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Institute for Nuclear and Energy Technologies 

Structure and Laboratories of the Institute for Nuclear and 

Energy Technologies 

Thomas Schulenberg 

 

The Institute for Nuclear and Energy Technol-

ogies (IKET) at KIT addresses selected prob-

lems of energy conversion from thermal power 

to electric power for future power plants, which 

shall not emit CO2. Traditionally, these were 

nuclear power plants, for which IKET concen-

trates primarily on their safety features and on 

methods to mitigate severe accidents. Moti-

vated by the nuclear accident in Fukushima, a 

focus of the research topics within recent years 

was on the retention of core melt inside the re-

actor vessel and inside the containment to pre-

vent other power plants from running into sim-

ilar catastrophes. In its working group on 

Severe Accident Research, IKET is operating 

a test facility LIVE for core melt retention inside 

the vessel, using molten salts to simulate a co-

rium pool in the lower plenum. Fig. 1 shows a 

view into the open test facility with an inner di-

ameter of 1 m, representing the lower plenum 

of a reactor. Hot, molten salt can be poured 

into this vessel, and concentric electric heaters 

simulate the residual heat of the core melt. The 

facility can be cooled from outside, such that 

the melt solidifies to a protecting crust at the 

vessel walls. 

 

Fig. 1: View into the open test facility LIVE for 

in-vessel melt retention experiments. 

The MOCKA facility, shown Fig. 2, is simulat-

ing the interaction of molten corium with con-

crete inside the containment, using molten zir-

conium and thermite at realistic temperature 

and viscosity. The working group on Severe 

Accident Research is performing these spec-

tacular tests outside, avoiding the risk of hydro-

gen detonations arising from the decomposi-

tion of concrete. Here, the residual heat is 

added as chemical heat by dropping additional 

thermite into the test crucible, using the supply 

system as indicated in Fig. 2. Tests have been 

performed with different kinds of concrete, with 

and without rebar, giving the design of future 

core catchers a solid technical basis. 

 

Fig. 2: MOCKA test of molten corium interaction 
with concrete 
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For off-site emergency management, the work-

ing group on Accident Management Systems 

is developing and deploying the decision sup-

port system JRODOS, which became the most 

accepted information system for off-site nu-

clear emergency management today. Fig. 3 

shows a screen shot of the information, which 

may be given to civil protection organizations 

in case of a release of radioactive material from 

a nuclear facility. Colors indicate regions, 

where an increased gamma dose rate will have 

to be expected within the next hours, such that 

evacuation plans or other risk mitigation action 

can be decided. JRODOS is installed today in 

20 European countries and in Asia, expanding 

its applications every year.  

The methodology has been applied meanwhile 

also to other hazards with severe potential 

consequences on public health or on the resil-

ience of critical infrastructures in case of a 

breakdown of power supply. 

 

Fig. 3: Total effective gamma dose rate, pre-
dicted after a fictive nuclear accident (JRODOS 
screen shot) 

 

Besides water-cooled reactors, IKET has been 

looking as well at innovative nuclear energy 

systems, either designed for a closed nuclear 

fuel cycle or for transmutation of spent fuel, 

both indicating potential alternatives to direct 

nuclear waste disposal. In this context, generic 

tests of reactor components for the lead-bis-

muth cooled research facility MYRRHA, to be 

built in Belgium, are performed in the 

THEADES test facility of the Liquid Metal La-

boratory KALLA at IKET, shown in Fig. 4. Up 

to 40 tons of liquid PbBi can be operated there 

in a large loop at temperatures up to 400°C to 

test realistically the mock-up of future nuclear 

reactor components. The PbBi loop COR-

RIDA, situated next to the THEADES loop, is 

operated at elevated temperatures up to 

550°C, testing material samples for the Insti-

tute for Applied Materials at KIT. In addition, a 

loop with liquid sodium and one with liquid lead 

are ready for operation in the same laboratory, 

providing a comprehensive research infra-

structure for all kinds of liquid metal experi-

ments. 

 

Fig. 4: Look into the Liquid Metal Laboratory 

KALLA with its THEADES test loop. 

 

In its Transmutation group, IKET is studying 

several severe accident scenarios of liquid 

metal cooled reactors, which are simulated nu-

merically with the SIMMER code in interna-

tional collaboration. The Institute could thus 

keep a wider range of nuclear expertise, in-

cluding advanced neutron physics and reactor 

kinetics, which is still well recognized in Europe 
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and Japan. For illustration, Fig. 5 shows a pre-

dicted fuel particle distribution after a postu-

lated fuel pin failure in the MYRRHA test facil-

ity. As the coolant PbBi has a similar density 

as UO2, fuel particle may float in the coolant 

and may be taken away from the reactor core 

to coolers and pumps. Such predictions are 

needed during the design phase to protect the 

facility from severe secondary damage. 

 

Fig. 5: Fuel particle distribution 90s after a fuel 
pin failure in MYRRHA 

 

Driven by the German government decision to 

phase out of nuclear power by 2022, the Insti-

tute is working today also on questions of nu-

clear fusion and on conversion of renewable 

energies. Its long term experience with liquid 

metals and with magneto-hydrodynamics ena-

bled studies of flow of PbLi in breeding blan-

kets, which will be exposed to strong magnetic 

fields in a fusion reactor. The working group on 

Magneto-Hydrodynamics is operating for this 

purpose the unique test facility MEKKA with 

liquid NaK, simulating liquid PbLi, but at room 

temperature, including its interaction with mag-

netic fields. Fig. 5 shows a look into the 

MEKKA laboratory, where a test section con-

nected with the NaK loop is just being inserted 

into a magnet with up to 3.6 Tesla for magneto-

hydrodynamic measurements. 

 

Fig. 6: Insertion of a NaK test loop into the mag-

net of the MEKKA laboratory. 

 

Liquid PbBi, on the other hand, became a 

promising coolant for concentrated solar power 

plants. With its test facility SOMMER, shown in 

Fig. 7, the Liquid Metal Laboratory is studying 

the highly effective heat transfer from the focus 

of a parabolic solar mirror to an energy conver-

sion system using liquid metals as an energy 

carrier. A heliostat of 30 m2, visible in the fore-

ground of Fig. 7, is following the sun to illumi-

nate a parabolic mirror of 4m x4 m, visible in 

the background, which in turn focusses the so-

lar power to a liquid metal receiver inside the 

building. The focal point could easily melt a 

steel plate with its peak heat flux of 2.5 MW/m2, 

if uncooled, but the PbBi cooled tubes of the 

receiver are keeping the surface sufficiently 

cold. 

core cooler
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Fig. 7: Test facility SOMMER for concentrated 
solar power in the Liquid Metal Laboratory. 

 

A high potential for renewable energies, even 

though economically still rather questionable in 

Germany, is the use of geothermal energies. 

For a reasonable energy conversion to electric 

power, these must be at a temperature of at 

least 130°C, which is available in Germany 

only at a depth of several thousand meters. 

The working group on Energy and Process En-

gineering at IKET is studying, therefore, such 

concepts also in international collaboration, 

e.g. with Indonesia, where even hotter water is 

found at a significantly lower depth. For effec-

tive energy conversion of low temperature en-

ergy sources, IKET has developed and built 

the test facility MONIKA, using propane as a 

working fluid of a supercritical Rankine cycle. 

Instead of a geothermal borehole, a thermal 

power of 1 MW is produced there simply with a 

boiler to test the facility.  

Another interesting application of this process 

is the conversion of low temperature waste 

heat to electric power, e.g. from cogeneration 

power plants in summer times or from chemi-

cal facilities. Like with geothermal energies, 

the challenge is here again to develop a low 

cost, competitive system. The group is study-

ing also the water chemistry and the physical 

properties of the geothermal brine with its high 

concentrations of salt. They predict the occur-

rence of scale and of released gases in heat 

exchangers and they developed an in-situ 

measurement system for continuous monitor-

ing of physical properties. 

 

Fig. 8: Test facility MONIKA with a Rankine cy-
cle of supercritical propane. 

 

A promising carbon free energy carrier for fu-

ture energy systems is hydrogen. IKET has 

gained long-term experience with safety as-

pects of this fuel already since the 1990ies. At 

these times, hydrogen was rather considered 

as a safety issue of nuclear power plants dur-

ing severe accidents, demonstrated impres-

sively by the Fukushima power plant, which ex-

ploded due to the production and ignition of 

hydrogen. Today, hydrogen is often consid-

ered and tested as an innovative fuel for auto-

mobiles, busses or trains, and the experience 

of the Hydrogen working group with potential 

hazards of hydrogen and their mitigation be-

came the basis for safety research for hydro-

gen driven vehicles. The Hydrogen team has 

thus supported the installation and operation of 

a hydrogen fueled shuttle bus at KIT, Fig. 9, 

and performed tests of innovative hydrogen 

tanks in its hydrogen test center HYKA. Their 

code systems GASFLOW and COMB3D are 

used today worldwide to predict concentrations 
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of released hydrogen in closed buildings like 

reactor containments, tunnels or garages, and 

to estimate the mechanical loads on the build-

ing structure in case of a detonation. 

Another interesting task of this group is the pre-

diction of dust explosions, with and without the 

additional effects of exploding gases. 

 

Fig. 9: Hydrogen gas station and shuttle bus, su-

pervised by IKET and ProScience. 

 

Can hydrogen be produced from natural gas 

without CO2-emissions? The KALLA team has 

developed and demonstrated indeed an inno-

vative gas reformation process, which decom-

poses methane into hydrogen and elementary 

carbon at high temperatures. The chemical re-

action is performed in liquid tin, which serves 

as a catalyst for methane reduction, and solid 

carbon could be produced at the tin surface, 

Fig. 10. 

 

Fig. 10: Carbon produced from pyrolysis of me-
thane in the KALLA laboratory. 

Prediction and measurement of two-phase 

flow of steam and liquid has traditionally been 

a focus of IKET, applicable to all kinds of power 

plant concepts using the Rankine cycle for en-

ergy conversion. In collaboration with a con-

sortium of research and industry partners in 

the NUBEKS project, the working group on 

Multiphase Flows has recently performed criti-

cal heat flux tests in its COSMOS-L facility at 

pressures up to 3 bar. The detailed data were 

taken by the other partners then to validate in-

novative prediction methods for the occurrence 

of a boiling crisis. Other numerical modelling 

activities of IKET are including stratified two-

phase flows, steam injectors with direct contact 

condensation, and heat transfer phenomena 

close to the critical pressure, which were stud-

ied in doctoral theses. 

 

Fig. 11: Evaporator of COSMOS-H, de-
signed for critical heat flux experiments at 
high pressure. 

 

A large two-phase flow loop COSMOS-H with 

pressures up to 170 bar has been installed 

next to the low pressure facility, Fig. 11, being 

commissioned in near future. The facility has a 
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total heating power of 1.2 MW and can produce 

a steam/water mass flow up to 1.4 kg/s. An op-

tical access to the test section shall enable la-

ser-optical measurements at high pressure, 

which might give a completely new insight into 

the physics of nucleate boiling. 

The combination of science and technology 

with education and training is a systematic ap-

proach at KIT, and IKET is contributing accord-

ingly to courses in mechanical engineering, su-

pervises several bachelor and master theses 

each year and coordinates master programs in 

energy technologies. Compact courses on en-

ergy technologies are given also in executive 

master programs and in the Framatome Pro-

fessional School, which is funded by industry 

and managed by IKET. 

An overview of the structure of IKET is given 

by the organization chart, Fig. 12. Each work-

ing group is acting independently in its re-

search field, but they are all supported by a 

joint infrastructure, comprising a metal work-

shop, manufacturing urgent test components, 

a welding shop, and an electromechanical 

workshop. A view into the metal workshop, Fig. 

13, shows that the Institute is well equipped 

with machines and tools to support the test la-

boratories most effectively. Indeed, the high 

number of large test facilities could hardly be 

operated without this joint collaboration.  

Other tasks of the infrastructure include the IT-

administration, business administration and 

public websites. The Infrastructure team is ac-

tive as well in education and training activities. 

Every year, at least six students of the Baden-

Württemberg Cooperative State University are 

employed by IKET, managed by the Infrastruc-

ture group, to work with the research teams as 

part of their educational program.  

 

Fig. 12: Organization chart of the Institute for 
Nuclear and Energy Technologies 

 

 

Fig. 13: View into the metal workshop of IKET. 

 

By the end of 2018, around 90 scientists, engi-

neers and technicians have been working at 

IKET on this wide range of CO2-free technolo-

gies for energy conversion. They contribute to 

the HGF-programs on Nuclear Safety 
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(NUSAFE), Nuclear Fusion (FUSION), Renew-

able Energies (EE) as well as Storage and 

Cross-linked Infrastructures (SCI), with a focus 

on NUSAFE.  Fig. 14 illustrates that more than 

2/3 of the IKET employees were still needed in 

2018 for tasks in NUSAFE, despite the Ger-

man phase-out plans of nuclear power.  

 

Fig. 14: Assignment of IKET personnel to HGF 

programs. 

 

Results of the scientific program of IKET have 

been documented in more than 100 publica-

tions per year. Some highlights of recent 

achievements will be outlined in the following 

paragraphs. A list of all relevant publications of 

the Institute can be found in the attachment. 

 

 

2018
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Group: Magnetohydrodynamics 

Magnetohydrodynamics for liquid-metal blankets 

L. Bühler, H.-J. Brinkmann, V. Klüber, C. Köhly, C. Mistrangelo 
 

Numerical simulations of 3D 
magnetohydrodynamic flows for dual-
coolant lead lithium blankets 

The dual coolant lead lithium (DCLL) blanket is 

one of the liquid metal blanket concepts fore-

seen in a DEMOnstration nuclear fusion reac-

tor. The liquid metal serves here as breeder, 

neutron multiplier, neutron shield and as cool-

ant to remove the volumetrically generated 

heat. The movement of the electrically con-

ducting fluid in the strong magnetic field in-

duces electric currents responsible for strong 

Lorentz forces, high magnetohydrodynamic 

(MHD) pressure drop, with implications on heat 

and mass transfer. The current density in the 

fluid can be reduced by decoupling electrically 

the liquid metal from the well-conducting blan-

ket structure by thin-walled flow channel in-

serts (FCI) as proposed for the DCLL concept 

[1]. Sandwich-type FCIs consist of an electri-

cally insulating ceramic layer protected from all 

sides by thin sheets of steel to avoid direct 

PbLi-ceramic contact. The steel layers are thin 

to provide sufficient Ohmic resistance for limit-

ing currents. In order to support design activi-

ties for DCLL blankets, 3D numerical MHD 

simulations have been performed for pressure 

driven MHD flows in a DCLL blanket duct (Fig. 

1). The liquid metal enters the blanket structure 

radially at the bottom, flows in a poloidal chan-

nel along the plasma-facing first wall, makes a 

U-turn at the top and flows down in a second 

poloidal duct before it leaves the module 

through the back plate. Fig. 1 shows the design 

of a DCLL blanket module and the simplified 

model used for the numerical simulations.  

 

Fig. 1 Design of a DCLL blanket module [2] (a) 
and principle sketch of flow path (b). 

 

The physical parameters characterizing the 

MHD flow are the Hartmann number and the 

Reynolds number,  

 𝐻𝑎 = 𝐵𝐿√
𝜎

𝜌
,   𝑅𝑒 =

𝑢0𝐿

𝜈
, 

where L and u0 denote typical length scale and 

velocity. Ha² und Re stand for the ratio of elec-

tromagnetic to viscous forces and inertia to vis-

cous forces, respectively. In the present work 

L=0.0808m stands for half the duct size meas-

ured in toroidal direction and u0 is the average 

velocity at the inlet. The conductance of the 

FCI has been taken into account by numeri-

cally resolving the thin conducting sheets with 

thickness tw=0.5mm [2]. The computational 

mesh with 5.7·106 cells consists of structured 

hexahedral cells with non-uniform spacing for 

higher resolution of boundary layers and con-

ducting sheets of the FCIs. The lengths of en-

trance and exit ducts have been extended 

compared with the original design in order to 

impose fully established entrance conditions 
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and reasonable convective parallel outflow. 

