

agents communicate and negotiate with each 

other according to their needs and rules, as they 

try to provide their functionality in a changing 

environment. In this context, they are used to 

model particular components of CIs which have 

autonomy decision-making capability and can 

react to events triggered by other agents and by 

that also influence other agent’s behaviors. The 

agent’s properties are stored in a relational 

database and the model framework is coupled to 

the database which allows storing and reading 

information related to particular simulations. To 

characterize the CI’s properties, data has to be 

collected and appropriate rules concerning their 

behavior in different situations have to be 

defined. In this way, it is possible to simulate the 

functionalities of different CIs and their 

components, their interdependencies, and their 

behavior in crisis situations. Agent-based 

modelling has a high level of flexibility and can 

greatly benefit by combining them with other 

modeling methods such as system dynamics or 

decision support methods, e.g. Multi-Criteria 

Decision Analysis (MCDA).  

The core activities in 2015 addressed the 

fundamental model building including the 

development of the general CI model frame as 

well as identifying and collecting the required 

data for the model implementation [9]. This 

resulted in a preliminary modelling of CI agents 

representing some characters of the Karlsruhe 

water supply and health care facilities. Therefore, 

an extended literature review for data collection 

was conducted comprising characteristics and 

key parameters of the water supply and the 

health care facilities such as hospitals, mental 

hospitals, dialysis practices, pharmacies, and 

other care facilities. 138 relevant facilities were 

identified and described by individual parameters 

(e.g. location, size, dependences to other CIs, 

performance values, etc.). In addition, infor-

mation and process parameters about some 

Fig. 2: Visualization of the results of an exemplary power outage and its impacts on other selected CIs. 
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crisis response management measures related 

to the above mentioned infrastructures were 

collected by a literature inquiry. 

This allowed a very first demonstration of test 

simulations which were conducted taking into 

account some of the identified and described 

countermeasures [10]. The results allowed 

conclusions about future research activities. 

Among others it turned out, that data collection is 

one of the most crucial steps in setting up the 

simulation. Therefore, it is important to collect the 

data as thoroughly as possible and to close gaps 

in the simplification of the model with carefully 

defined assumptions that are verified by experts. 

In a further development step, the CI decision 

capabilities should be enhanced by using multi-

criteria approaches. This would also allow to use 

additional attributes and to set priorities with 

changing preferences, in particular from the 

decision making side of the emergency 

management teams. Once completed, it will 

improve the combination of the result of the other 

research partners in the power grid and the ICT 

simulations to generate time dependent feedback 

loops and thus to investigate further attack 

scenarios and derive possible countermeasures. 

 

SEAK: Decision Support for the Disaster 

Management of Food Supply Disruption 

Food supply chains (FSCs) are optimized 

systems that are operated on high performance 

levels. This makes them extremely time and cost 

effective, but also more vulnerable to disruptions 

caused by extreme events. The SEAK project 

(for an introduction see [2]) addressed this issue 

and aimed at the development of decision 

support methods for facilitating the management 

of a sudden lack of food in disaster situations. It 

is part of the German National Security Research 

Framework and financially supported by the 

German Federal Ministry of Education and 

Research (BMBF). The project consortium 

consisted of the Technical University of 

Darmstadt, the logistics consulting company 

4flow AG, and the Karlsruhe Institute of 

Technology (KIT). The project started on January 

1, 2013 and was finished on December 31, 2015. 

Contributions of the IKET research group 

Accident Management Systems (UNF) 

comprised defining and analyzing appropriate 

threat scenarios as well as compiling a catalog of 

available measures for authorities for different 

escalation levels taking into account the 

respective administrative competences. In the 

frame of the project, several experts from public 

authorities have been interviewed by the project 

team to obtain information related to food supply 

shortages (e.g. scenario relevant aspects, 

decision-makers in charge, distribution of 

responsibilities, possible countermeasures). 

Based on these findings and on a literature 

review, three threat scenarios were identified that 

can imply disruptions of FSCs and seen as highly 

relevant incidents for the purpose of SEAK. The 

three scenarios are (i) a heat wave, (ii) a drop out 

of manpower, and (iii) a failure of the IT system. 

For each scenario several impact factors were 

extracted and coupled with the quantitative 

logistic simulation system that was developed 

within the project. This allowed the simulation of 

different aspects considering holistic impacts or 

specific influences in the provision of food for the 

population. The results demonstrate how it is 

possible to identify upcoming shortages in the 

system and, hence, provide decision support.  

Further contributions were the development of 

two approaches for indicator-based vulnerability 

assessments. One proposed vulnerability 

assessment addressed the general topological 

structure of a food supply system. The results 

enhanced spatial insights on vulnerabilities by 

analyzing different regions by their number of 

inhabitants (demand), the vulnerable groups who 

are living in the regions and the individual food 

supply structure [4]. The approach allowed 

decision makers from disaster management 

authorities to compare the vulnerability levels of 

cities and counties in a federal state and to 

identify static drivers for vulnerability. However, 

the responsibility for operative disaster response 

is legislatively delegated to the local crisis 

management teams at the administrative level of 

cities and counties. Furthermore, the affected 

population partly has stored food and drinking 

water at home which enables them to temporary 

resist a sudden lack of food. Hence, both a 

temporal vulnerability evolvement and a higher 

spatial resolution of vulnerability levels are 

necessary to support the impact assessment at 

the level of cities and counties. For this purpose, 

a second vulnerability assessment was 

developed [6]. The assessment is based on a 
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Fig. 3: Representatives from disaster management authorities in Baden-Wurttemberg who participated on the 
workshop "Disaster Planning for Food Shortages and Power Outages”. 

review of empirical studies about the behavior of 

the population in storing food and drinking water. 