The numerical method uses an extension of 

the hydrodynamic open source code Open-

FOAM for MHD applications [3].  

Figure 2 shows contours of electric potential 

and velocity streamlines in the model geometry 

at the mid-plane of the duct for moderate 

Ha=500 and fusion-relevant high Ha=8000. 3D 

effects are present near bends and U-turn, but 

the flow approaches quite rapidly fully estab-

lished conditions in the poloidal channels. 

Streamlines follow approximately lines of con-

stant electric potential. Flow separation and re-

circulation, visible for Ha=500 behind the 

bends, are suppressed for higher magnetic 

fields. Despite the high Reynolds number 

Re=10932 the flow remains stable and laminar 

for the parameters considered.  

 

Fig. 2 Contours of potential and streamlines in a 

DCLL blanket for u0=2cm/s, for Ha=500 and 

Ha=8000. 

 

The pressure distribution along a centerline of 

the blanket module is shown in Figure 3 for 

Ha=8000 and two velocities u0=1cm/s and 

u0=2cm/s. Bends and U-turns do not substan-

tially contribute to the total pressure drop, be-

cause the flow turns in radial-poloidal planes 

perpendicular to B [4]. Immediately after pass-

ing 3D elements, the pressure gradient practi-

cally coincides with that of an asymptotic anal-

ysis for fully developed flows. 

 

Fig. 3 Pressure as a function of a coordinate s 

along the flow path in the center of the channels. 

 

Simulations for various Hartmann numbers 

500 ≤ Ha ≤ 8000 and flow rates show that the 

total pressure drop scales as p ~ u0B2, the 

typical scaling for inertialess MHD flows in 

strong magnetic fields. Present results, pub-

lished in [5], should be considered as a first 

step for predicting liquid metal flow in DCLL 

blankets. In order to complement the present 

work, future simulations will take into account 

in addition inclined fields, heat transfer and 

strong buoyancy effects for which the laminar 

flow might become unstable or even turbulent. 

 

Experimental study of liquid metal 
MHD flows near gaps between FCIs 

For reduction of pressure drop in DCLL blan-

kets, electrically insulating flow channel inserts 

(FCIs) are foreseen for electrically decoupling 

the liquid metal flow from the well-conducting 

channel walls. For fabrication reasons, gaps 

between inserts are unavoidable. Gaps inter-

rupt the electrical insulation, thus providing un-

wanted local short circuit for electric currents. 

For experimental investigations of 3D effects at 

junctions of FCIs, a test section has been man-
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ufactured and experiments are currently per-

formed in the MEKKA facility [6] using NaK as 

model fluid. The experimental study shows the 

benefits of FCIs for pressure drop reduction in 

fully developed flows as also predicted by the-

oretical analyses [7] and quantifies the deteri-

oration of pressure drop reduction by the pres-

ence of uninsulated gaps between FCIs.  

The test section used for experimental investi-

gations has a circular cross-section. Details of 

the geometry and dimensions, including the ra-

dius RFCI of the inner steel layer of the FCI, are 

shown in Figure 4. The thick-walled pipe has 

an inner radius R=L that is used as length 

scale for the problem. The thickness 

tFCI=0.5mm of the protection sheets has been 

suggested e.g. in [2]. More details about the in-

strumentation and first results can be found in 

[8]. 

 

Fig. 4 Geometry at the junction between two 

FCIs. 

 

The intensity of the flow and strength of the 

magnetic field are quantified by the non-dimen-

sional Reynolds and Hartmann numbers Re 

and Ha. The influence of wall conductivity σw 

on MHD pipe flow is described using the wall 

conductance parameter c according to [9], 

which evaluates for the present problem and 

material properties at 50°C to 

𝑐 =
𝜎𝑤

𝜎

𝑅0
2 − 𝑅2

𝑅0
2 + 𝑅2

= 0.0727 

for the thick-walled pipe and to cFCI=0.00476 

for the thin inner conducting sheet of the FCI. 

For strong magnetic fields, the nondimensional 

pressure gradients in fully established flow be-

come p/x=0.0678 for the pipe without FCI 

and to p/x=0.00508 for an infinitely long FCI, 

respectively [8].  

For investigations of 3D effects near the non-

insulated region at x=0, the gap between FCIs 

has been positioned in the center of the mag-

net. Pressure differences with respect to the 

position x=0 have been measured along the 

axis and normalized by u0B²L. In the follow-

ing, x stands for the axial position, scaled by L. 

The insulations in both FCIs extend from 

x=±0.2 up to x=±12.25 as illustrated in the sub-

plot in Fig. 5Figure 5.  

Results displayed in Figure 5 for Ha=3000 

show the great benefit from using FCIs by com-

paring the theoretical curves for pipe flow and 

assumed perfect FCI. The theory for fully de-

veloped MHD flows predicts a pressure drop 

reduction factor of 0.0678/0.00508=13.3. At 

some distance from the gap, here for |x|>1, the 

measured pressure gradients in the FCIs are 

close to these predictions as indicated in the 

figure. Experiments confirm that a pressure 

drop reduction close to theoretical values is 

achievable with the used sandwich-type in-

serts. At larger distance from the center, the 

pressure gradient increases. This is caused by 

additional 3D effects, since for |x|>8.8 the mag-

netic field is not uniform anymore and the insu-

lation ends at |x|=12.24. 3D effects at entrance 

and exit of FCIs will be investigated in future 

experiments. At x=0 some additional pressure 

drop p3D=0.12 is present due to leakage cur-

rents across the gap into the well-conducting 

pipe wall. There seems to be no difference in 

non-dimensional pressure drop near the gap 

for the Reynolds numbers considered, i.e. 

those flows are apparently inertialess.  
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Fig. 5 MHD flow at the junction between two 
FCIs. Pressure along the axis for Ha= 3000 and 
different Re. Positions of FCIs and pressure 

taps are illustrated in the sketch. 

 

According to these results, sandwich-type 

FCIs may reduce pressure drop of fully devel-

oped MHD flow by more than one order of 

magnitude compared to that in a thick-walled 

pipe. The additional non-dimensional pressure 

drop at a gap between two FCIs p3D=0.12 

seems not very high. Nevertheless, one should 

keep in mind that this pressure drop caused by 

one single non-insulated gap corresponds to 

that of a fully developed flow in an FCI over a 

length l3D=23.6. 

 

Fabrication of thin-walled flow channel 
inserts  

Manufacturing of straight rectangular sand-

wich-type FCIs for DCLL blankets have been 

achieved by standard technologies such as 

coating, bending and welding [10]. However, it 

turned out that these techniques cannot be ap-

plied to circular FCIs as required in the experi-

ments described above. The fabrication of 

sandwich-type FCIs for geometries deviating 

from rectangular cross section requires a dif-

ferent method, which has been developed. The 

process starts with a thin-walled pipe as inner 

sheet. The latter is coated on the outer surface 

with an insulating ceramic layer leaving blank 

small areas at both ends and a narrow stripe 

along the pipe (see Figure 6). A second metal 

sheet is wrapped around the coated pipe and 

laser-welded along all edges. The small longi-

tudinal non-coated stipe foreseen in the exper-

iment for measurement purposes (pressure 

taps) would not be required for FCIs in blanket 

ducts. After successful fabrication, the FCIs 

have been exposed to high temperatures 

above 300°C. Afterwards all welds have been 

checked by a dye penetrant test, which did not 

show any crack or defect. One prototype FCI 

has been cut into pieces for microscopic in-

spection of weld samples. The welds in all 

samples show no cracks or pores and a differ-

ence with respect to the original material could 

not be seen. More details about the fabrication 

of this circular FCI can be found in [11]. The 

method proposed here (coating, wrapping, 

welding), proven to be efficient for fabrication 

of circular FCIs, should apply as well for other 

types of cross section shapes that do not have 

sharp corners. 

  

Fig. 6 Pipe coated with SilCor®SiC (left), wrapped 
and laser-welded (right). 

 

    

Fig. 7 Samples of polished specimens: (1) edge of 
the orbital weld, (2) longitudinal weld. 

 

The fabrication of insulating 3D components 

like complex shaped FCIs for DCLL blankets is 

more challenging. Selective laser melting 

(SLM) is an additive manufacturing technique, 
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in which a high-power-density laser melts me-

tallic powders gradually in layers to create solid 

3D structures. This technique has been tested 

for fabrication of complex thin and double-

walled insulating 3D FCIs. Preliminary studies 

for SLM-produced components have been 

made to check material properties and to fab-

ricate hybrid elements for blankets such as 

stiffening plates with cooling channels [12], 

[13].  

The FCIs produced by SLM have been de-

signed as a downscaled model of a liquid metal 

channel in the DCLL blanket (Figure 8Fig. 8). 

The 3D shape of the mockup follows the liquid 

metal flow path inside the blanket. Objective is 

to show the general feasibility of fabricating 

complex 3D double-walled FCI structures with 

very thin walls by SLM. Walls should be as thin 

as currently achievable with SLM and pro-

duced from reduced activation martensitic Cr-

Mo steel Eurofer97. The fact that Eurofer97 is 

not a standard material for SLM and walls 

should be as thin as possible, poses a major 

challenge for the manufacturer. The first 

mockup therefore is considered as a test to 

gain experience about practical limitations of 

present-day SLM technique. The FCI model 

has been designed with a height of 110mm. It 

consists of a double-walled structure with 

0.8mm wall thickness each and an insulating 

gap of 0.8mm. The inner and outer walls are 

initially separated from each other by spacers 

at both openings to ensure exact positioning of 

both walls. After completion of the model by 

SLM, the gap between the layers has been 

filled with ceramic powder (ø0.3mm), the spac-

ers have been removed and the gaps were 

closed by non-conducting caps (Fig. 9).  

Inspection of this first FCI mockup shows that 

some of the walls have certain deformations. 

Electrical resistance measurements confirm 

undesired contacts. Examinations by x-ray 

computed tomography (CT) show the posi-

tions, where inner and outer walls might be in 

contact and deteriorate the electrical isolation. 

  

Fig. 8: Present design of DCLL blanket (left) [2] 
and CAD model of the downscaled double-
walled SLM-fabricated FCI mockup (right). 

 

  

Fig. 9: FCI filled-up with ceramic powder and 
closed by caps. 

 

After optimization of the SLM process, a sec-

ond mockup has been fabricated with slightly 

increased thickness of 1mm for each wall and 

an insulating gap of 1.4mm. It has been ob-

served and confirmed by CT scans, that walls 

are now much less deformed (see Figure 10). 

Electric resistance measurements confirm per-

fect electrical insulation and therewith ensured 

full functionality of the mockup for electrically 

decoupling of the liquid metal flow from the well 

conducting blanket structure. For more details 

see [14]. 
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Fig. 10: CT scan of the improved FCI mockup 
(1mm wall thickness, 1.4 mm nominal gap): Lon-
gitudinal cut (left), detail (right, top), cross sec-
tion (right, bottom). (by Andreas Meier, KIT-IAM) 

 

The present work should be considered as 

proof of suitability for production of 3D sand-

wich-type insulating elements for liquid metal 

blankets, based on available technology for 

SLM. For fabrication of full-scale components, 

SLM machines would require new approaches 

[13] and upscaling in dimensions.  

 

Design of a test section for analysis of 
magneto-convection in water-cooled 
lead lithium blankets 

Another liquid metal blanket concept consid-

ered for a DEMO reactor is the water-cooled 

lead lithium (WCLL) breeding blanket [15]. The 

liquid metal alloy lead lithium PbLi is used as 

breeder, neutron multiplier and as heat carrier. 

Pressurized water flows through a large num-

ber of cooling pipes immersed in the liquid 

metal and cools the walls and breeding zone 

(see Figure 11). In order to get first insight in 

the distribution of the PbLi flow resulting from 

the combined interaction of electromagnetic 

forces, buoyancy and pressure, preliminary 

numerical and experimental studies of buoyant 

MHD flows are foreseen. A simplified model 

geometry will be used for these studies to im-

prove the understanding of magneto-convec-

tive flows and to demonstrate the feasibility of 

the proposed WCLL DEMO design. First re-

sults for flows in vertical channels with internal 

obstacles have been reported in [16].  

 

Fig. 11 WCLL blanket (ENEA [14]), equatorial 
section in a blanket module with cooling pipes. 

 

Figure 12  shows the CAD design of the exper-

imental test section. It consists of a liquid-

metal-filled box, in which a heated pipe simu-

lates neutron heating while a cooled pipe re-

moves the heat from the liquid metal. The mag-

neto-convective flow is driven by buoyancy, 

when heat is exchanged between liquid metal 

and the cooling and heating pipes. The dimen-

sions of the box have been chosen such that 

the experiment fits into the gap of the dipole 

magnet available in the MEKKA laboratory. 

 

Fig. 12 Design of the experimental test section. 
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The pipes are supplied with copper cores for 

achieving as good as possible isothermal con-

ditions. Thermocouples at different axial and 

circumferential positions monitor the tempera-

ture during the experiments near the inlet, out-

let and at the center of the pipes (see Figure 

13).  

 

Fig. 13 Copper pipe and core with inserted ther-

mocouples (left), front view of design (right). 

 

In order to support the design of the present 

model experiment with some theoretical data, 

numerical simulations have been performed, in 

which the driving temperature difference be-

tween heated and cooled pipe has been set to 

T=T2-T1=40K. The strength of the magnetic 

field is measured in terms of the Hartmann 

number Ha. All walls are electrically insulating 

and adiabatic. Some results of numerical sim-

ulations are shown in Figure 14. The figures in 

the left column show contours of fluid temper-

ature. Flow streamlines indicate that there are 

convective cells present in the center between 

the two pipes and the maximum velocity oc-

curs near the walls of the tubes. According to 

these results, suitable positions for measuring 

temperature are along magnetic field lines. In-

teresting velocity data is expected in layers 

tangent to the pipes, and electric potential dif-

ferences might be seen only on the end walls 

of the box, where electric currents have to 

close in thin viscous layers.  

The temperature distribution in the center of 

the test section is measured by a temperature 

probe with 11 thermocouples equidistantly dis-

tributed over the height (Figure 15). The tem-

perature on the walls of the box is monitored in 

more than 50 positions in order to get an over-

view of the temperature distribution and to es-

timate the amount of transferred heat. 

 

Fig. 14 Magneto-convective flow for T=T2-
T1=40K. Contours of temperature (left) and 
magnitude of velocity (right).  

 

 

Fig. 15 Temperature probe in the test section. 

 

The electric potential will be measured on the 

fluid-solid interface by a large number of cop-

per electrodes that penetrate specific walls of 

the test section. Most interesting walls, the end 

walls, are instrumented with a dense popula-

tion of electrodes. 
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Numerical simulations show that the highest 

velocities occur in thin layers tangent to the 

heating/cooling pipes. It is planned to record 

velocity data from those layers by using Ultra-

sound Doppler Velocimetry (UDV) [17]. A prin-

ciple sketch showing the positions of the sen-

sors and the propagation zones of the 

ultrasonic pulses is displayed in Figure 16. 

Two sensors will give information about the 

flow in the tangent layers and one in the cores. 

For measuring velocity along other directions, 

a movable probe with two UDV sensors is fore-

seen. The probe is mounted on a rotatable rod 

and can be turned in yz plane. 

 

Fig. 16 Sketch showing positions of UDV sen-
sors on the walls and rotatable probe. Propaga-

tion zones of ultrasonic pulses in blue. 

 

Before the test section will be filled with liquid 

metal, first experiments are performed using 

water as a test fluid. These preliminary tests 

are foreseen to show full functionality of the in-

strumentation, and they will give first results for 

the hydrodynamic limit, when no magnetic field 

is present. Water allows optical access and ap-

plication of Particle Image Velocimetry (PIV) 

for flow visualization. For this purpose, end 

walls and one sidewall are replaced by trans-

parent material (see Figure 17).  

 

Fig. 17 WCLL mockup for preliminary experi-
ments with water: front, side and back walls 
made of Plexiglas. 

 

The test section is now instrumented and 

ready for measuring simultaneously tempera-

ture, potential and velocity distribution. It is 

foreseen to perform experiments in 2019 for 

various values of the applied magnetic field 

and driving temperature differences, i.e. for 

various Hartmann and Grashof numbers, re-

spectively.  

 

Further work 

In addition to the topics described above, the 

MHD group at IKET KIT contributed in report-

ing period 2017-2018 with scientific papers to 

the development of helium cooled lead lithium 

(HCLL) blankets [18], [19], [20] [21], [22], to 

sensor development [23], and to fundamental 

studies of MHD flows [24], [25], [26], [27], [28], 

[29], [30]. 
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Abstract 

The Molten Salt Fast Reactor is a reactor con-

cept developed by the European Union based 

on a liquid fuel salt circulating through the re-

actor core. A peculiar emergency system, 

which takes advantage of the liquid fuel state, 

is represented by a tank located underneath 

the core, where the fuel can be passively 

drained and cooled; its geometry ensures that 

the fuel remains in subcritical conditions. 

In the framework of the SAMOFAR project, a 

design for the Emergency Draining Tank has 

been proposed: the tank shall be equipped 

with vertical cooling elements, arranged in a 

hexagonal grid; the liquid fuel salt, which heats 

up due to decay heat, will fill the gaps between 

the elements. 

In this work, analytical methods (Green’s func-

tions and orthogonal decomposition) are em-

ployed to study the transient heat transfer as-

sociated with the proposed design and to 

perform a preliminary dimensioning of the sys-

tem, such that overheating is avoided in any 

moment of the transient and the fuel salt is kept 

in a liquid state and in safe conditions for a long 

time. The models are constituted by multilayer 

monodimensional slabs and cylinders, with a 

pure heat conduction model. The assessment 

of the available grace time and preliminary 

considerations about fuel salt freezing and its 

influence on the system effectiveness are also 

included. 

 

Key Words: MSFR, reactor safety, transient 

heat conduction, emergency draining, Green’s 

function

 

Introduction 

The Molten Salt Reactor concept, originally de-

veloped at the Oak Ridge Laboratories [1] is 

currently under study by many public and pri-

vate actors. Among them, the European Union 

is developing the Molten Salt Fast Reactor 

Concept (MSFR) with the SAMOFAR project 

[2], in the framework of the HORIZON-2020 

program. 

The used fuel is a binary salt, composed of lith-

ium and actinides fluorides. At the operating 

temperature (~725 ºC), the fuel is in liquid state 

and continuously flows through the core and 

the intermediate heat exchangers. The geo-

metrical configuration ensures that criticality is 

achieved only in the core region, where the liq-

uid heats up due to the fission reaction; a frac-

tion of the nominal power (3 GWth) is, how-

ever, released outside of the core in form of 

decay heat [3], [4]. 

Taking advantage of the liquid state of the fuel, 

an Emergency Draining System has been in-

cluded in the design: in case the fuel overheats 

it can be passively relocated (through freeze 

plugs) in the Emergency Draining Tank (EDT), 

where it is kept in safe conditions. The geome-

try of the tank is specifically designed to keep 

the fuel salt in subcritical conditions, but the de-

cay heat has to be somehow evacuated to en-

sure long-term safety. 

Gérardin et al. [5] investigated in the past the 

design of the EDT from the neutronic point of 

view, to ensure the system subcriticality, and 

performed preliminary calculations on the heat 

transfer. The present work aims at studying dif-

ferent options from the heat transfer point of 
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view with the intention to suggest a design so-

lution that assures the safety of the system and 

meets the EDT specific objectives. 

 

Model Description 

Geometry 

The proposed EDT is a cavity filled with hex-

agonal cooling assemblies, arranged in a hex-

agonal grid. The drained fuel is transferred 

from the core to the EDT through a funnel-

shaped draining shaft [6] ending above the 

central assembly, which does not have cooling 

capability but helps achieving an equal distri-

bution of the fuel salt in the tank [4], [5]. 

Each assembly, as shown in Fig. 1, is consti-

tuted by a water pipe surrounded by a layer of 

an inert material enclosed in a steel casing; the 

fuel fills the gaps between the assemblies 

[[4]][[5]]. 

 

Fig. 1.  EDT cooling assembly scheme and 
model unit cell 

 

This work will consider different options for the 

inert and fuel salt thickness; the 3-cm-steel 

layer, instead, will not be changed, as it is con-

sidered a needed safety measure to keep a ro-

bust structure that prevents the fuel salt from 

mixing with the inert material. The influence of 

the steel components on the temperature pro-

file is, however, very limited, due to their high 

thermal conductivity and low thermal capacity. 

It is clearly possible (and advisable) modeling 

only the unit cell of the assembly, i.e. the rec-

tangular triangle representing 1/12 of the 

whole assembly and depicted in Fig. 1. 

 

Design Objectives 

The EDT aims at ensuring the coolability of the 

fuel salt that, as a result of the accumulation of 

fission products and transuranics due to fis-

sion, has an internal heat generation due to de-

cay heat; such time-dependent generation is 

provided by a fitted curve [[4]], based on the 

reactor isotopic composition. 

The design should be capable of preventing 

the fuel salt from boiling. In addition, as the 

structural integrity of the tank should be kept, a 

safety limit should be set to avoid any deterio-

ration of the steel mechanical properties. The 

maximum admissible temperature is set to 

1200°C, which is considered a safe margin be-

fore the steel mechanical properties are com-

promised [4]. Being such value lower than fuel 

boiling point, above 2000 K [7], the tempera-

ture limit is entirely defined by the steel. 

The EDT is intended to be used, in principle, 

only in case of emergency [4]; anyhow, one 

cannot exclude that spurious discharge can 

occur or that, in some cases, the system can 

be employed in other circumstances. In all 

cases, it is not acceptable that the fuel salt be-

comes useless once drained; this means that 

the draining operation should be reversible. 

Such point requires basically two conditions: 

the fuel salt in the EDT does not form a homo-

geneous mixture with other materials; the salt 

is kept in a liquid state for a long time, so that 

it can be pumped back into the core as soon 

as the cause of the draining has been re-

moved. 
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In order to increase the safety level provided 

by the design, this should be able to provide 

additional grace time [5], i.e. the intervention of 

the operators should not be required immedi-

ately to ensure the fuel coolability. The study of 

the coolant system, or whether it should be op-

erated in natural or forced circulation, is not 

within the scope of this paper; however it is im-

portant to estimate the maximum time allowed 

before the coolant flow is available, compatible 

with the compliance with the safety limits of the 

EDT. 

 

Main Assumptions 

Convection 

The convective motion is not considered in the 

model. The establishment of natural circulation 

cannot be excluded, as the cooling on the steel 

side combined with the internal heating and 

symmetry condition on the other side will lead 

to a temperature gradient. Nevertheless, the 

space between the two plates is very small and 

the flow can be disturbed by local fuel solidifi-

cation and by the initial conditions of the drain-

ing; also, the circulation scheme could be more 

complicated than expected, involving more unit 

cells in a systemic circulation. However, as it is 

considered that the natural convection can 

only improve the heat transfer by favoring re-

mixing of the fluid, the exclusion of the phe-

nomenon can only make the calculation of the 

system maximum temperature more conserva-

tive; on the contrary, for the same reason, the 

fuel temperature at the interface with the cool-

ing assembly might be higher than calculated. 

Hence the match with the safety limit will be 

checked with the maximum system tempera-

ture rather than the maximum steel one. 

More precisely, with regards to its motion, the 

fuel salt is considered to be completely at rest, 

as if it were a solid. This conflicts with the cha-

otic movement expected by the fuel salt during 

the draining, which will take some time before 

it settles down. Anyhow, the advantages pro-

vided by the exclusion of the convective motion 

(namely, the model is more conservative) ap-

plies also in this case. 

 

Initial temperature 

We hypothesize that the flushing is instantane-

ous as the reactor stops operating: no fuel en-

ergy is lost or gained during the draining and 

the initial temperature is the average operating 

temperature in the core, i.e. 725 ºC [4]. Simi-

larly, the cooling assemblies are not pre-

heated, and they are initially at room tempera-

ture, assumed to be 20 ºC. 

This constitutes an approximation because, 

actually, the draining can take a few minutes to 

be completed, and it has an influence on the 

fuel initial temperature and on the generated 

heat flux. The initial temperature, in fact should 

reflect the time required for the freeze plugs of 

the core to open, the heating of the collector, 

the energy released through the draining shaft 

to the surrounding air… Similarly, the decay 

heat generated starts dropping as soon as the 

system is not critical anymore, i.e. before the 

fuel reaches the EDT.  

 

Material properties 

The temperature dependence of the material 

properties is neglected; the introduction of tem-

perature-variable properties, in fact, would 

change radically the problem characterization, 

which would become non-linear [8]. The ana-

lytical solution of a non-linear problem is much 

more complicated and not always feasible; in 

particular, in a non-linear system the superpo-

sition of effects, which is at the base of the 

Green’s function approach, cannot be applied. 

For similar reason, the latent heat could also 

not be taken into account. 

However, as the internal (coolant tube) and ex-

ternal (casing) steel walls are expected to have 

very different temperatures, their constant 

properties (related to the same kind of steel) 

are sampled for the temperature ranges which 
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are most close to the expected conditions (as 

shown in Table I). Being the dimensioning of 

the tank still in a preliminary phase, specific 

steel has not been selected; the 316 stainless 

steel [[9]] has then been used. This choice has 

hardly an effect on the results of our study, as 

the thermal transfer is dominated by the other 

materials, which have much lower thermal con-

ductivities and higher heat capacity. 

The material inside the cooling assembly has 

the function to conduct the heat to the cooling 

tube during its functioning and provide thermal 

inertia to the system during the grace time. As 

a large amount of heat can be stored as fusion 

latent heat, the ideal material should be solid 

at room temperature, but melt at a temperature 

below the maximum allowable temperature, 

i.e. 1200 ºC, assumed as safety limit for the 

steel. Hence, FLiNaK [10] has been chosen. 

 

Analytical Formulation 

The basic relation to describe the heat conduc-

tion is the diffusion equation [8] 

(𝒙)∇2𝑇(𝒙, 𝑡) +
𝛼(𝒙)

𝜆(𝒙)
𝑞̇(𝒙, 𝑡) =

𝜕𝑇(𝒙,𝑡)

𝜕𝑡
, (1) 

being 𝛼 the thermal diffusivity, 𝜆 the thermal 

conductivity and 𝑞̇ the internal volumetric heat 

generation rate of the material. 

The space dependence of the material proper-

ties can be removed by applying the equation 

separately for each of the 𝑀 homogenous re-

gions Ri 

𝛼𝑖∇
2𝑇𝑖(𝒙, 𝑡) +

𝛼𝑖

𝜆𝑖
𝑞̇𝑖(𝑡) =

𝜕𝑇𝑖(𝒙,𝑡)

𝜕𝑡
       𝑖 = 1. . 𝑀 (2) 

and imposing the temperature and heat flux 

continuity on the boundary surfaces Si (per-

fect thermal contact) as boundary conditions 

(BCs) 

𝑇𝑖(𝒙, 𝑡) = 𝑇𝑖+1(𝒙, 𝑡)     ∀𝒙 ∈ 𝑆𝑖 , 𝑖 ∈ (0, 𝑀) (3) 

𝜆𝑖
𝜕𝑇𝑖(𝒙,𝑡)

𝜕𝒏
= 𝜆𝑖+1

𝜕𝑇𝑖+1(𝒙,𝑡)

𝜕𝒏
   ∀𝒙 ∈ 𝑆𝑖 , 𝑖 ∈ (0, 𝑀). (4) 

The problem is closed with the initial conditions 

defined in §2.3.2 and imposing a symmetry 

condition on the fuel side and a fixed tempera-

ture condition on the water side 

𝜕𝑇𝑀(𝒙,𝑡)

𝜕𝒏
= 0          ∀𝒙 ∈ 𝑆𝑀 (5) 

𝑇1(𝒙, 𝑡) = 𝑇∞          ∀𝒙 ∈ 𝑆0. (6) 

This latter condition implies that the water is 

considered as a perfect heat sink, kept at con-

stant temperature. 

The solution of the presented problem [8] is a 

convolution of the Green’s functions Gij 

𝑇𝑖(𝒙, 𝑡) = ∑ [∫ 𝐺𝑖𝑗(𝒙, 𝑡|𝝃, 𝜏)|
𝜏=0

⋅ 𝑇̃𝑗(𝝃) 𝑑𝝃
𝑅𝑖

+𝑀
𝑗=1

𝛼𝑖

𝜆𝑖
∫ 𝑞̇𝑗(𝜏) ∫ 𝐺𝑖𝑗(𝒙, 𝑡|𝝃, 𝜏) 𝑑𝝃

𝑅𝑖
𝑑𝜏

𝑡

0
]. (7) 

While the first term considers the initial condi-

tions, which can be regarded as an instantane-

ous impulse, the second one takes into ac-

count the effect of the internal heat generation, 

composed by the contribution of all the im-

pulses from the initial time, appropriately 

weighted depending on the elapsed time. It is 

Table I. Materials thermal properties 

 
Fuel salt [[7]] 

Inert salt 

[[10]] 

(FLiNaK) 

Steel [9] 

Coolant tube 

(~100 ºC) 

Casing 

(~700 ºC) 

𝝀 (𝑾 ⋅ 𝒎−𝟏 ⋅ 𝒔−𝟏) 1.7 0.905 15.1 24.5 

𝜶 (𝒎𝟐 ⋅ 𝒔−𝟏) 3.70 10-7 2.40 10-7 3.72 10-6 5.39 10-6 
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important noticing that the Green’s function de-

pends on two regions: the function represents 

the way the region j affects the temperature 

distribution in i. 

 

Assessment of the Mathematical Model 

The height of each cooling assembly is much 

larger (in the order of meters) than the trans-

versal dimensions (dm): hence the reduction 

from a 3D to a 2D geometry is straightforward 

and has a negligible effect on the results accu-

racy, at least as far as convection is excluded. 

The 2D section described in §2.1, instead can 

be easily approximated by a multilayer trape-

zoid but, even if the X direction is larger than 

the Y one, the difference is not large enough to 

assume the discrepancy between 2D and 1D 

models would be negligible. This poses an is-

sue from the mathematical point of view: in 

fact, none of the 11 orthogonal coordinate sys-

tems listed by Morse and Feshbach [11] as 

separable for the Helmholtz equation can be 

used to represent the trapezoid-like geometry. 

This means that the eigenfunctions of the 

Helmholtz equation, i.e. the homogeneous 

heat conduction problem in space, are not a 

product of functions depending each one on a 

single coordinate. In other words, the separa-

tion of the space coordinates is not a viable 

path, and eigenfunctions depending on both 

coordinates at the same time should be looked 

for. 

The problem of eigenfunctions in non-separa-

ble space domains is an extremely interesting 

topic, still discussed in applied mathematics 

[12], [13], but the presentation and application 

of these methods goes beyond the scope of 

this paper, aiming at a preliminary dimension-

ing of the EDT elements. Hence, we will ap-

proximate the system as either a slab or a cyl-

inder in the X direction (i.e. on the vertical 

sections of the assembly passing through the 

symmetry center). The discrepancy with the 

actual 2D temperature profile is expected to be 

very small in the vicinity of the hexagon apo-

them and increase while approaching the hex-

agon circumradius. 