These findings were combined with census data 

of the population structure of a city or county 

district and with the results of a workshop with 

decision makers from disaster management 

authorities. This information allowed to assess 

the spatial-temporal vulnerability evolvement 

based on the population structure and on the 

consumption of the private food storages. 

 

RIKOV: Evaluating Counter Measures to 

Cope with the Risks of Terror Attacks on 

Public Transportation 

RIKOV intended to investigate to which extend a 

holistic risk management approach can enhance 

protection of public railway transportation 

systems against terrorist attacks. The project 

was part of the national research program 

Research for Civil Security - Security Economics 

and Security Architecture, initiated and financed 

by the German Federal Ministry of Education and 

Research (BMBF). RIKOV started in November 

2012 and officially ended in November 2015 with 

respect to the IKET contributions.  

Within the project, the task of IKET was to 

provide means for prioritization of security 

measures i.e. to develop methods to provide a 

ranking of potential security measures in a 

specific context. The context is on one hand 

defined by “hard” criteria like the transportation 

environment of the stakeholder or weapon type 

used for an potential attack, and on the other 

hand by “soft” criteria such as acceptance of a 

security measure by the public (e.g. surveillance 

cameras). Variations of the criteria are combined 

in different attack scenarios. 

Our basic assumption was to use knowledge 

from historic events and human experts to 

provide decision support for selecting appropriate 

security measures for the different attack 

scenarios. Because hard and soft criteria had to 

be combined, we developed a two-step approach 

using case based reasoning (CBR) as 

preprocessor for the hard facts and MCDA to 

adapt the preliminary results to the preferences 

of the stakeholders/end users. 

The first task was to systematically analyze the 

known attacks on public rail transportation. The 

data gathered was structured and stored in a 

knowledge database, including information about 

potential security measures. A standalone CBR 

was implemented and adapted to the knowledge 

database providing a ranking of potential security 

measures. In the next step the preferences of 

stakeholders/end users were enquired from 

experts during a workshop at KIT. The results 

were stored in a criteria tree structure for a 
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subsequent MCDA. The standalone MCDA tool 

of IKET was adapted and used to evaluate the 

stakeholder data. 

In 2015 we focused on the final implementation 

and automatic combination of both methods. As 

a starting point, a set of scenarios was provided 

by the RIKOV main application and our 

applications resulted in a ranked set of security 

measures which was passed back. We 

developed and implemented an XML interface for 

this task. Based on this interface an automated 

control software was designed, which initiated 

and conducted the CBR process for each 

scenario which was defined. The result is taken 

and combined with additional information from 

the knowledge database. Both are further used 

to generate an input file for the prioritization by 

the MCDA. The result is then passed back as 

XML to the main RIKOV system.  

The approach and its implementation was 

presented at the Future Security 2015 [3]. The 

general method was also demonstrated to 

potential stakeholders/end users at a workshop 

in Überlingen in October 2015. 
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Introduction 

In 2015 the Hydrogen Group continued to 

develop the in-house CFD HyCodes, GASFLOW 

and COM3D (see [1] to [6]), and conducted 

several experimental programs to develop further 

the criteria for flame acceleration and 

deflagration-detonation-transition or to provide 

model vali-dations data. Still the code 

development is accommodated in the nuclear 

program NUSAFE and therefore suffers from 

continuous budget constraints. However, the 

quite successful licen-sing of the HyCodes to 

external users provides additional financial 

resources for the development work. 

The next three chapters describe three selected 

projects in more detail. First, a dedicated fluid-

structure-coupling model development for 

COM3d was supported directly by automotive in-

dustry. Therefore, there has been no related 

publication so far. The next example addresses 

experiments for inhomogeneous flat layers of 

premixed gases co-funded by GRS. Although 

these large scale experiments provide obvious 

links to the Fukushima accidents, the results ser-

ve in a more general way as reference data and 

for model development. The last example refers 

to experiments of unconfined spherical pre-mixed 

clouds prepared in soap bubbles. 

The selected references at the end of this section 

are directly referring to the two latter projects. 

 

Coupling Flame and Structural Dynamics 

In the frames of general COM3D code 

improvement and supplemented model 

development during last year, a concept of vo-

lume porosity together with model of moving 

walls were elaborated and implemented into the 

code. 

These new attainments allowed to realize 

support of real-time data exchange with finite-

element analysis code ABAQUS -

 © Dassault Systèmes providing possibility to 

perform simulations of the gas-dynamic process-

ses simultaneously with possible adaptation of 

the geometrical and thermo-dynamical environ-

mental conditions. 

The current implementation of the COM3D and 

ABAQUS two-way coupling provides exchange 

of information between these two codes on every 

time step and on the pre-defined set of nodes 

known for both codes. From COM3D, the 

information on the 3D force acting on each node 

is transferred, and in the opposite direction from 

ABAQUS, the 3D displacement vector and 3D 

velocity vector are transferred. 