 

The Green’s Function 

The separation of variables can anyhow be ap-

plied to the space and time parameters and the 

solution, once applied the initial and BCs, 

yields the Green’s function [8] to be used in (7) 

𝐺𝑖𝑗(𝑥, 𝑡|𝜉, 𝜏) =

𝜆𝑗

𝛼𝑗
∑ {

[∑
𝜆𝑗

𝛼𝑗
∫ 𝜓𝑗,𝑛

2 (𝜉) 𝑑𝜉
𝑥𝑗

𝑥𝑗−1

𝑀
𝑗=1 ]

−1

𝑒−𝛽𝑛
2(𝑡−𝜏)𝜓𝑖,𝑛(𝑥)𝜓𝑗,𝑛(𝜉)

}∞
𝑛=1  (8) 

 

The normalization integral depends on the 

adopted geometry, and includes an additional 

x term for the cylindrical geometry. In (8) ap-

pear the eigenfunctions 𝜓𝑛, which are solu-

tions of the eigenvalue problem associated to 

the homogeneous diffusion equation (1) and 

the BCs: the shape of the solutions depends 

on the system geometry 

𝜓𝑖,𝑛
slab(𝑥) = 𝐴𝑖,𝑛 sin (

𝛽𝑛

√𝛼𝑖
𝑥) + 𝐶𝑖,𝑛 cos (

𝛽𝑛

√𝛼𝑖
𝑥) (9) 

𝜓𝑖,𝑛
cylinder(𝑥) = 𝐴𝑖,𝑛 J0 (

𝛽𝑛

√𝛼𝑖
𝑥) +

𝐶𝑖,𝑛 Y0 (
𝛽𝑛

√𝛼𝑖
𝑥), (10) 

while the values of the coefficients Ai, Ci and of 

the eigenvalues 𝜷𝒏 are determined using the 

BCs. 

 

The Eigenvalues 

By imposing the BCs (3)-(6) one obtains a sys-

tem of 2M equations and 2M unknowns (Ai,n 

and Ci,n); in order to exclude the trivial solution 

and get the needed eigenvalues and eigenvec-

tors, an arbitrary unknown is set to a non-zero 

value. The eigenvalues of the problem are 
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those for which the determinant of the associ-

ated matrix is null [8]. 

Fig. 2 shows the value of the associated matrix 

determinant depending on 𝛽𝑛; the zeros of the 

functions can be found using a numerical 

method (e.g. the bisection method). In princi-

ple, for slab geometry the function is periodic, 

as it is a composition of periodic functions, but 

the period is often so large that it includes more 

𝛽𝑛 than actually needed to have a good repre-

sentation; hence, its determination has no 

practical use. 

 

Results 

The procedure described above has been 

coded into the MATLAB software. The follow-

ing results are calculated using such software 

and truncate the series in (8) after the first 1000 

𝛽𝑛. 

 

Fuel layer 

As a first step in the assessment of the EDT 

element dimension, we test the effectiveness 

of the system in the transient depending on the 

thickness of the fuel layer. In order to have the 

highest thermal inertia, the initial thickness of 

the inert salt is set to 15 cm, and will be later 

reduced. As a first approximation, a slab geo-

metry is considered. 

 

Fig. 3. Maximum (solid line) and minimum (dot-
ted line) fuel temperature along the transient de-
pending on the fuel layer thickness. 

 

As shown in Fig. 3 the thickness of the fuel salt 

has a huge impact on the maximum tempera-

ture of the system; in fact, the larger the 

amount of fuel, the larger the heat generated in 

the system that has to be removed by each 

cooling assembly. With all tested fuel gaps the 

temperature keeps increasing even after one 

day; in addition, none of the systems is able to 

stay below the steel safety limit. However, it is 

not considered a valid option reducing the gap 

below 28 mm due to the high risk of blockage 

in the draining procedure. We will then proceed 

with such fuel gap, reducing the inert salt thick-

ness instead. 

 

Inert salt layer 

In order to comply with the limit, we consider 

reducing the inert salt thickness, which hinders 

 

Fig. 2.  Eigenvalue search for a slab case. 
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the heat transfer due to its low thermal conduc-

tivity, especially in the later phases of the tran-

sient, when the thermal capacity is saturated. 

One can see in Fig. 4 that the temperature 

trend of the different options start to diverge af-

ter a couple of hours, i.e. when the thermal ca-

pacity of the 7 cm inert salt layer approaches 

saturation; in a temperature profile, like Fig. 5, 

a measure of the remaining available heat ca-

pacity is given by the curvature of the profile 

(its second derivative): for a non-heat-generat-

ing material, a positive curvature indicates that 

some energy can still be stored, while a nega-

tive one denotes an excess of energy stored, 

e.g. due to the reduction of the temperature of 

the heated side. 

 

 

Fig. 4.  Maximum (solid line) and minimum (dot-
ted line) fuel temperature along the transient de-
pending on the inert salt layer thickness (top: 
slab; bottom: cylindrical geometry). 

 

The two figures show also that with the 5 cm 

configuration, a maximum temperature is 

achieved after 4-8 h (depending on the geom-

etry); after this moment, the heat generated is 

lower than the energy removed by the cooling. 

As such maximum temperature is below the 

steel safety limit, we can conclude that the sys-

tem is able to keep the fuel in a long-lasting 

safe condition. 

 

Fig. 5.  Temperature profile (cylinder) of the 
14/50 mm EDT element between 0 and 24 h, 
with intervals of 30 minutes (lines color is darker 

as time progresses). 

 

Grace time 

The large thermal inertia provided by the 

FLiNaK layer allows using the EDT as a com-

pletely passive system for some time before 

switching on the coolant flow. 

Fig. 6 shows the effect of the delayed activa-

tion of the cooling on the maximum tempera-

ture of the fuel salt, i.e. the main safety issue 

considered in this paper. It is clear that a delay 

of up to 2 hours has almost no influence on the 

fuel temperature, and one can also wait for 3 

hours with no concern on the temperature lim-

its. In case the grace time is extended to 4 

hours, instead, the temperature increases 

enough to slightly exceed the steel safety limit. 

In all cases, the plot shows that there is about 

30 minutes delay between the cooling activa-

tion and the first visible effect on the fuel max-

imum temperature. 



Group: Transmutation 

26 

 

Fig. 6.  Fuel maximum temperature (solid lines) 
and inert salt minimum temperature (dotted line) 
along the transient. 

 

Fuel salt solidification 

The assessment of the solidification behavior 

of the frozen salt represents an important mat-

ter for the EDT design. In the draining phase, 

a quick solidification should be avoided, as it 

could block the gaps and create an obstacle to 

a uniform and complete discharge. In addition, 

the fuel salt liquid state is required to ensure 

reversibility of the draining operation. 

 

Fig. 7.  Available fuel gap for salt flow in the first 
minutes after draining. 

 

The freezing of part of the fuel on the cooling 

assembly walls cannot be completely avoided 

if the EDT is initially at room temperature. Fig. 

7 one shows that the fuel temperature drops 

below the freezing point (872 K) after 3 

minutes; hence, if the draining were completed 

within such time, the salt could be distributed 

uniformly in the tank without any blockage 

risks. On the contrary, if more time were re-

quired, a detailed transient 2D analysis, includ-

ing also the chance of stratification of the solid 

fuel in the Z-direction, would be needed to as-

sess the expected distribution of the salt and 

be sure that the draining can be completed 

safely. Actually, the time required to freeze the 

inter-assembly gap is longer, as the simulation 

does not take into account the effect of the la-

tent heat, that should be removed too before 

freezing actually occurs 

Reversibility is guaranteed by the fact that 

complete remelting of the fuel salt, due to the 

decay heat, is achieved within 1 h 30’, as 

shown in Fig. 4. It has been already shown that 

the maximum fuel temperature reaches a peak 

between 8 and 12 h after the discharge. Once 

the generated heat is lower than what the cool-

ant is capable of removing, an adequate han-

dling of the coolant flow allows to keep under 

control the energy evacuated and so the tem-

perature of fuel, which hence can be kept 

above the melting point for a long time. This 

ensures the reversibility of the system in the 

long term. 

However, it should be taken into account that, 

due to the solidification/remelting behavior, 

any draining process forces the reactor to stop 

for a couple of hours, being such time needed 

for the fuel salt to melt again. Also, one should 

consider the effect of the thermal expansion in 

freezing/melting processes to exclude the pos-

sibility of structural damage. 

The solidification issue is one of the reasons 

why using more conductive materials (e.g. 

lead) is not advised: the heat transfer through 

the layers, in fact, is so fast that a remelting of 

the fuel salt could not be guaranteed. In addi-

tion, lead has a thermal inertia much lower than 

the FLiNaK, hence making difficult providing 

grace time, as discussed in §4.3. 
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Conclusions 

This study aims at analyzing the performance 

of the emergency draining tank of the molten 

salt reactor based on the temperature profiles 

calculated analytically using a Green’s func-

tions and orthogonal decomposition in a 1D 

geometry. The analytical approach proved to 

be very suitable for this kind of study, as it can 

be easily applied to simplified geometries and 

provide results which are accurate enough but 

can be obtained in very short time and with lim-

ited computational resources. It is considered 

of interest for future studies the extension into 

a 2D geometry, employing the state-of-the-art 

knowledge regarding the computation of non-

separable spaces eigenfunctions. 

The results show that it is possible to find a lay-

out of the proposed tank design that is able to 

keep the drained fuel temperature below 1200 

°C, representing the structural integrity limit. 

The same layout allows a grace time up to 3 

hours after the draining, during which no cool-

ing at all is required. Once passed a few hours 

(between 8 and 12) from the draining, the gen-

erated heat is lower than the evacuated heat, 

assuring the safety of the design; from this 

point on, a careful tuning of the removed heat 

flux can be used to keep the fuel salt in a liquid 

state for a very long time, ensuring the revers-

ibility of the draining operation. It is however 

not possible to avoid the solidification of the 

fuel during the draining in a containment which 

is kept at room temperature; fuel gaps take at 

least 3 minutes to become completely blocked, 

but this time does not take into account the ef-

fect of the latent heat, which should instead be 

considered in future studies. The solidified fuel, 

however, melts again completely within 90 

minutes; this however means that any dis-

charge results in a reactor stop, to allow the 

fuel to melt again. 

The proposed design proved to be able to com-

ply with the objectives required in very con-

servative conditions. Future analyses should 

start from this point, focusing on removing the 

assumptions made for this analytical modeling 

(e.g. by including the temperature-dependence 

of the material properties and assessing the 

convective motion) and so refining the design. 
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Introduction 

The research activities on reactor severe acci-

dent in LWRs at the group IKET-UNA and 

since September 2018 named IKET-SAR from 

2017 to 2018 are focused on the in- and ex-

vessel core melt behavior under diverse core 

melt accident scenarios and reactor types. 

These include the melt pool formation and re-

tention in reactor lower head, melt jet disper-

sion in a flooded containment cavity, and co-

rium concrete interaction and corium 

coolability in a containment cavity. 

Following experimental works were carried out 

in the two-years period: 

­ LIVE3D and LIVE2D: series of tests on 
heat transfer of homogenous and strati-
fied melt pool 

­ DISCO: two Fuel Coolant Interaction 
(FCI) tests in reactor pit filled with water 

­ MOCKA: two tests on ex-vessel molten 
corium and Concrete Interaction (MCCI) 
process with basaltic concrete.  

Besides the experimental activities, calculation 

work has been performed on the coupling of a 

reactor analysis code and a lower head ther-

mal analysis solver. 

Some of the important results are described in 

following:  

 

Heat transfer in a stratified melt pool 

General 

In the course of melt pool formation in LWR 

lower head, the melt could be separated into 

several layers because of the non-miscibility of 

melt components. The most concerned sce-

nario is a formation of a light metallic layer atop 

of an oxide pool. In this case, the decay power 

in the oxide pool is transferred upwards to the 

metallic layer. The metallic layer is then heated 

up and constitutes a very high thermal load on 

the reactor wall at this part. Unclear is how the 

thickness of the metallic layer influences the 

heat flux on the sidewall and the role of the in-

terlayer crust on the heat transfer between the 

two layers. The stratified melt pool tests are 

high demanding on the selection of non-misci-

bility simulant liquids in a possible operational 

temperature. 

 

Experiment 

In the frame of EU H2020 IVMR project, the 

LIVE2D vessel was upgraded for the conduc-

tion of the melt stratification tests. The upgrade 

measure includes the installation of transpar-

ent front side on the test vessel, for direct vis-

ual observation, more temperature measure-

ments in the upper-layer region, local and 

environmental extraction system of possible oil 

vapor and automatic pool temperature control 

and power shutdown.  

The simulant materials were determined after 

a series of laboratory examination. A thermal 

oil with high stability up to 240°C is used for the 

upper layer and the eutectic nitrate salt 
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NaNO3-KNO3 with operational liquid state tem-

perature 224 - 350 °C simulates the oxidic 

layer with power dissipation.  

As the first on its kind in Europe and worldwide, 

SAR experimental team has performed suc-

cessfully a series of tests with separated melt 

layers and were able to demonstrate the com-

plex interaction among the power input in the 

lower layer, the upper layer thickness, the 

boundary cooling conditions and the structure 

of the interlayer crust. In Figure 1 the formation 

of the interlayer crust at lower power input 

(900W) and the meltdown on the interlayer 

crust at higher power input of 1400W are 

shown 

 

 

Fig. 1. Two-layer melt pool with the power input 
of 900W (top) and 1400W (bottom) 

 

The movement of turbulence in the two layers 

can be captured with a real-time video camera; 

whereas the long-time process of crust for-

mation and melt down in the whole view is rec-

orded in time lapse. Temperature distribution 

in the two melt layers and on the vessel wall 

provide additional information of the turbulent 

pattern in the melt and the heat flux on the ves-

sel wall. 

 

Fig. 2. Melt temperature distribution at three ra-
dial positions in a 35mm upper layer 

 

Ex-vessel fuel coolant interaction (Ex-
FCI) experiment in the DISCO test 
facility 

Tests performed in DISCO facility investigate 

the phenomena during an ex-vessel FCI. A 

high-temperature iron–alumina melt is ejected 

under high pressure from RPV bottom to reac-

tor cavity of a certain reactor design. 

The major objective of these experiments was 

to determine the shape and size of the melt 

jet/steam in a transparent cavity. The influence 

of the geometry of the cavity and the openings 

to the containment sub-containments and 

dome on the pressure escalation and particle 

distribution in reactor is another objective of 

the study. 

The test data include (i) high-speed video data 

to visualize the melt jet and water interaction, 

(ii) melt/steam volume in interaction zone, (iii) 

pressure evolution in reactor cavity and other 

parts of a containment, (iv) temperatures in 

RPV/RCS vessel, cavity and containment ves-

sel, (v) characterization of melt debris, (vii) 

break opening characteristics and dispersal of 

water and melt at the end of interaction. 
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The experiments were carried out in the 

DISCO-H facility which was used before for Di-

rect Containment Heating (DCH) experiments 

and the FCI experiments mentioned above. In 

Figure 3 at the left, the DISCO-H facility and at 

the right, the transparent cavity are shown. 

 

 

Fig. 3: Left:  containment pressure vessel and 
internal structures of RPV/RCS and cavity. right: 
the cavity (water pool), a cuboid vessel with 

glass windows at three sides 

 

 

 

Fig. 4 Vizualisazion of the interaction zone by 
means of a high-speed video recording. Top: 
t=26ms, bottom: t=295ms 

 

After ignition of the thermite the break of the 

wire installed close to the brass plug was de-

tected about 10 s later. This time is defined as 

t = 0 s. The 2200°C hot melt was ejected by 

nitrogen at 1.0 MPa into water at 50°C. The 

maximum pressure in the water vessel was 

0.32 MPa after 0.6 seconds. The pressure in 

the containment increased from 0.1 MPa to 

0.17 MPa, Figure 5. No steam explosion oc-

curred. Most of the melt debris was found in 

the water vessel and had a median diameter of 

2 mm, Figure 6. 
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Fig. 5: Pressure in reactor cooling system, cav-
ity and containment 

 

Fig. 6: Mass distribution of the collected debris 

 

MOCKA-SSM experiments on basaltic 
concrete with and without rebars 

The large-scale MOCKA (Metal Oxide Con-

crete Interaction in KArlsruhe) experiments at 

KIT investigated the interaction of a simulant 

oxide (Al2O3, ZrO2, CaO) and metal melt (Fe) 

in a stratified configuration with different types 

of concrete. The program was focused on as-

sessing the influence of a typical 12 wt% rein-

forcement in the concrete on the erosion be-

havior. The developed method of using the 

heat of chemical reactions to simulate the de-

cay heat allows to obtain a rather prototypic 

heating of both melt phases and to study the 

interaction of the melt with a reinforced con-

crete. 

A series of large-scale MOCKA experiments 

studied the interaction of the melt with siliceous 

and LCS concrete. Different erosion behaviour 

between siliceous and limestone concrete 

were found in several 2D MOCKA experi-

ments. A highly pronounced lateral ablation 

was observed in all MOCKA tests using LCS 

concrete with and without rebars. The corre-

sponding lateral/axial ratios of the ablation 

depth are approximately 3 In the MOCKA ex-

periments with siliceous concrete, the overall 

downward erosion by the metal melt was of the 

same order as the sideward one. In addition, 

the lateral erosion in the overlaid oxide melt re-

gion was about the same as in the metal melt 

region. Fig 7 shows MOCKA experiment per-

formance. 

 

Fig. 7: MOCKA test facility. 

 

To study the erosion behaviour of basaltic con-

crete, typical for Swedish BWRs, two experi-

ments have been performed in the MOCKA 

test facility within the EU project of FP7 SAF-

EST. MOCKA-SSM1 with and MOCKA-SSM2 

without reinforcement in the basaltic concrete, 

Figure 8.. For both MOCKA-SSM tests, con-

crete crucibles with an inner diameter of 250 

mm are used. Both the sidewall and basement 

are instrumented with Type K thermocouple 

assemblies to approximately determine the po-

sition of the progressing melt front into the con-

crete as well as tungsten-rhenium thermocou-

ples for measuring the melt temperatures. A 

total of 51 thermocouples are implemented. 

The basaltic concrete does not contain a con-

crete plasticizer, consequently, the fluidity of 

the concrete was considerably reduced. This in 

turn led to difficulties in distributing the con-

crete within the rebar structure. Therefore, 

some cavities were formed in the concrete. 
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The preparation of the crucible without rebars 

was completely unproblematic.  

 

Fig. 8: MOCKA-SSM1 rebar structure 

 

The melt is directly generated in the test cruci-

ble by a thermite reaction of 80 kg thermite 

powder and 30 kg CaO. The resulting melt con-

sists of 42 kg Fe, overlaid by 68 kg oxide melt 

(initially 56 wt.% Al2O3, 44 wt.% CaO). The 

collapsed height of the metal melt is about 13 

cm and that of the oxide melt 50 cm. The initial 

melt temperature at start of interaction is ap-

proximately 1800 °C. The CaO admixture low-

ers the solidus temperature and the viscosity 

of the melt. The resulting solidus temperature 

of approx. 1360 °C is sufficiently low to prevent 

a formation of an initial crust at the oxide/con-

crete interface.  

After the completion of the thermite burn ther-

mite and Zr was added to the melt within ap-

proximately 40 minutes in the experiments un-

der consideration. The heat generated by the 

thermite reaction and the exothermal oxidation 

reaction of Zr is mainly deposited in the oxide 

phase. Due to density-driven phase segrega-

tion the metal melt at the bottom of the crucible 

is fed by the enthalpy of the steel which is gen-

erated in the oxide phase by the thermite reac-

tion of the added thermite. Taking the added Zr 

and thermite into account, approximately 75 % 

of the heating power is deposited in the oxide 

phase and 25 % in the metal melt. 

A highly irregular final shape of the ablation 

was observed in the MOCKA-SSM2 without re-

inforcement, Figure 9. This irregular shape 

was caused by a strong concrete spallation 

process, which resulted in simultaneous 

splash out of a substantial amount of oxide 

melt. The post-test cavity erosion profile of 

MOCKA-SSM1 with reinforced concrete 

showed a more regular shape of the erosion 

front, because the reinforcement seems to sta-

bilize the concrete against the spallation pro-

cess. In the tests with siliceous and LCS con-

crete such a behaviour during MCCI was not 

observed. However, more MCCI experiments 

on basaltic concrete are needed to confirm the 

observed phenomena. If the strong spallation 

is an inherent property of the basaltic concrete, 

then it must be considered as an issue for nu-

clear safety assessment. 

 

Fig. 9: Section of the MOCKA-SSM1 (left) and 
MOCKA-SSM2 (right) concrete crucible with an 
indication of the initial size of the crucible cavity 
(blue line). The orange line indicates the initial 
height (13 cm) of the metal melt and the red line 
marks the outer surface of the basaltic cylindri-
cal crucible. 
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Coupling of a reactor analysis code 
and a lower head thermal analysis 
solver 

Due to the recent high interest on IVR, devel-

opment of de-tailed thermal and structural 

analysis tool, which can be used in a core-melt 

severe accident, is inevitable. Although RE-

LAP/SCDAPSIM is a reactor analysis code, 

originally developed for US NRC, which is still 

widely used for severe accident analysis, the 

modeling of the lower head is rather simple, 

considering only a homogeneous pool. 

PECM/S, a thermal structural analysis solver 

for the RPV lower head, has a capability of pre-

dicting molten pool heat transfer as well as de-

tailed mechanical behavior including creep, 

plasticity and material damage. The boundary 

condition, however, needs to be given manu-

ally and thus the application of the stand-alone 

PECM/S to reactor analyses is limited. By cou-

pling these codes, the strength of both codes 

can be fully utilized. Coupled analysis is real-

ized through a message passing interface, 

OpenMPI. The validation simulations have 

been performed using LIVE test series and the 

calculation results are compared not only with 

the measured values but also with the results 

of stand-alone RELAP/SCDAPSIM simula-

tions 

Analysis method 

 RELAP/SCDAPSIM 

The RELAP/SCDAPSIM code, designed to 

predict the behavior of reactor systems during 

normal and accident conditions, is being devel-

oped as part of the international SCDAP De-

velopment and Training Program (SDTP). RE-

LAP/SCDAPSIM consists of three separate 

modules: RELAP5 calculates thermal hydrau-

lics, SCDAP calculates core heat-up, oxidation 

and degradation, and COUPLE is used to cal-

culate the heat-up of reactor core material that 

slumps into the lower head of the RPV and is 

subsequently represented as debris.  

 Lower head molten pool thermal analysis 
solver 

Since it is computationally expensive to simu-

late this complex behavior by solving a set of 

Navier-Stokes equations, a number of models 

using lumped parameter methods and distrib-

uted parameter methods were developed to 

construct a computationally effective and suffi-

ciently accurate simulation platform. PECM is 

used in the present study to predict the thermal 

behavior of the molten pool. 

 Coupling method 

A coupling interface, OpenMPI is used in this 

study due to its advantage of development cost 

and the calculation time. OpenMPI is a Mes-

sage Passing Interface (MPI) library, which 

can be used for parallel calculation and cou-

pling of solvers. In order to utilize the parallel 

run and information exhange through 

OpenMPI, several MPI functions are needed to 

be used in the codes for initialization, finaliza-

tion of the calculation, and sending and receiv-

ing message (Fig. 10)  

 

Fig. 10 Coupling of RELAP/SCDAPSIM with 
PECM/S. 

 

The schematic image of the nodalization for 

the coupled analysis is displayed in Figure 11. 

The external cooling vessel is realized by 

pipe/annulus components (components 200 

and 201) of RELAP5 and the vessel wall is as-

sumed to be vertically connected on the side of 

the volumes. Heat structure components are 

used to represent the outer wall of the cooling 
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vessel. A single volume (component 101), con-

sidering the amount of the molten pool, is used 

for the lower plenum and two volumes are at-

tached to it for the water/air inlet and outlet, re-

spectively. The heat transfer of molten pool 

and the vessel wall is calculated by PECM/S. 

The heat transfer coefficients at the melt sur-

face, the external wall and the inner wall above 

the melt surface are calculated by the heat 

structure package of RELAP5.  

 

Fig. 11 Nodalization of the coupled analysis of a 
LIVE test 

 

The validation has been conducted using 

LIVE-L1, L7V and L6 tests, which have differ-

ent cooling conditions and melt pool formation. 

The heat flux, wall temperature and crust thick-

ness of the coupled analysis is the steady-

states were compared with the experiment and 

with the RELAP/SCDAPSIM stand-alone cal-

culation. A better agreement with the experi-

mental values was obtained with the coupled 

analysis. For example in Figure 12, the heat 

flux I calculated by R/S-PECM/S was smaller 

than that of R/S in the lower vessel region and 

closer to the experimental data. The location 

and the value of maximum heat flux was also 

well predicted.  

In summary, as shown by the validation anal-

yses, the coupled approach significantly im-

proved the prediction of the lower head thermal 

behavior in comparison to the RE-

LAP/SCDAPSIM standalone calculation. Since 

PECM/S includes the mechanical analysis 

models, the mechanical behavior of the vessel 

can also be calculated in future applications to 

a real-scale severe accident analyses.  

 

Fig. 12 LIVE-L1 heat flux profiles 
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Group: Multi Phase Flow 

Detailed investigations on flow boiling of water up to the critical 

heat flux 

 

Introduction 

The research group Multiphase Flows (MPF) 

emerges 2018 together with the group Severe 

Accident Research (SAR) from the Accident 

Analyses group (UNA) and deals with techni-

cally relevant, complex multiphase flows. Dur-

ing the last two years, the activities concen-

trated on the construction of the high-pressure 

test facility COSMOS-H and the experiments 

on the low-pressure test facility COSMOS-L, 

which were carried out in cooperation with the 

Institute for Thermal Process Engineering 

(TVT) at KIT and partners from industry and re-

search.  

The subject was flow boiling under forced con-

vection up to critical heat flux (CHF). Boiling 

media are often used in heat exchangers to en-

able effective cooling of technical systems. 

However, when the critical heat flux is reached, 

the boiling crisis occurs and a sudden rise in 

temperature will follow, which can lead to a 

possible damage to system components. 

Numerous experiments on COSMOS-L and 

preliminary tests were carried out for this pur-

pose. Additionally, our special measurement 

techniques such as fibre optic void sensors or 

videometric void measurement technique 

(OVM) have also been enhanced. The experi-

ments were carried out on the one hand in an 

annular test section and on the other hand in a 

rod bundle test section. At the same time, a 

test track was built up for the high-pressure 

tests and the construction of the high-pressure 

facility COSMOS-H was continued. 

 

Experiments on Boiling under forced 
convection up to critical heat flux 

At the COSMOS-L test facility, deionised water 

is used as test medium to investigate boiling 

crisis for various operating conditions and test 

section configurations. First experiments were 

carried out in the annular test section with one 

heated tube of 32 cm length made from zircal-

loy-4. Water is pumped through the annular 

gap with defined pressures and inlet tempera-

tures while the cladding tube is electrically 

heated. This results in heat transfer between 

the cladding tube and the surrounding water up 

to flow boiling and critical heat flux. The system 

pressure was varied between 0.1 – 0.3 MPa. 

The maximum heat power of the test section 

was 17 kW; this corresponds to a heat flux of 

1.78 MW/m². 

A second test series was carried out in a new 

rod bundle test section consisting of five tubes. 

Mass flow and pressure were slightly reduced 

in these experiments, but the critical power 

was significantly higher. The test section as-

sembly consists of a central tube surrounded 

by four additional tubes. All tubes are individu-

ally heated and instrumented. The central tube 

gets a moderately higher heating power, which 

allows that the instrumentation can be concen-

trated on the center tube. 

 

Experiments in the annular test 
section 

Extensive experiments were carried out to de-

termine CHF statistics at the annular gap. The 

first experiment consisted of a CHF statistic. 

Giancarlo Albrecht, Stephan Gabriel 
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Criteria for persistence and reproducibility 

were identified and the measurement uncer-

tainty of the instrumentation was determined. 

Due to the possibility for a quick load shedding 

at COSMOS-L, 55 tests could be carried out in 

series with the same tube without any damage. 

The results are shown for one parameter set in 

the diagram in Figure 1. It shows that CHF is 

not a single value, but appears as a distribu-

tion. 

 

 

Fig. 1: Flow image and CHF-statistics over 55 
single CHF Events 

 

Further measurements were carried out with 

(laser-) optical fibre sensors at the annular gap 

to determine the local vapour content. The re-

quired optical fibre probes were manufactured, 

tested and validated. Measurements were per-

formed on four parameter sets. In addition to 

the transformer power for heat input, the posi-

tions of the optical fibre probes were varied ra-

dially and axially, resulting in a total of 21 

measuring positions. An example of the results 

is shown in Figure 2. The diagram shows the 

local vapor content as a function of the radial 

distance to the tube surface. The evaluation of 

these measurements showed that at a high 

power input in the upper area of the annular 

gap steam clusters flow along at some dis-

tance from the heating rod. As the power input 

decreases, these steam connections become 

significantly smaller. In the middle and lower 

area of the annular gap are no steam clusters 

visible. A reduced subcooling temperature 

hardly changes the flow conditions in the an-

nular gap. This can be seen from the significant 

similarity of the content of the local steam con-

tent. However, the absolute values are lower at 

lower subcooling temperatures. An increase of 

the mass flow leads to the fact that a high den-

sity of steam bubbles occurs directly at the 

heating rod only in a higher position of the an-

nular gap. With the exception of the local 

steam content in the middle area near the heat-

ing rod, however, the values remain in compa-

rable ranges with a mass flow increase. If the 

system pressure is reduced, the steam clus-

ters mentioned already occur with a slightly 

lower power input.  

 

Fig. 2: Image of bubble and probe tip (right) 
phase distribution near the heater surface. 

 

Furthermore, the decrease of the local steam 

content with increasing distance to the heating 
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rod is lower from such a power input, which 

leads to the conclusion that the produced 

steam bubbles collapse later at lower system 

pressure and can move further into the radius 

of the annular gap. 

 

Fig. 3: Image of bubble and probe tip (right) 
phase distribution near the heater surface 

 

Another important part of the investigations at 

the annular gap were the laser-based measur-

ing methods PIV and shadowgraphy at the an-

nular gap test section. Measured values were 

bubble velocity (axially and radially), bubble 

velocity fluctuation, bubble position and bubble 

size. An excerpt from the results can be seen 

in Figure 3.  

The velocity profile shows a significant accel-

eration of the flow from bottom to top through 

the decreasing fluid density with increasing 

steam mass fraction. In addition, the measur-

ing positions at the inlet and in the center of the 

test section are showing a significantly larger 

boundary layer on the heated tube wall. The 

bubble size distribution shows the spectrum of 

gas bubbles in the flow. Both vapor bubbles 

and bubbles of non-condensable gases are 

detected if they still exist. In addition to the size 

distribution, which is an important result for the 

validation of CFD codes, bubble trajectories, 

the depth at which the bubbles penetrate into 

the subcooled flow and further spatially re-

solved data could be recorded and evaluated 

in these experiments. The results provided a 

detailed impression of the processes taking 

place and permitted our Project partners to val-

idate their advanced CFD-Codes. 

 

 

Fig. 4: Velocity distribution and droplet size dis-
tribution in the boiling flow 

 

Experiments in the rod bundle test 
section 

The tests on the rod bundle were carried out in 

an additional test section. Heating rod arrange-

ment, spacing and material were chosen in 

such a way that they come as close as possible 

to those in a reactor. Extensive data packages 

were also created during these tests and made 

available to the project partners. The experi-

ence gained within the project concerning in-

strumentation, relevant parameter ranges, etc. 

and the completed high-pressure test section 

can also be applied in subsequent projects. 

Figure 4 gives an Impression of different flow 

conditions. It becomes visible how strongly the 

two-phase flow mixes in the test track. The flow 

pulsates violently at high heating powers, so 
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that no single phase interfaces are more rec-

ognizable. 

 

 

 

Fig. 5: (top) flow image of a rod bundle image 
(bottom) cross section of the rod bundle test 
section 

 

Due to the high grade of instrumentation, de-

tailed data could nevertheless be collected in 

these flows. An example of this is the temper-

ature distribution of the heated tube wall, which 

can be seen in Figure 5. Measurements with 

the above-mentioned fiber probe and laser 

doppler anemometry (LDA) are currently being 

carried out. 