For the accounting of moving walls the concept 

of ‘moving embedded boundaries’ was realized 

in COM3D. In the frames of this concept, it is 

assumed that the calculating mesh is re-

generated only when displacement exceeds the 

size of a cell, otherwise accounting of the wall 

dislocation is performed using sub-grid model of 

the ‘embedded’ boundary. ‘Embedded’ boundary 

model includes control of the calculation cell 

fraction occupied by gas/solid material, and 

corresponding correction of fluxes through the 

cell boundaries and field parameters inside the 

cell. 

Currently the model takes into account only the 

one-dimensional movements, which are directed 

along the normal to the moving boundary, and 

therefore only components normal to the surface 

of exchanged fields are participated in the data 

transfer between codes. 
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Fig. 1b: Schematic of the experimental transparent combustion channel. 

For the class of problems, which are of interest in 

the co-simulation projects, relatively rapid 

changes of the given model geometry are 

assumed. Therefore, as a partner for COM3D 

common simulation agent, the ABAQUS/Explicit 

code variant was selected. 

In the data exchange procedure, three individual 

programs are taking part: ABAQUS/Explicit, 

ABAQUS CSE Co-Simulation Director and 

COM3D. Therefore, newly developed COM3D 

code extension can be used when ABAQUS 

license is available, since first two packages are 

included into standard ABAQUS distribution 

suite.  

For successful initiation and performance of 

COM3D-ABAQUS complex, it is necessary to 

create consistent geometry models, which will be 

accepted by both codes, and in both codes an 

interface surface(s), on which data exchange can 

be performed, should be defined in terms specific 

for each participant.   

Fig. 1a: Experimental set-up for investigating transient flame behavior coupled to flexible walls using 
transparent walls and optical measurement techniques in HYKA Test Chamber Q160 
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The COM3D conventional geometry model (i.e., 

without peculiar for co-simulation specifications, 

such as data exchange surface(s)) can be 

created using conventional ways, e.g., by 

definition in terms of geometry data language 

(GDL), by import from STL data (ABAQUS code 

has possibility to export STL), and using one fully 

new specially developed for communication with 

ABAQUS method. The last one is based on the 

import of ABAQUS model data, extracted from 

ABAQUS model database by specialized 

COM3D utility. This utility provides export of 

exchange surface geometry data as well. 

The full functionality of COM3D-ABAQUS 

complex is supported including restart possibility, 

online execution control and visualization. User’s 

manual is available. 

 

Results 

The new developments were validated against 

experiments performed in the Hydrogen Group. 

The experimental set-up is shown in Figure 1a. 

Here only one test case will be described, 

namely Test 40. This test was accelerated 

combustion with deflagration to quasi-detonation 

regime. The combustion was initiated in flat 

channel (see Fig. 1b) of 10 mm height and with 

metal grid inside volume for promoting flame 

acceleration. The channel is confined by Plexi-

glas walls of 8 mm thickness. 

The combustion was modelled using standard 

COM3D flame acceleration model KYLCOM+. 

Initial combustion was slow and the displacement 

of walls was affected by uniform pressure 

distribution. 

In Figure 2 and Figure 3 one can see the effect 

of the pressure on wall displacement. 

Comparison of the data from COM3D (Fig.  3) 

and from ABAQUS (Fig. 4) confirm exact co-

simulation program complex operation. Utilization 

of the developed technique allowed obtaining 

results unreachable without accounting on wall 

displacements. Comparison of the experimental 

results and data from simulation with and without 

displacement demonstrated massive over-

estimation of the pressures observed during 

flame propagation. 

 

Fig. 2: Wall displacement distribution by uniform 
overpressure. 

 

 

Fig. 3: Wall displacement at the end of strong flame 
acceleration and quasi-detonation in the second half of 
the facility in COM3D. Time 5 ms after beginning of the 
process. 

 

 

Fig. 4: Wall displacement at the end of strong flame 
acceleration and quasi-detonation in the second half of 
the facility in ABAQUS. Time 5 ms after beginning of 
the process. 

 

The pressure prediction obtained in the case with 

wall displacement accounting demonstrated 

excellent agreement (see Figure 5) between 

experiment and simulations. 
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Fig. 5: Comparison of the experimental results and 
simulations as X-t diagram. Records of the three 
pressure transducers are shown. The horizontal axe 
corresponds to time in s, vertical denotes position of 
the transducer 
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Transient Flame Behaviour in Partially 

Confined Flat Gas Layers 

In the frame of the BMWi financed project (“GRS 

Vorhaben 1501426”) the Hydrogen Group has 

continued experimental work related to the flame 

behavior in partially confined layers of premixed 

gases with a concentration gradient.  

The experiments conducted in the horizontal 

configuration in the first phase of the program 

before 2015 suggested the “concept of maximum 

concentration”. It claims that homogenous 

mixtures and gradient mixtures produce the 

same flame velocities and overpressure effects if 

the maximum – and not the average – concen-

tration in the gradient mixture equals the 

concentration of the homogenous mixture. 

 

 

Fig. 6: Arrangement of the semi-open test channel in 
HYKA V30 and principle variations in the experimental 
matrix 

The focus in 2015 was on layers attached to 

vertical walls and to check whether the maximum 

concentration concept holds for these 

configurations. The experiments were conducted 

in the HYKA test vessel V30. The experimental 

matrix included homogeneous mixtures and pre-

mixed layers with vertical and horizontal 

concentration gradients. Besides hydrogen 

inventory, ignition point and blockage ratio in the 

driver section have been varied. 
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Results 

The results of all tests with vertical arrangement 

are shown in two charts in the figure below. In 

the upper chart the maximum pressure 

generated by the combustion is shown 

depending on the maximum concentration in the 

premixed layers before ignition, suggesting that 

the above concept of maximum pressure holds. 

The light and dark blue curves represent the 

experiments with homogeneous mixtures. The 

lower chart presents the identical results in the 

more intuitive way: the measured maximum 

pressure is now plotted over the averaged 

concentration. It is easy to see that the latter way 

of presentation gives much less scatter 

compared to applying the maximum 

concentration concept. 

 

 

Fig. 7: Maximum pressure of the vertical channel 
combustion tests over maximum concentration (top) 
and over average concentration (bottom) 

 The convergence for the average concentration 

chart clearly indicates, that the maximum 

concentration criteria, derived from previous 

experiments, is less suitable compared to the 

standard criteria, based on the average 

concentration, at least for these vertically 

arranged layers. 

It is planned to extend these kind of 

investigations including carbon monoxide in the 

premixed systems. Carbon monoxide points to 

safety issues related to the late phase of severe 

accidents, including Fukushima, and related to 

synthesis gas in the chemical industry.  
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Experimental study of flame instabilities 

in unconfined geometries 

Hydrogen risk assessments of prototypical 

scenarios associated with a wide use of 

hydrogen as an energy carrier typically assume 

leakage of the gas, premixing with air and 

ignition to form a more or less unconfined 3d 

combustion process. Many studies have already 

analyzed the behavior of spherical flames, 

however, in most of them a truly unconfined 

environment could not be simulated, given that a 

plastic cover was used to contain the gas, which 

affects the development of the flame. 

Therefore, the purpose of this specific study was 

to design an experimental setup, which 

approaches much better fully unconfined 

conditions, and to analyze the effects of 

instabilities on the flame dynamics. The soap 

bubble method was chosen, as it is the technique 

that most accurately simulates an unconfined 

geometry. 

The experimental facility was constructed and in 

total 55 experiments were conducted, in which 

the soap bubbles were filled with different 

mixtures, namely hydrogen-air, hydrogen-

oxygen, methane-air and methane-oxygen, in 

different concentrations. Shadowgraph method 

was used to capture the whole process in high-

speed videos with frame rates up to 30000 fps. 
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Fig. 8: Experimental set-up for the unconfined soap bubble experiments including the optical 
measurement arrangement (top view) 

Fig. 9: Influence of Lewis number Le on flame speed (flame indicated by the light semi spheres within 
the bold premixed bubble) and on flame instabilities (indicated by the wrinkling of the flame surface) 
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The relationship between Lewis, Markstein and 

Peclet numbers and flame instabilities, 

specifically wrinkling, as well as flame speed, 

were analyzed through the examination of the 

obtained high-speed movies. Overpressure 

outside the premixed bubble was measured and 

compared to the results of the TNO Multi-Energy 

Model. Parameters for Deflagration-to-

Detonation Transition were studied, especially in 

those experiments in which obstacles were 

added in the center to promote flame 

acceleration.  

 

Results 

The main findings of this experimental program 

have been that the measured flame speed fits 

well the expected behavior and the flame speed 

rises considerably by adding obstacle in the pre-

mixed bubbles. Only deflagrations have been 

observed in the unconfined configurations. The 

flame surface wrinkling can be well predicted 

with the help of the Lewis number Le. The 

unstable nature of H2/O2/N2 combustion leads 

to an incompatibility with the TNO Model. The 

TNO model is based on hydrocarbon fuels and 

fuel gases and therefore does not fit.  
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Stochastic Field Method 
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Introduction 

If a physical process shows a spectrum of 

solutions whereas the engineer is only interested 

in mean values statistical methods are high 

promising methods. As an example this is the 

case in the field of nuclear energy regarding the 

neutron physics describing nuclear reactions. 

Furthermore turbulent premixed combustion is 

the area where stochastic methods have been 

developed. This article considers the Stochastic 

Field Method that belongs to the class of Monte 

Carlo Methods. It shows high accuracy when 

describing statistical processes and can be 

applied to numerical calculations of numerous 

technical problems. The basic idea behind this 

method is to disturb the property of a field by 

white noise to represent a small number of 

realizations of this field. Studying the evolution, 

i.e. multiple sets of such realizations, ensures 

fast statistical convergence of the method. 