 

High Pressure-Loop 

The COSMOS-H plant was developed for the 

investigation of safety-relevant thermohydrau-

lic phenomena under reactor-typical condi-

tions. Both the modular test track (pressure 

hull) and the required assembly trolley to pre-

cisely arrange, assemble and disassemble the 

test section were completed. The planned test 

section for high-pressure tests, including the 

optical access modules, was designed and 

manufactured. The test section provides all the 

required characteristics and passed the pres-

sure test according to the Pressure Equipment 

Directive at 32 Mpa (Fig. 7). The crane traverse 

required to lift the 1.6 tonne test section without 

bending and to turn it into the installation posi-

tion is constructed and is currently in produc-

tion. 

The construction of the high-pressure loop 

continues, the two cooling loops have been 

completed and passed the pressure test. The 

power supply for the test track has already 

 

Fig. 6: Axial temperature distribution of the central tube in the rod bundle 
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been put into operation and has passed the 

load-loss tests carried out. 

 

 

Fig. 7: (top) Ground floor at construction Site 
COSMOS-H, (bottom) modular high pressure 
test section for COSMOS-H 

 

Conclusions and Outlook 

Overall, good progress has been made over 

the last two years in understanding flow boiling 

and boiling crises. Experimental facilities and 

Measurement techniques have been further 

developed and are now incorporated in new 

projects. Nevertheless, much work remains to 

be done.  

Recent work is the further adaptation and fur-

ther development of the measuring technology 

in relation to the glass fiber probes, optical void 

measurement as well as the laser measuring 

technique for disperse and continuous flow 

components. Furthermore, a method for locat-

ing CHF events by triangulation of thermocou-

ple signals is currently being developed. 

The construction of the high-pressure facility 

COSMOS-H will be continued with the comple-

tion of the high-pressure circuit within the next 

year. Furthermore, a new project for the critical 

heat flux in intermittent flows started in January 

2019 at COSMOS-L. 
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Abstract 

The present report summarizes the theoretical 

modelling and experimental investigation re-

sults of the study on the direct thermal me-

thane cracking. This work is a part of the 

LIMTECH-Project (Liquid Metal Technologies) 

funded of Helmholtz Alliance and was carried 

out from 2012 to 2017. The Project-part B5 

“CO2-free production of hydrogen” focused on 

experimental testing and particularly on mod-

elling the novel methane cracking method 

based on liquid metal technology. The new 

method uses a bubble column reactor, filled 

with liquid metal, where both the chemical re-

action of methane decomposition and the sep-

aration of gas fraction from solid carbon occur. 

Such reactor system was designed and built in 

the liquid metal laboratory (KALLA) at KIT. The 

influences of liquid metal temperature distribu-

tion in reactor and feed gas flow rate on me-

thane conversion ratio were investigated ex-

perimentally at the temperature range from 

930°C to 1175 °C and methane flow rate at the 

reactor inlet from 50 to 200 mLn/min. In parallel 

with experimental investigations, a thermo-

chemical model, giving insight in the influence 

of the above mentioned parameters has been 

developed at KIT and a CFD model was devel-

oped at LUH to get an overview about the bub-

ble dynamics in the reaction system. The influ-

ence of different bubble sizes and shapes, 

multi-inlet coalescence effects as well as the 

potential of electromagnetic stirring have been 

investigated. 

 

Introduction 

The carbon dioxide emission (CO2) from hu-

man activities influences the earth’s ecosys-

tem significantly. The worldwide economic 

growth and development plays a key role in the 

upward trend in CO2 emission. As a result, 

there are many ongoing research works on de-

velopment of efficient technologies that will be 

able to reduce the CO2 emission. One of the 

technologies, whose usage led to producing a 

considerable amount of carbon dioxide, is the 

steam methane reforming (SMR). Depending 

on the feedstock, this technology provides pro-

duction of 9 to 12 tons of CO2 as a by-product 

per one ton of produced hydrogen. In the fu-

ture, current SMR process might be replaced 

by other environment-friendly hydrogen pro-

duction technologies based on carbon free 

sources. However, from the economic point of 

view, it is not to expect that in the near future 

hydrogen will be completely produced from re-

newable and sustainable resources. The pro-

posed direct methane cracking method can in 

relatively short time provide an attractive in-

dustrial solution that leads to the reducing of 

global carbon dioxide emission while using fos-

sil feedstock, i.e. natural gas. 

The chemical reaction of the direct methane 

cracking can be described by an overall endo-

thermic reaction: 

)(2)()( 24 gHsCgCH   
mol

kJ
HR 85.740 

(1) 
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The reaction products are gaseous hydrogen 

and solid elemental carbon. The energy re-

quirement for this chemical reaction is moder-

ate, but a considerable shift of the thermody-

namic equilibrium in direction of the reaction 

products is only achievable beyond 800°C (1 

atm). At 1200°C, the theoretical methane con-

version efficiency is about 95%.  

The direct thermal decomposition of methane 

is not a new idea, see [2-4] for further refer-

ence. In the past, a lot of research works were 

dedicated to the investigation and realizing this 

process experimentally. The main problem in 

the practical implementation was the very short 

operating time of the developed systems. In-

deed, the produced carbon is deposited in the 

reaction zone and this causes the blockage of 

the reactor. In comparison to previous ap-

proaches, the main advantage of the sug-

gested method is the continuous separation 

and transport of the produced solid carbon 

from the reaction zone. It occurs owing to a dif-

ference of density between liquid metal and 

carbon and it is supported by the rising gas 

bubbles. After reaching the liquid metal sur-

face, the carbon powder can be removed from 

the system with available conventional meth-

ods used in the industry (skimming, gas floata-

tion, etc.). 

Due to the opaqueness of the liquid metal, vis-

ualization of bubble dynamics in the reactor is 

hardly possible. Numerical simulations have 

therefore been done in order to investigate de-

pendencies of bubble residence times, bubble 

shapes, potential carbon sediment locations 

etc. on operation parameters like gas flow rate. 

To identify potential optimizations, reactor ge-

ometry, inlet types and the heating system 

have been varied. Especially in this article the 

aspect of multi-inlets as well as the effect of 

electromagnetic stirring with regards to in-

crease of hydrogen yield is put in the focus. 

 

Basic process description and 
experimental set-up 

The simplified process flow diagram is shown 

in Figure 1. The methane cracking reaction oc-

curs in a vertical bubble column reactor filled 

with liquid metal. Natural gas or pure methane 

can be used as the feed gas. It is injected at 

the bottom of the column reactor. The gas bub-

bles formed at the injector rise to the top of the 

reactor. Thereby, methane is heated up to liq-

uid metal temperature level and split into gas-

eous hydrogen and solid carbon. 

 

Fig. 1. Process flow diagram [1]. 

 

The separation of produced hydrogen from the 

methane-hydrogen mixture takes place in a 

separator. The unreacted methane and other 

possible gaseous by-products can be mixed 

with the feed gas via mixing unit and moved 

again to the reactor inlet. Most of the solid car-

bon formed in the cracking reaction collects on 

the liquid metal free surface and can be re-

moved from the reactor relatively easy. The fil-

ter installed within the outlet gas line holds 

back residual, gas-borne carbon particles. 

The construction of experimental test facility 

HELiS (Hydrogen production Experiment in 

Liquid Sn) has been part of this project and has 

been operated at the KArlsruhe Liquid metal 

LAboratory (KALLA) of KIT. In particular, the 
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facility consists of a gas supply system, an ex-

perimental port for the liquid metal reactor, an 

outlet gas analysis system and an instrumen-

tation and control system. The gas supply sys-

tem is designed for feeding the working gas in 

required mixing proportion (methane/argon or 

nitrogen) into the chemical reactor. It consists 

of a manifold of standard cylinders with com-

mercial high purity argon at pressure of 200 

atm, pipelines, pressure gauges, and gas flow 

sensors. The use of liquid tin (Sn) as the work-

ing fluid in the bubble column reactor has been 

based upon a careful selection process along 

several criteria like inert behaviour towards the 

reaction gases. Major advantages are of 

course the high thermal conductivity, high den-

sity compared to carbon, non-toxicity and long-

term chemical stability. The strong corrosion 

attack of liquid tin at high temperatures to-

wards metallic, particularly steel container ma-

terials poses special challenges, which will be 

detailed in the following. 

During the study, two types of the reactor de-

sign have been developed and tested: stain-

less steel reactor and combined quartz glass-

steel reactor designs. In general, stainless 

steel is the favoured construction material due 

to the great design flexibility and the availability 

of connectors and flanges even for high tem-

perature applications. However, in contact with 

molten tin, stainless steel alloying elements 

are dissolved increasingly with increasing tem-

perature. In the experimental setup, 316 and 

1.4549 steels were used as reactor materials. 

In both cases, experiments showed that mate-

rials are corroded quite fast. The lifetime of 

these reactors was insufficient. In comparison 

with stainless steel, the quartz glass is chemi-

cally stable and showed no corrosion impact 

towards tin within the planned temperature 

range. The main idea of this reactor design 

concept is to couple the advantages of the 

chemically stable glass material and the me-

chanical stability of stainless steel. The non-

 

Fig. 2. Experimental set-up. 
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corrosive quartz glass tube getting in contact 

with liquid metal is inserted into the steel tube. 

This design proved reliable during the experi-

mental campaigns [2, 3, 4, 5].  

In detail, the chemical reactor used in the ex-

periments is a vertical quartz glass tube with 

inner diameter of 40.6 mm and length of 1268 

mm, which is inserted into a stainless steel 

tube with inner diameter of 49.25 mm and 

length of 1150 mm (Fig. 2). A single orifice (Ø 

0.5 mm), at the bottom of the quartz glass tube 

was used as gas injector. The combined reac-

tor was placed inside of an 8 kW electric fur-

nace with a maximum operating temperature 

of 1200 °C. The upper part of the reactor, so 

called gas zone, is ending above the furnace 

and was insulated separately. The tempera-

ture inside of the reactor was continuously 

measured during the operating time by apply-

ing an alumina tube with type K thermocouples 

at 10 positions along the whole reactor length. 

The temperature measured at a level of 600 

mm in the middle of the reaction zone was 

used as reference temperature. Glass frag-

ments or cylindrical rings made of quartz glass 

have been used to form packed beds. The 

space porosity of the packed beds was varied 

from 76% to 84%. The separate supply tank 

placed above the rector was used for melting 

of tin prior to filling up the reactor. The gaseous 

reaction products were filtered via sinter metal 

elements made of stainless steel with pore size 

0.5 µm. The analysis of product gas was real-

ized by using a gas chromatograph (GC). Dur-

ing the experiments, the mole-fraction was 

continuously measured for methane, hydro-

gen, nitrogen, ethane, ethylene and acetylene 

at various operating conditions. 

 

Thermo-chemical modelling and 
experimental results 

The following section describes the thermo-

chemical modelling and the experimental re-

sults and extends our previous work [3]. 

Thermo-chemical modelling 

To estimate the influence of different parame-

ters on the process as well as for future pro-

cess description and hydrogen yield predic-

tions, a thermo-chemical (TC) model was 

developed. The model is based on three cou-

pled one dimensional partial differential equa-

tions with spherical coordinates, solved using 

MATLAB® parabolic PDE solver. The energy 

equation (3), the species equation (4) and a 

pressure equation (5) are solved inside of a 

bubble traveling through the liquid metal reac-

tor. The bubble is assumed as a spherical body 

with a constant radius and a constant resi-

dence time in the reactor depending on the in-

ventory material and height. As the bubble ra-

dius is kept constant, volume expansion due to 

the pressure drop and the chemical reaction 

along the liquid metal reactor length is not in-

cluded in the model. The initial bubble radius in 

equation (2) is calculated by Tate´s law, which 

bases on a force balance between buoyancy 

and surface tension [6] using temperature de-

pendent surface tension and density from Al-

chagirov et al. [7], [8]. 

1/3

0

,0

0

3

2

orf

B

d
r

g





 
  
   (2) 

where dorf is the diameter of the orifice, o and 

o are the surface tension and density respec-

tively. 

In the thermo-chemical model, all gas proper-

ties are functions of the present local tempera-

ture, pressure and gas composition. The 

source terms in equation (3) and (4) imply tem-

perature dependent reaction rates, following 

Arrhenius law and assuming a first order 

chemical reaction. 

Energy equation 

2 0
, 2

 1
expR i a

G p G G

g g

k H p y ET T
c r

t r r r R T R T
 

    
     



       (3) 

where 𝜌𝐺  is the gas density, 𝑐𝑝,𝐺 is the specific 

heat capacity of the gas, T is the temperature, 
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r is the bubble radius, G is the heat conductiv-
ity of the gas, is the pre-exponential factor, 

  is the reaction enthalpy, p is the absolute 
pressure,  is the universal gas constant,  
is the mole fraction,  is the activation energy. 

 

Species equation 

,2 0
2

1 expi ji i i a

g

pDy y k y p Ep r
T t r r T r T R T , (4) 

where D is the diffusion coefficient. 

Pressure equation 

0 1d
d G

p pp
t , (5) 

where  is the residence time. 

Assuming linear pressure drop from the bottom 
to the top of the reactor, whereby the local liq-
uid metal hydrostatic pressure in the column 
equals the pressure inside of the bubble. The 
hydrostatic pressure is calculated using the 
temperature dependent tin density equation 
from Alchagirov et al. [8]. 

The feed gas conditions at the bottom of the 
reactor are used as the initial conditions in 
equation (3) – (5). 

0  ;T T       0;iy      0p p  (6) 

Symmetry boundary conditions are set at the 
center of the bubble for the bubble tempera-
ture, the species fraction and the pressure 
(equation (10)). At the bubble interface, sym-
metry boundary conditions are set for the spe-
cies fraction and the pressure (equation (11)). 
As the bubble is rising in the liquid metal due 
to density differences, and assuming the refer-
ence coordinate system fixed to the travelling 
bubble, the liquid metal is flowing around the 
bubble. Assuming further, that gas convection 
inside of the bubble can be neglected and the 

bubble behaves like a solid sphere, the follow-
ing Nusselt correlation for forced convection 
over a sphere from Melissari et. al [9] can be 
used to model heat transfer from the tin to the 
bubble. The correlation is valid in a wide range 
of Pr and Re numbers, including the present Pr 
number for tin (Pr = 0.0031) at the lowest in-
vestigated temperature. 

5 0.360.2 0.47Nu Re Pr , (7) 

with 

B B

LM

u dRe
, (8) 

where  is the bubble velocity,  is the bub-
ble diameter,  is the kinematic viscosity of 
the liquid metal. 

Even at low Re numbers, resulting from small 
bubble rise velocities and diameters, the Nu 
number always leads to a value of 2 or higher. 
Evaluating the heat transfer limitation, the Bi 
number in equation (9) reveals a minimum 
value of 520 for the highest investigated tem-
perature 

4

Sn

CH

NuBi
, (9) 

where  is the heat conductivity of tin and 
 is the heat conductivity of methane. 

Consequently the heat transfer limitation is 
on the gas phase side and the interfacial bub-
ble temperature is set to the local liquid metal 
temperature and changes with time, and thus 
with the liquid metal height. 

Inside of the bubble ( ), the conditions 
are defined as follows 

0T
r ;      

0iy
r ;     

d 0
d
p
r  (10) 
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On the gas liquid interface of the bubble (𝑎𝑡 𝑟 =

𝑟𝐵), the conditions are defined as follows 

 LMT T t ;      
0iy

r




 ;     

d
0

d

p

r


 (11) 

To estimate the performance of the process 

using the measured gas mole fractions from 

the experiments, the hydrogen yield, the me-

thane conversion and the ratio between the 

produced hydrogen and the reacted methane 

are investigated. As the product gas analysis 

in the GC only considers the components in the 

gas phase, without taking into account the pro-

duced solid carbon, basic calculations to clarify 

the difference between the measured mole 

fractions in the GC and the mole fractions of 

the components, considering carbon produc-

tion, are necessary. For pure methane as feed 

gas, assuming the behaviour of an ideal gas, 

the initial total molar flow rate is given by 

4

4

0 ,0

,0 ,0

0

CH

total CH

g

p V
N N

R T
 

, (13) 

the molar flow rates of the different product gas 

components, considering no intermediates or 

by-products, are as follows 

2 4,1 ,1 ,02H CH totalN X N
 (14) 

 
4 4,1 ,0 ,11CH total CHN N X 

 (15) 

4,1 ,1 ,0C CH totalN X N
 (16) 

Using Equations (14) - (16), the total molar flow 

rate at the outlet of the reactor is calculated by 

 
4,1 ,0 ,11 2total total CHN N X 

 (17) 

 

 

To estimate the output mole fraction of each 

component the following term is valid 

,1

,1
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i

total
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y

N


 (18) 

Usually, given by mass conservation, the sum 

of all components present in the chemical re-

action leave the reactor. In this process, the 

carbon stays inside of reactor, which reduces 

the total mass and consequently the total mo-

lar flow of the product gas. This leads to a new 

total molar flow entering the GC, changing the 

mole fraction of each component in the product 

gas, without taking the carbon mole fraction 

into account. With the new GC molar flow rate, 

the calculation of the methane conversion, us-

ing GC mole fraction data and Equations (14) - 

(18), result in 

4
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
, (19) 

whereby the hydrogen yield is given by 

 
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 (20) 

Besides the hydrogen yield, the ratio between 

the produced hydrogen and the reacted me-

thane is mandatory to estimate possible devia-

tions due to the formation of intermediates 

 
 

2 42
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CH reac CH GC CH

y XN

N y X




 
 (21) 

This ratio leads to a value of 2, in case of all 

the methane in the feed gas converts to hydro-

gen and carbon without the formation of inter-

mediates. 
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Fig. 3. Measured and calculated methane con-
version as a function of the average temperature 

[2]. 

 

Comparison of calculation and measurements 

As mentioned above, to quantify the chemical 

process of the direct methane cracking in liquid 

metal, several experimental campaigns were 

performed at the liquid metal laboratory 

(KALLA). The hydrogen yield measured by the 

gas chromatograph was used as an indicative 

parameter to estimate the potential of the pro-

cess. At the experiments, special focus was 

given on the influence of the feed gas volume 

flow rate at different liquid metal temperatures 

and on the reactor clogging due to carbon for-

mation. 

The figure 3 shows the experimental results of 

methane conversion compared to calculated 

data as a function of the average liquid metal 

temperature in reactor at different feed me-

thane volume flow rates. The model prediction 

showed very good agreement with the experi-

ments. 

Especially the liquid metal temperature has a 

significant influence on the resulting methane 

conversion, whereby the dependency of the 

applied methane volume flow rate is quite 

moderate. The influence of the gas residence 

time in the liquid metal reactor is only slightly 

visible by changing the methane feed volume 

flow rate as the packed bed itself enhances the 

residence time significantly compared to a re-

actor design without a packed bed. Neverthe-

less, applying a pure methane volume flow rate 

of 200 mLn/min at 1175 °C results in an almost 

4 times higher overall hydrogen standard vol-

ume flow rate at the outlet compared to a hy-

drogen output applying a 50 mLn/min initial me-

thane feed volume flow rate.During the 

experiments, almost no intermediate reaction 

products occurred, apart from a maximum 

mole fraction of 0.5 mol-% ethane and 1.0 mol-

% ethylene in the product gas could be de-

tected, whereby no acetylene was measured. 

As a consequence, the hydrogen selectivity in 

this process is almost one, leading to a poten-

tial product portfolio of only hydrogen and solid 

carbon.  

While disassembling the quartz glass reactor, 

a thin carbon layer with a thickness in the 

range of 10 µm was found between the inven-

tory and the quartz glass reactor wall. In the 

upper part of the reactor, above the metal sur-

face, a mixture of the packed bed and the pro-

duced carbon, appearing as a powder, was 

found (Figure 4). By means of the observed 

amount, most of the produced carbon accumu-

lated in this area. A smaller amount, trans-

ported by the product gas, was collected in the 

filter elements between the off-gas tube and 

the GC. 

 

Fig. 4. Carbon powder produced during the ex-

periment [1]. 
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Numerical investigation of fluid 
dynamic effects within the reactor 

To get an idea about the bubble dynamics in-

side the reactor system of the HELiS facility 

and to evaluate potential optimization opportu-

nities, additionally to the experiments numeri-

cal simulations have been done. According to 

an efficient production, the dynamics and resi-

dence times for different bubble diameters as 

well as optimization methods like electromag-

netic stirring or multi-inlet usages were discov-

ered. Simulations were done using the open 

source software package OpenFOAM. 

 

Phase description models for numerical 

bubble simulation 

To describe the physics of a two phase bubble 

flow and to get a numerical description of the 

dynamics, generally, two different methods are 

available. The discrete phase models for parti-

cle tracking based on Euler-Lagrange descrip-

tion and Euler-Euler approaches with a Eu-

lerian description based on an inertial observer 

formulation for both phases. The Euler-Euler-

approaches can be also subdivided into Vol-

ume of Fluid, mixture and Euler methods. Prior 

simulations, especially magnetohydrodynamic 

modeling have been done using Volume of 

Fluid method. In the Volume of Fluid method, 

a volume fraction equation is solved to calcu-

late volume-fraction-averaged parameter that 

is used to solve the momentum equation. A de-

tailed explanation can be found in [10]. 

In actual simulations the Eulerian model, de-

scribed in [11], is used. A solver for coupling 

this method also with electromagnetic calcula-

tions in the software getDP has been devel-

oped. One advantage is a more exact calcula-

tion for greater bubble volume fractions and 

greater Stokes numbers, especially at the sur-

face and for different velocities v


of the phases. 

In contrast to the Volume of Fluid model the 

Eulerian model solves a separated set of equa-

tions for every phase. The coupling between 

the phases is reached by pressure- and phase-

exchange coefficients. The continuity equa-

tion, given by 

1
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v m m S
t



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  
     

  
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 (22) 

is used to solve the volume fraction q in the 

momentum equation for every fluid phase: 
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 (23) 

Here ρq describes the density, ∇p the pressure 

gradient and ṁpq the mass transfer between 

phase p and q. The qth phase stress tensor τ̿qis 

a function of phase fraction and velocity. Exter-

nal forces 𝐹⃗𝑞, lift forces 𝐹⃗𝑙𝑖𝑓𝑡,𝑞 and virtual mass 

forces 𝐹⃗𝑣𝑚,𝑞 can be calculated by correlations 

described in [12]. The phase exchange coeffi-

cient Kpq between the dispersed phase q (me-

thane) and continuous phase p (tin) is a func-

tion of drag and will be calculated by a Schiller-

Naumann-Correlation [13] in the following 

studies. For the description of energy transfer 

between the two phases, a separate enthalpy 

equation has to be solved for each phase: 
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(24) 

The parameter hq describes the enthalpy, Sq 

includes possible source terms. In addition, it 

includes the heat flux Qpq that is a function of 

heat transfer coefficient between the phases. It 

is dependent on the Nusselt number. In the fol-

lowing studies the correlation from Ranz and 

Marshall [14] is used for its description. The 

fluid dynamics in the system methane and tin 

are turbulent. To describe the turbulent flow 

structures in the system a mixture-k-epsilon-

model from Behzadi et.al [15] is used. The 

main idea of this model is based on the as-

sumption that turbulence is dictated by the 

continuous phase, so turbulent kinetic energy 

and dissipation for each phase can be linked 

with constants. 
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Bubble size studies and slug flow dynamics 

In the following studies simulation results of 

bubble flow in reactor using an Eulerian model 

will be described. In this section bubble resi-

dence times will be analyzed as a function of 

bubble diameters. As well as the system tem-

perature the residence time is also coupled 

with the hydrogen yield and offers a potential 

for optimization. In these models, a tin temper-

ature of 900°C is assumed. Varying the tem-

perature would also influence the rates of as-

cents. Generally, it has been shown that 

carbon sediments occur also at walls near the 

bottom of the reactor, so a greater range from 

1 mm bubbles up to bubble sizes near the re-

actor diameter were discovered (see figure 

5.b-d.). The maximum possible bubble size 

due to reactor diameter is limited to 40 mm. 

The results of the diameter studies are 

shownin figure 6. According to experimental 

results with the system air/water, a spherical 

bubble shape occurs at smaller bubble diame-

ters, which results in lower rates of ascent and 

respectively higher residence times. For the 

spherical shape, rates of ascents increase with 

bubble diameter until the point of 7 mm. For 

greater diameters, oscillations occur that re-

sults in lower bubble velocities. Further in-

creasing the bubble diameter leads to bubble 

shape change due to greater Eötvös-number 

that increases the velocity again. For bubble 

diameters greater than 20 mm another effect 

develops. As it can be seen in figure 5.b, 

stronger wall effects occur, especially at the 

lower part of the reactor, these effects also 

lead to bubble dispersion. This is also a possi-

ble explanation for carbon sediments occur-

rence at the reactor walls near the lower part 

of the reactor and the described velocity reduc-

tion. After dispersion effects at the lower part 

of the reactor, coalescence occur after a short 

time, so a single bubble leaves the melt after 

the described residence time (figure 5.c).  

For the simulation of constant volume flows 

used in experiment, the effect of generating 

greater bubbles and splitting can be seen, as 

well as the occurrence of wobbling with in-

creasing volume flow, which also fits to other 

experiments. Another opportunity of compari-

son, the change of inclination angle of the re-

actor has been discovered. Increasing the an-

gle, the residence time decreases down to a 

minimum at 45° and then goes up for greater 

angles, as it can be seen in experiments for 

air/water. 

 

 

Fig. 5. Volume fraction 10mm (a), 30mm (b, c) 
and relative velocities (d). 
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Fig. 6. Rates of ascent for different bubble sizes. 

 

Magnetohydrodynamic flow control 

To influence bubble residence times, one op-

portunity is given by the electromagnetic stir-

ring and heating. This can be implemented by 

an inductor around the bubble column. To cal-

culate the influence of an electromagnetic field 

on the bubble flow, additional relations, in de-

tail described in [16], are necessary. The Lo-

rentz force that is caused by the induced elec-

tromagnetic field of an inductor, has an 

influence on the velocity field of the melt. This 

influence and the coupling between hydrody-

namic and electromagnetic effects can be de-

scribed by the following equations: 

2 / ( ) ( ) ( ) 0mag elB B v v B      
 (25) 

 [ ]elj v B      (26) 

0v   (27) 

2/ ( ) / l lv t v v p v f           (28) 

Here 𝐵⃗⃗ describes the magnetic field induction, 

𝑗 is the current density, 𝜇𝑚𝑎𝑔 the magnetic con-

stant, 𝜎𝑒𝑙 the electrical conductivity of the liq-

uid, 𝜑 the electrical potential. The vector 𝑓 de-

scribes the volume forces that include gravity 

g and Lorentz force 𝑓𝐿 =𝑗 x 𝐵⃗⃗. In this case an 

additional force vector 𝐹⃗ appears in the mo-

mentum equation described in section 4.1.  

The Lorentz forces generate whirl structures in 

the melt with velocity maxima near the reactor 

wall (see figure 4.4). As in many melting pro-

cesses, electromagnetic stirring can be 

 

 

 

Fig. 7. Magnetic flux density (left) and resulting Lo-

rentz-forces (right). 
 Fig. 8. Lorentz-force (left), melt velocity 

field after 5s (middle) and split bubble 
(right). 
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achieved, depending on the inductor frequency 

and the corresponding skin depth. To optimize 

the bubble dynamics and the resulting hydro-

gen yield, the idea is to use the turbulent shear 

force of the induced melt velocities to split bub-

bles into blebs. According to result in section 

4.2., especially for bubble diameters around 

7 mm, a diameter reduction results in higher 

residence times, besides the surface for heat 

transfer and reaction increases. 

In former studies a volume of fluid method and 

a k-ω-SST-turbulence model has been imple-

mented in the commercial tool Ansys. To dis-

cover the influence of an electromagnetic field 

on the bubbles, a coil with three windings and 

a width of 10 mm each is implemented in the 

lower part of the reactor using frequencies of 

1 kHz and currents of 1 kA. The field has been 

switched on before the bubbles were inserted 

to get the necessary whirl structures. Former 

simulations in Ansys Fluent have shown that 

bubbles with diameters bigger than 6 mm have 

been split up. For greater bubble diameters 

around 9 mm an increase of residence time 

has been shown. In actual investigations a 

solver for dynamical coupling the Eulerian 

method with electromagnetics has been devel-

oped in OpenFOAM. The electromagnetic field 

and the resulting Lorentz forces are calculated 

via the open source tool getDP (figure 7) and-

coupled with Eulerian method in OpenFOAM 

(figure 8). In actual studies inductor current 

and frequencies have been varied. A higher 

skin depth respectively a decreased the fre-

quency, will increase the stirring effect due to 

modify distribution of the Lorentz forces. Bub-

ble splitting can be better achieved when de-

creasing the skin depth by increasing the in-

ductor frequency. But if the current is not 

changed, a higher power lever would also be 

needed. Depending on the relation of reactor 

diameter and skin depth, energy losses re-

duces with higher frequency which can be 

used for splitting the bubbles. Generally, it has 

to be noticed that the change of coupling be-

tween the Lorentz forces and the multiphase 

flow cannot be done with every time step. To 

identify such phenomena clearly also addi-

tional validations using neutron radiography 

are planned. 

 

Multi-inlet coalescence studies 

For a possible scaling up to industrial scale it 

is interesting to use more than one inlet in the 

reactor to increase the efficiency. In previous 

 

 

 

Fig. 9. Volume fractions for 3 inlets for higher (left) 
and dR/dB with resulting coalescence (right). 

 Fig. 10. Rates of ascents and coalescence 
smaller points for 3 inlets. 
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studies, a porous sparger has been used as an 

alternative inlet. The problem that is numerical 

described in [17], is a strong coalescence ef-

fects of the resulting bubbles above the porous 

media. To avoid this, the following passage will 

include different studies for the relation be-

tween the characteristic lengths of the flow 

problem. This has also been done with regards 

to a possible scaling up. In these studies, three 

inlets were discovered. For this case the initial 

distances between rising bubbles as well as re-

actor diameter were varied. Decreasing the re-

actor diameter and the initial distances of the 3 

bubbles down to a critical point leads to coa-

lescence (figure 9). Here the reactor volume 

(dark blue area in figure 9) is reduced. Detailed 

results are shown in figure 10. Here dR de-

scribes the characteristic length of the continu-

ous phase (reactor diameter), while dB can be 

described as the characteristic length of the 

dispersed phase (initial bubble diameter). In 

the diagram the points without bubble coales-

cence are marked with blue rings. A range for 

the rates of ascents for the three bubbles is 

marked. It can be seen that especially for 10 

mm bubbles a greater distance between the 

bubbles is necessary and for 20 mm also 

smaller distances avoid coalescence effects. 

Especially for 5 mm bubbles, an avoidance of 

coalescence leads to higher residence times. 

For 10 mm no strong influence can be seen 

while for 20 mm bubbles residence times even 

decrease without coalescence. Generally, es-

pecially the middle of the three bubbles is influ-

enced by the other ones, and also wobbling ef-

fects appear. As seen in section 4.2, an 

increase of bubble size on smaller bubbles, 

e.g. by coalescence, has stronger influence on 

the rates of ascents.  

In these studies, the distance between the 

bubbles are equally separated to the reactor, 

so the relations dR/dB can be recalculated to 

initial bubble distances to bubble diameter 

(aB/dR). So dR/dB = 12 equalsaB/dR = 2, 

dR/dB = 14 equals aB/dR = 2,5 and dR/dB=16 

equals aB/dR = 3. For the case dR/dB = 16 

(aB/dR = 3) in every discovered cases no coa-

lescence appeared. In other words, the initial 

bubble distance has to be 3 times higher than 

initial bubble size to avoid bubble coalescence 

in the discovered range. It has to be noticed, 

that the zigzag behavior of the bubbles is in-

creased with greater volume flows, which can 

be seen in simulations and also experiments 

using neutron radiography. If it is not possible 

to generate single bubbles with approximately 

same diameter, especially at higher constant 

volume flow, greater distances between the in-

lets would necessary to avoid the described 

coalescence effects.  