 

Fig. 1: Procedure when solving PDF equations for 
highly non-linear processes 

 

Basics of the Stochastic Field Method 

The problem of turbulent reacting flows can be 

boiled down to determine an accurate value of 

the mean chemical reaction rates. Turbulent 

reacting flows involve complex nonlinear 

reactions and a huge number of different 

species. These reactions unfortunately are 

strongly non-linear so that computing the mean 

reaction rate from mean species concentrations 

yields nonphysical data which differs from results 

computed from instantaneous concentrations by 

orders of magnitude. In order to obtain an 

accurate value of the mean reaction values the 

evolution of time resolved reaction rates could be 

recorded and averaged but this unfortunately 

requires a direct numerical simulation (DNS). An 

attractive alternative is to determine the joint 

probability density function (JPDF) of 

concentrations, i.e. the distribution function 

showing the probability of observing any com-

bination of species concentrations. This allows 

computing the mean reaction rates without prior 

application of any averaging. The general 

procedure described below is visualized in Fig. 1. 

The establishment of an accurate JPDF is a 

challenge. For some well-known processes its 

shape can be presumed as e.g. Gaussian. If the 

shape is unknown or too complicated (e.g. 

multimodal) to be estimated by a common 

distribution the PDF must be created by 

producing samples of the M species transport 

equations. Later on sampling will consist of N 

samples (to be distinguished from the M 

species). 

Fig. 2 shows a small number of samples (blue) 

clustered near the most probable property value. 

Sampling a large number of such samples 

eventually leads to the distribution (green) and 

the according PDF (yellow). One can imagine the 

PDF consisting of a huge number of delta-

functions. The PDF indicates the probability for a 

certain concentration. The joint probability 

density function (JPDF) describes the probability 



Group: AREVA Nuclear Professional School 

60 

for species combinations. Moreover the PDF and 

the JPDF are dependent on spatial location and 

on time. The physics about the transport of 

species is given by the species transport 

equation. Using this information the dependence 

of the PDF (JPDF respectively) on space and 

time can be predicted. More abstractly spoken 

one regards the PDF as being transported. The 

PDF transport equation (JPDF respectively) can 

be derived from the species transport equations. 

The mathematical procedure has been shown in 

(Pope S. B., 2000). The resulting PDF transport 

equation represents an exact formulation. 

 
Fig. 2: The Probability Density Function of a 
property (yellow) is estimated by time averaging 
samples (blue) to obtain the corresponding 
distribution (green).  

Unfortunately the mixing term is not closed which 

impels the use of models. The establishment of 

an adequate diffusion model has been subject to 

investigations during the last decades (Correa, 

1995). 

Several models are introduced and compared in 

(Edward S. Richardson, 2012). The Interaction-

by-Exchange-with-the-Mean (IEM) model is a 

simple and common approach. The application of 

such a model results in the modeled PDF 

transport equation. Yet it is too complex to be 

solved directly. Instead the transport of N 

samples representing the PDF is investigated 

and ensemble averaged (compare Fig. 2). The 

numerical calculation of these samples of the 

PDF transport equation can be realized at low 

numerical cost. This strategy is referred to as 

“Monte Carlo Method”. These samples can either 

be regarded as (i) particles or as (ii) stochastic 

fields, respectively. The first method (i) uses 

injection of artificial particles, so called 

Lagrangian particles. They are observed from the 

Lagrangian point of view whereas the continuous 

phase is calculated using a Eulerian perspective. 

The procedure for the application on combustion 

is described in detail in (Pope S. B., 1980). 

Moreover it is shown that the description of the 

PDF consisting of a large number of samples (in 

the limit of infinite N) converges to the correct 

solution of the PDF transport equation. The 

second method (ii) treats the samples as 

stochastic fields. Both the samples and the flow 

are viewed applying a Eulerian perspective. The 

method was first introduced in (Valiño, 1998). 

Using the method of stochastic fields the 

modelled PDF transport equation has to be 

transferred to a so called stochastically partial 

differential equation (SPDE) that describes the 

behavior of the stochastic fields (Vladimir 

Sabel'nikov, 2005).  

Stochastic processes employ integral 

descriptions where two interpretations are given 

by Ito and Stratonocitch calculus (Peter E. 

Kloeden, 1999). 

Valiño established his work based on (Gardiner, 

1985) where an Ito interpretation was used. 

Alternatively in (Vladimir Sabel'nikov, 2005) a 

Stratonovitch interpretation was used yielding the 

same SPDE as previously presented in (Valiño, 

1998). 

Note that in Fig. 1 Lagrangian Particles on the 

left branch and Stochastic Fields on the right 

branch could be linked directly. In (O. Soulard, 

2006) it is shown how to transform equations 

describing Lagrangian particles to equations 

describing Stochastic Fields (SPDEs). 

 

Applications of the Stochastic Field 

Method 

Originally the Stochastic Field Method was 

applied on problems in the field of combustion by 

W. P. Jones (e.g. (W. P. Jones, 2013)). Recently 

it has also been transferred to applications in 

other fields. The application on two-phase flows ( 

(J. Dumond, 2013)) was pioneered at IKET. 

Similarly a generalization to chemically reacting 

fluids or solids obviously is possible. In this 

context the simulation of a bubble column reactor 
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is envisioned. Furthermore the Stochastic Field 

Method could be applied on active fluids such as 

bacteria in micro flows. 

 

Application on two phase flows 

Cavitating flows are observed during the injection 

into a combustion engine. Relying on cavitation 

in (J. Dumond, 2013) a specific safety relevant 

component of GEN IV nuclear power plants was 

developed and investigated. The prediction of the 

probability to be issued with a bubble of a certain 

size is necessary to ensure the function of these 

systems. The Stochastic Field Method combined 

with the technique “binning” allows to visualize 

the corresponding PDF.  

 

Advantages of the Stochastic Field 

Method  

Traditionally the bubbles in a two phase flow are 

calculated using a Euler-Lagrange solver. 

Trajectories of three exemplary bubbles on their 

way through the discretized flow field are 

depicted in Fig. 3.  

 

Fig. 3: Under the Lagrangian perspective single 
bubbles are observed on their way through the flow 
field. The volume fraction of the gas phase is 
evaluated as the mean of a representative number 
of bubbles. Three bubbles with their according 
trajectories are shown during the three time steps 
t1 , t2 and t3. 

The usage of two different perspectives needs a 

coupling of fundamentally different descriptions 

which turns out to be CPU-intensive. Using a 

Euler-Euler solver the calculation is more 

efficient since it employs pure Eulerian des-

cription. Often the advantage of a higher effi-

ciency is corrupted by a reduction of accuracy. 

The Stochastic Field Method combines ad-

vantages of both worlds: the efficiency of the 

Euler-Euler solver and the accuracy of the Euler-

Lagrange solver. The pure Eulerian perspective 

eliminates the necessity of coupling and 

significantly decreases the calculation time and 

code complexity. 

 

 Fig. 4: Under a Euler-Euler perspective the gas and 
liquid phases are represented using interacting 
fields. The Stochastic Field Method extends this 
approach by creating statistical variations by 
disturbing the fields of the gas phase. Instead of 
considering Lagrangian trajectories the Stochastic 
Field Method takes into account statistical 
fluctuations. The figures shows schematically 
several realizations of the gas phase’s volume 
fraction Y and the mean values during three time 
steps t1 , t2 and t3. 

Yet more important is the fact that in the pure 

Eulerian approach Lagrangian particles are 

absent so that techniques necessary to control 

Lagrangian particle number density can be 

omitted altogether. To be statistically reliable a 

Euler-Lagrange-Solver needs a certain number 

of Lagrangian particles present in each cell. In 

case the number is too small the overall number 

of particles is to be increased or the technique of 

cloning has to be applied carefully. In case too 

many particles are present pairs can be fused to 

form fewer representative particles. 
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Instead of particles the Stochastic Field Method 

uses different realizations of a property each 

being distinct due to the influence of a randomly 

generated white noise. Most important is the fact 

that in every cell the same number of repre-

sentations is generated. Thus techniques like 

cloning or fusion of particles are obsolete in the 

Stochastic Field Method which leads to a higher 

efficiency. A further advantage becomes ap-

parent when considering the lifetime of fluc-

tuations. In the Stochastic Field Method this is 

manually selected e.g. typically the order of the 

turbulent timescale. Euler-Lagrange solvers re-

gard a particle during its complete way though 

the flow regime. Consequently the Stochastic 

Field Method provides more realizations of the 

stochastic process per time. Fig. 4 schematically 

shows how the same process of Fig. 3 would be 

regarded by the Stochastic Field Method. Here, 

correspondence of three stochastic fields and 

three Lagrangian bubbles is highlighted. Note 

that instead of bubble sizes the Stochastic Field 

Method uses the mass fraction or the volume 

fraction Y. 

 

Current research topics 

The improvement of the Stochastic Field Method 

for an application on two phase flows is an 

objective of the actual research of the ANPS 

group at IKET. We also like to refer to related 

work at the hydrogen group of IKET and 

specifically the ongoing doctoral thesis of M. 

Ranft applying the Stochastic Field Method to 

bubbly flow in a high pressure electrolyte. 

When describing bubbles in a flow field using the 

Stochastic Field Method proper implementation 

of effects like coalescence or breakup of bubbles 

has to be developed. Many more physical effects 

including phase transfer or the lift-lorce need 

attention. The modelling of the momentum 

transport between continuous and disperse 

phase as well as the connection of bubble size 

and rising velocity are of high interest. Instead of 

developing new models the goal is to exploit 

models from existing Euler-Lagrange solvers. 

Focus of our investigations is to elaborate to 

which extent existing models may be adopted to 

the Stochastic Field Method. 
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Experimental investigation on the physical and chemical 
properties of geothermal brine under in-situ conditions 

S. Herfurth, P. Orywall 

 

The group Energy and Process Engineering 

contributes to the field of efficient use of 

geothermal energy within the PoF programme 

Renewable Energies. In 2015 a new project was 

established to determine physical properties of 

geothermal brine as a result of a long term 

development. The following chapter describes 

the scope of this project.  

Precipitation and scaling in the thermal water 

loop leads to damage of components and 

blockage of pipes in the loop. To increase the 

availability of geothermal power plants it is 

necessary to acquire a detailed understanding of 

the chemical processes in the brine which lead to 

supersaturation. This affects not only the surface 

installations but also the conditions and reactions 

in the reservoir after reinjection. The HydRA-test 

facility allows for experiments to investigate fluid-

rock interaction including precipitation. The set-

up as well as first results of the experiments are 

described below. 

PETher – Physical Properties of Thermal 

Water under In-situ-Conditions 

PETher is a research project funded by the 

German Federal Ministry for Economic Affairs 

and Energy (BMWi, reference number: 

0325761). The project partners are KIT 

(Karlsruhe Institute of Technology; technical 

project coordination), GeoT (GeoThermal 

Engineering GmbH, Karlsruhe; geoscientific 

project coordination), gec-co (Global Engineering 

and Consulting GmbH, Augsburg) and as 

subcontractor GTN (Geothermie 

Neubrandenburg GmbH). 

The objective of PETher is to determine thermo-

physical properties (specific isobaric heat 

capacity, kinematic viscosity, density and thermal 

conductivity) of geothermal brine under 

conditions that reflect the original conditions to 

be found in geothermal applications (pressure, 

temperature, chemical composition including gas 

content of the brine). The knowledge of these 

thermo-physical properties is crucial in order to 

estimate the thermal output and therefore the 

economic viability as well as to optimize the plant 

or heating station design during the development 

and operation of a geothermal project. Up to 

now, only a limited number of measurements of 

selected physical properties have been made, 

usually under laboratory conditions as well as for 

individual geothermal plants. Currently available 

mathematical formulae describing the thermo-

physical properties are typically not valid for the 

conditions to be found in geothermal applications 

and do not consider the substantial influence of 

the chemical composition of the thermal water. 

Also, actual geothermal brines have not been 

subject of systematic measurements performed 

under operational conditions on a large-scale 

basis.  

In this project, the thermo-physical properties of 

geothermal brine are measured under in-situ-

conditions as functions of pressure, temperature 

and salinity. The measurements are taking place 

directly at several geothermal applications 

located in Germany’s hydro-geothermal key 

regions (see Fig. 1) and in the laboratory. 

Locations for measurements are selected upon 

geological criteria. Until now five in-situ 

measurements have been successfully 

performed: Two of them in the Upper Rhine 

Valley and three in the Molasse Bassin. 

Furthermore, seven in-situ campaigns are 

planned and comprehensive test series with 

artificial brine (mixtures of desalinated water and 

salts: NaCl, CaCl2, KCl, MgCl2, Na2SO4, CaSO4 

and NaHCO3) are performed in the lab (still on-

going). The results will then be compared to the 

in-situ measurements and serve for model 

development and software validation. 
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Fig. 1: Map of the geothermal regions in Germany  

To meet any geothermal reservoir conditions to 

be found in Germany, a mobile testing unit was 

developed at the institute with instruments 

specifically designed in-house. This testing unit 

consists of four Measurement devices (see Fig. 2 

& 3): a flow calorimeter (cp), a viscosimeter (ν), a 

densimeter (ρ) and a thermal conductivity meter 

(λ). The devices for ν, cp and ρ have been 

developed and tested at IKET 

.  

Fig. 2: Mobile testing unit for the investigation of 
physical fluid properties under reservoir conditions 

 

They are designed for a temperature range of 

20 °C to 170 °C, pressure up to 30  bar and need 

to withstand salinities in the range of 0 to 360 g/l. 

The λ-device is commercial (Lambda 1, F5 

Technology) and just slightly modified regarding 

the filling. Details on the measurement devices 

can be found in Schröder et al. (2015, [9]).  

Pressure and temperature are controlled and 

kept constant in the testing unit. The whole unit 

weighs ~250 kg and its dimensions are: 1.90 m 

length x 1.25 m width x 1.60 m height. Due to the 

compact design it is possible to move the unit 

easily to every geothermal location.  

 

Fig. 3: Process and instrumentation diagram of the mobile testing unit. The thermal water flows from left to 
right. The measurement devices are partly built in in series, partly parallel, but they are operated separately 
while measuring. 
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All measuring devices have been tested with 

pure water in order to compare the recorded data 

to the literature: The variation for the heat 

capacity cp amounts to 1% (literature: Lemmon 

et al (2010)). According to Picker et al. (1971), 

Perron et al. (1975) and Desnoyers et al. (1976), 

who also did experiments with flow calorimeters, 

the variation is within the uncertainty of 

measurement. Apart from pure water, aqueous 

NaCl-solutions have been measured and the 

results compared to literature (Thurmond & 

Brass, 1988, Smith-Magowan & Wood, 1981, 

Hnědkovský et al., 2002, Picker et al., 1971, 

Perron et al., 1975 und Desnoyers et al., 1976); it 

results in a variation of 1%. The data for 

kinematic viscosity ν was checked against 

literature data taken from NIST data base 

(Lemmon et al., 2010) and Kestin et al. (1981b). 

Here, the variation lies within 3% for pure water 

and aqueous solutions. For determining the 

density ρ, a weighing method is used. Therefore, 

the volume of the container in use is measured 

accurately (~0.1% accuracy) and the tare weight 

is determined with 0.4% accuracy. The obtained 

data has been compared to Lemmon et al. 

(2010) and a variation of 0.4% was calculated 

(only for pure water). The comparison is shown 

in Herfurth et al. (2015) in all detail [2], [3].  

First results of in-situ measurements and lab 

measurements with the particular geothermal 

brine are presented in Fig. 4. This figure shows 

the physical properties of geothermal brine under 

in situ conditions at five different geothermal sites 

in Germany. The top left diagram shows the heat 

capacity, the top right one shows density, the 

bottom left is for kinematic viscosity and the 

bottom right for heat conductivity. The different 

geothermal sites operate at different thermal 

water temperature and pressure. The effect of 

pressure seems to be negligible; the influence of 

temperature follows the expected trends. Over 

all, the data shows a strong dependency on 

salinity. Data from lab measurements with 

artificial brine are not yet available. 

The results from in-situ measurements, lab 

measurements with geothermal and artificial 

brine will be compared to standard analytical 

methods as well as used to calibrate laboratory 

Fig. 4: Physical properties – heat capacity, density, kinematic viscosity and heat conductivity – of thermal water 
from different locations over thermal water temperature (see Herfurth et al. (2016). Curves (dotted, dashed or line) 
are taken from seawater correlations (Sharqawi et al., 2010) as orientation concerning salinity. 
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Fig. 5: The scheme of the experimental setup HydRA. In the two reservoir tanks are the separated 
solutions, each of them were heated to the required temperature (heating coil) and shortly before the rock 
sample (built in the autoclave tight enclosed by the red tube) the two solutions get mixed and the 
supersaturated solution flow through the porous rock sample. For the collection of the fluid samples, the 
solution was cooled down (cooling coil). The whole system is monitored by some pressure and temperature 
sensors and all generated data were digitally recorded by the Software OPAL (Daubner & Krieger, 2010). 

measurements that simulate the encountered in-

situ conditions. A comprehensive series of 

measurements is performed in order to create a 

Germany-wide data base and to model the 

thermal water’s thermo-physical characteristics 

as a basis for future designs of geothermal 

applications. 

 

HydRA -Hydrothermal Reaction 

Apparatus 

Induced barite scaling in porous geothermal 

reservoir rocks during core-flooding experiments 

 

Barite scaling that leads to reservoir-clogging is a 

well-studied (threat) scenario in oil exploration 

when sulfate-containing seawater is injected into 

the reservoir hosting barium-rich formation water 

(Todd & Yuan, 1990). In geothermal exploration 

barite supersaturation and precipitation is 

achieved by extracting the heat from a reservoir 

fluid which is saturated or slightly undersaturated 

regarding barite (He et al., 1994). Either barite 

particles nucleate from the spent fluid and clog 

the pore throats or precipitation occurs in the 

available pore space by ongrowth on matrix par-

ticles. One good example is the case of Soultz-

sous-Forêts (France) where fluid circulation 

leads to massive deposits in the tube on the 

reinjection side, whereas the downstream fate of 

barite is virtually unknown (Scheiber et al., 2014). 

This experimental research focuses on the near-

wellbore reinjection environment which is 

simulated in the laboratory with a core-flooding 

apparatus shown in Fig. 5. In further steps the 

coupling between thermo-chemical hydraulic 

processes is of particular interest and will be 

complemented by reactive transport modelling 

using a well-known open source code algorithm 

(Orywall et al., 2015). 

In the first experimental runs a defined super-

saturation with respect to barite (saturation index 

calculated with PhreeqC (Parkhurst & Appelo, 

2013)), is achieved by mixing sodium sulfate so-

lution (Na2SO4) with barium chloride solution 

(BaCl2) shortly before the inflow of the rock 

sample (as porous media it is used a sandstone). 

As a background electrolyte an artificial fluid is 

mixed with regard to the natural fluid of Soultz-

sous-Forêts (Mundhenk et al., 2013). The super-

saturation regarding barite (BaSO4) is on top of 

this artificial fluid. The experimental parameters 

like temperature and pressure are closely alig-

ned to the operational parameters found at geo-

thermal sites in the Upper Rhine Valley, for 

instance Soultz-sous-Forêts (France) and 

Bruchsal (Germany) (Herzberger et al., 2010; 

Orywall et al., 2009). 
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Fig. 6a) und b) – barite crystal in the pore space of the rock sample 

First analytical results of the rock samples by 

using SEM (scanning electron microscopy) show 

expected barite crystals in the pore space of the 

perfused sandstone (Fig. 6a),b)). The crystal 

shapes of the newly formed ones are different, 

depending on the location where they were 

found. This one was detected at the outflow of 

the rock sample. 

Among other analytical work, the permeability of 

the rock samples can be measured in-situ with 

HydRA. The determination of this hydraulic 

parameter is performed before and after the 

core-flooding tests. With the mentioned super-

saturation of barite, the expected precipitations 

change the permeability of the used rock sample 

during the experiments. First results show 

exactly this behavior. The change of the per-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The permeability is a hydraulic characteristic of natural rocks. It depends on different values like flow rate, 
viscosity of the fluid, differential pressure over the sample and size of the used sample. The unit “D” (Darcy) can 
be converted into the SI Unit by 1D = 9.86923*10

-13
m

2
. The x-coordinate shows the rock sample number from the 

different experiments. For each experiment a new rock sample were used. 
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meability is shown in Fig. 7. The green (dotted) 

bars represent the permeability before and the 

blue (striped) bars show the values after the 

core-flooding experiments. 

Without exceptions, all values are higher before 

and lower after. This confirms the permeability 

decrease of the porous rock sample through 

precipitations into the pore spaces. 

Further work should investigate the temperature 

and pressure dependence of the crystal 

formation. Additional the water-rock interactions 

will be studied, to answer the question whether 

there is only the provoked precipitation in the 

rock sample or additional some dissolution pro-

cesses of the initial sandstone mineral phases. 
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