 

Conclusion 

The main objective of the presented work was 

to better understand the influence of some ma-

jor influencing parameters on the direct ther-

mal methane cracking within a liquid metal 

bubble column reactor. The feasibility of the 

method based on liquid metal technology was 

successfully demonstrated and presented in 

[2-4]. 

The results of a mechanistic thermo-chemical 

1D-Model have confirmed the strong influence 

of liquid metal temperature on the methane 

cracking process. The model predictions are in 

good agreement with the experimental results. 

The developed model can be applied to inves-

tigate the influence of operating parameters 

and gas residence time in order to improve the 

process efficiency. 

In the numerical investigation, dynamic studies 

for different bubble diameters were done. The 

simulations of volume flows as used in experi-

ments show slug flow dynamics at highest vol-

ume flows. Generated bubble sizes vary with 

volume flow, but can be dispersed while dwell-

ing in the reactor. Generally increasing the vol-

ume flow results in stronger bubble wobbling 

and appearance of strong swirls for higher vol-

ume flows. Another aspect, the splitting of me-

thane bubbles into blebs via electromagnetic 

stirring was also explored. It has been shown 

that for bubbles with a sufficient high diameter 

bubbles can be split. Especially for greater 

bubbles around 9 mm, this split also result in 
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greater residence times, which potentially lead 

to higher hydrogen yield. Instead of splitting 

the bubbles, it is generally interesting to avoid 

their coalescence. Several multi-inlets with 

ranges of bubble residence times as well as 

coalescence points were numerically discov-

ered with regards to a possible scaling up of 

the system. The points of coalescence vary 

with bubble diameters and the relation be-

tween bubble diameter and reactor diameter. 

The next steps in technological development 

will be scaling-up to prototype level and further 

investigations in view of increasing methane 

conversion efficiency. The possibility of effi-

cient continuous carbon removal from the re-

actor may be the key factor for the practical im-

plementation of the developed technology. 
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Smart Grid Resilience: Concepts on dealing with Power 

Scarcity for decentralized Power Systems 

Sadeeb Simon Ottenburger, Wolfgang Raskob 
 

Introduction 

A better understanding of upcoming technolog-

ical transformations and their impact on critical 

infrastructure systems and security of supply is 

one of the main drivers of our research. The 

transformation of the classical power system 

into a smart decentralized power system is one 

of the most prominent and societally relevant 

examples of such transformations - the ongo-

ing increase of automation and power con-

sumption illustrates it’s increasing importance 

accompanied by a simultaneously increase of 

vulnerabilities. Furthermore, a drastic change 

of power consumption, e.g. by an increased 

usage of electric vehicles, may result in unfore-

seen loads that cannot be managed by the util-

ity provider e.g. in terms of demand side man-

agement. Therefore, our research deals with 

the following topics: Assessing the impact of 

different power and ICT- network structures on 

the resilience of urban systems. Development 

of new risk-based power distribution mecha-

nisms dealing with power scarcity in order to 

avoid large-scale blackouts and improve secu-

rity of supply (Ottenburger et al. 2018b; Otten-

burger und Münzberg T. 2017). The methods 

that are used ground on modelling various crit-

ical infrastructures, power-, and ICT-infrastruc-

tures separately, but also new resilience 

measures. The key idea is to consider smart 

grid topology and power distribution mecha-

nisms as model parameters. Thus, by varying 

these parameters for a specific region, e.g. an 

urban area, good structures and distribution 

mechanisms may be identified. 

 

Urban Resilience and Power System 

The concept of urban resilience encompasses 

various types of resilience dimensions such as 

the social, economic or physical infrastructure 

dimension (Cimellaro 2016). Critical infrastruc-

ture (CI) services such as the supply of elec-

tricity, drinking water, and health care provide 

vital services for the population, thus disrup-

tions or failures of these services are hazard-

ous and can lead to injuries or even losses of 

life, property damages, social and economic 

disruptions or environmental degradations. 

Therefore, CIs constitute a pivotal aspect in ur-

ban resilience considerations and establishing 

and implementing sophisticated continuity 

management concepts w.r.t. CIs can be re-

garded as one of the major building blocks for 

preserving or enhancing urban resilience. Most 

of the CIs like water supply, hospitals, pharma-

cies, and traffic- and transport systems rely on 

electricity - the circumstance of massive de-

pendencies of other CIs to the electrical power 

entitles the electrical power grid to be consid-

ered as a high ranked CI. The generation and 

supply of electricity is currently about to un-

dergo a fundamental transition (Farhangi 

2010; Gungor et al. 2013). Due to the integra-

tion of smart meters, the consumers in the 

classical sense will have the eligibility to con-

sume, produce and distribute electricity. The 

therefor necessary smart meters are electronic 

devices that monitor electricity consumptions 

and generations and allow two-way communi-

cations with other meters (Parhizi et al. 2015). 

However, to keep a stable electricity supply it 

is important that in-feed and consumption form 

an equilibrium. A smart grid construed as a 

complex and highly automated power distribu-

tion grid fundamentally relies on a rigorous 

multi-layered distribution management system 
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in order to maintain grid performance and reli-

ability. The architecture of a distribution man-

agement system allows a partitioning into sev-

eral locally arranged and interconnected 

operation centers which themselves may be 

considered as local distribution management 

systems. A precise and secure operation of an 

energy management system of a smart grid, 

that operates - due to grid stability issues - au-

tomatically in real-time, heavily depends on the 

degree of accuracy of the transmitted quanti-

ties of interest.  

For reasons of simplicity, in the remainder of 

this report infrastructures like companies, com-

mercial buildings or households are included in 

the term CI. 

 

Fig. 1 Interdependent Critical Infrastructures 

 

Vulnerabilities and Challenges of 
Future Power Systems 

Many components of a smart grid are located 

not on the utility’s premise and are therefore 

prone to physical damage. Since information 

technology systems are relatively short lived it 

is quite likely that outdated devices are still in 

service e.g. anti-virus software may be depre-

cated or hardware components may not com-

ply with the latest requirements. Furthermore, 

the great number of devices are potential entry 

points for malicious cyber-attacks like malware 

spreading which may infect smart meters or 

other devices and can add or replace functions 

and disseminates, injecting false information 

by faking sensitive smart meter that can cause 

wrong decisions, and Denial-of-Service at-

tacks by manipulating IP protocols that can de-

lay, block or corrupt the transmission of infor-

mation in order to make SG resources 

unavailable (Aloul et al. 2012). 

Besides the increase of susceptibility on the 

cyber-physical component level, and despite 

the current and upcoming advancements and 

progresses in cyber security technologies, the 

vulnerability of the future power system itself 

and hence the probability of CI systems suffer-

ing from power outage grow, if there won’t exist 

appropriate power continuity management 

strategies w.r.t. CIs. Another issue that should 

not be underestimated are drastic increases in 

power consumption that cannot be handled by 

demand side management techniques solely, 

e.g. e-vehicles and charging behavior. 

Our research is pursuing the following objec-

tive: Developing new approaches to operation-

alize risk-based concepts to foster the devel-

opments of new strategies for CI protection by 

exploiting topological design options for smart 

grids and by proposing a risk-based smart grid 

control mechanism that is embedded in an en-

ergy management system. 

 

Criticality and Degrees of Freedom 

In view of net neutrality, this work perceives 

criticality as a risk-comparing framework, 

which we split up into different subcategories. 

The type of the power shortage scenario, the 

different relevancies of CIs and the timely var-

ying demands for critical services determine 

the possibly timely varying so-called global crit-

icality of CIs in an urban area. Global criticality 

of a CI can be considered as a function de-

pending on relevancies of all other CIs, global 

system variables and the CI’s local criticality, 

where local criticality is a function describing 

the critical state of a CI, reflecting its internal 

state, current and expected demand, current 
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and expected fulfillment of demand etc. Global 

criticality and local criticality are of course 

power shortage scenario dependent. In the 

case of normal performance states of CIs and 

no occurring or expected power shortage, 

global criticality reflects the different relevan-

cies of CIs compared to each other - these val-

ues are called initial criticality of CIs - for more 

details we refer to (Ottenburger et al. 2018b; 

Münzberg und Ottenburger 2018). 

Operationalizing criticality should start in the 

phase of designing grid extensions or develop-

ments both from the ICT- but also from the 

physical power infrastructure perspective. This 

work especially focuses on two topological de-

grees of freedom in the design of smart grids. 

One topological degree of freedom refers to 

decomposition of a smart grid into so-called 

microgrids which may be disconnected from 

the overall smart grid and operate autono-

mously in island mode. A smart grid subdivided 

into microgrids has the potential to restrict cas-

cading effects and hence to be less vulnerable 

against disruptions. Cascading effects due to 

dysfunctionalities of certain components or 

propagation of malware throughout a smart 

grid might be prevented by disconnecting the 

affected microgrids from the overall smart grid. 

Although having isolated disturbed or dysfunc-

tional microgrids from the smart grid of a city, 

CI dependencies may cause issues in other 

parts and reduce the resilience of the city as a 

whole. Another topological degree of freedom 

refers to different configuration options w.r.t. 

smart grid components, e.g. overlaying net-

work structures to provide redundancies within 

a microgrid.   

Obviously, the network topology of a smart grid 

has significant effects on urban resilience par-

ticularly referring to the adequate provision of 

vital services of CIs. Taking initial criticality into 

account during the smart grid design phase 

can be regarded as a first proactive measure 

in the sense of preparedness. The rationale of 

applying initial criticality could be to distribute 

CIs with high initial criticality on different mi-

crogrids, avoiding a concentration of highly rel-

evant CIs in one microgrid, or to build redun-

dancies for CIs with high initial criticality. An 

elaborated topology of smart grids increases 

urban resilience.  

 

 

Fig. 2 Topological degrees of freedom: decom-
position into microgrids and configuration of 
components 

 

 

Resilience Measure: Supply Index 

Advanced Metering Infrastructures (AMIs) in-

cluding smart meters allow fine-grained power 

distribution management strategies that go be-

yond the classical strategies like rolling black-

outs. A main task is to develop resilient and fair 

power distribution strategies in times of power 

shortage by exploiting the advantages of an 

AMI and smart meters. Therefore, new resili-

ence metrics, measuring security of supply that 

complement known measures like SAIDI (Sys-

tem Average Interruption Duration Index) are 

developed. 

Smart meter can be considered as an interface 

between a prosumer, e.g. a household, and 
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the outer smart grid structure. An AMI that uti-

lizes advanced smart meter technologies, al-

lowing complex communication with distribu-

tion management system entities, enables a CI 

to transfer its current local criticality into the 

distribution management system. The distribu-

tion management system, being aware of all 

the initial criticality values, the relevancies of all 

other CIs, global system variables etc., is able 

to compute the current global criticality for 

each CI (Ottenburger et al. 2018b). In the case 

of a power shortage, caused by dark doldrums 

or cyber-attacks, a system knowledge about a 

global criticality distribution can be used for 

identifying optimal power distribution mecha-

nisms. Therefore, a so-called Supply Index (𝑆𝐼) 

is applied: Let 𝑖 ∈ 𝐼 be an infrastructure, and 

𝑐𝑖 ∈ [0,1] the global criticality of 𝑖: 

𝑺𝑰 =  ∑ 𝑐𝑖̃𝑖∈𝐼 𝑞𝑖(𝑆𝑃𝑖), where  𝑐𝑖̃ =  
𝑐𝑖

∑ 𝑐𝑗𝑗∈𝐼
, is the 

weighted global criticality and 𝑞𝑖 a certain lin-

ear function measuring the quality of supply 

(Ottenburger et al. 2018a). 

The spectrum of optimal power distribution 

mechanisms that are applicable strongly de-

pends on the topology of smart grids or in other 

words smart grid topology determines the 

range of possible optimal power distribution 

techniques and massively influences urban re-

silience. During a power shortage, optimal 

power flows or power distribution policies 

should target at distributing electricity in such a 

way that the severity of the impact of a possible 

decrease of the overall performance of all CIs 

in an urban area is minimum. In enhanced 

power distribution policies, where global criti-

cality is applied, rolling black outs in terms of 

dynamically connecting different microgrids 

with each other, might also be an option. 

 

Results           

The Smart Grid Resilience Framework 

In an ongoing interdisciplinary research project 

(Raskob et al. 2015) UNF is collaborating with 

the Institute for Program Structures and Data 

Organization (IPD), the Institute for Industrial 

Production (IIP) and the Institute for Automa-

tion and Applied Informatics (IAI). The aim of 

this project is to develop a framework for sim-

ulating CIs against certain disruption scenarios 

and to perform systemic resilience assess-

ments of regions of urban scale by mainly fo-

cusing on power shortage scenarios. Power 

scarcity may result from severe weather 

events, cyber-attacks, exceptional dark dol-

drums, or extreme loads.  

A main feature of this framework is to use net-

work topologies and power flow algorithms as 

model parameters that can be varied. The 

framework has a modularized structure: There 

is a power module, an ICT-module, and a CI-

module, that simulates various CIs from the 

health sector and the water supply (Raskob et 

al. 2015; Münzberg T. et al. 2018). 

 

Fig. 3 Modular Structure of the Smart Grid Resil-
ience Framework 

 

In each of these modules, different disrup-

tions/damages of infrastructures can be mod-

elled separately and adjusted within a generic 

disruption framework. By applying the 𝑆𝐼, the 

resilience of physical and ICT-network struc-

tures and power distribution strategies can be 

assessed. The nature of this framework is 
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quite generic and could principally be applied 

to any urban area. Currently, the medium volt-

age distribution grid of Karlsruhe is modelled 

as the base physical power infrastructures 

upon which grid extensions models, as possi-

ble future scenarios, are further developed. 

 

Optimal Power Flow applying 𝑺𝑰 and 
evolutionary Algorithms 

As mentioned in the previous section, the 

Smart Grid Resilience Framework uses net-

work topologies and power flow algorithms as 

model parameters that can be varied. First 

concepts on resilient power flow mechanisms 

were developed: 

An infrastructure 𝑖 may possess process flexi-

bility or coping capacities that allow to specify 

a power demand flexibility interval 

[𝑃𝐷,𝑚𝑖𝑛
𝑖 , 𝑃𝐷,𝑚𝑎𝑥

𝑖 ],   where 𝑃𝐷,𝑚𝑎𝑥
𝑖  is the power de-

mand for normal process mode and 𝑃𝐷,𝑚𝑖𝑛
𝑖  the 

power demand for at least running some es-

sential sub-processes. There might be an in-

frastructure 𝑖 that has criticality equal to 1 - in 

this case 𝑖 has no power flexibility and thus de-

mands a certain power value 𝑃𝐷
𝑖 .  

 

Fig. 5 75 % - scenario-hyperplane: power value 
vectors within the truncated power demand 
cube are potential solutions of the resilient opti-
mal power flow 

 

In the case of power shortage, e.g. only 75% 

of the normal power demand of all infrastruc-

tures is available, new resilient power distribu-

tion strategies in the energy management sys-

tem of a smart grid are thinkable in order to 

avoid total blackouts - nevertheless, new distri-

bution algorithms should not violate non-dis-

crimination. 

Before applying these new concepts on our 

distribution grid model of Karlsruhe, they are 

 

Fig. 4  First results of criticality based optimal power flows on the IEEE33 bus system for stationary 

load states 
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validated against simpler grid models e.g. 

standard IEEE-models:  

For stationary load states optimal power flows 

on the IEEE33 bus system were calculated in 

a joint project with IAI - genetic algorithms were 

applied, in order to maximize 𝑆𝐼 while respect-

ing fair distribution (Ottenburger et al. 2018a). 

Conclusively, the way we applied genetic algo-

rithms can be considered as a possibility to 

specify the corresponding parameter in the 

Smart Grid Resilience Framework. 

 

Summary 

The ongoing transition of the power distribution 

system towards Smart Grids bears the chance 

to conceptually integrate principles of crisis 

prevention and management into power con-

trol mechanisms. Following this aspiration 

global criticality considered as a dynamic fea-

ture of CIs is a promising attribute that helps to 

bridge Smart Grids resilience and urban resili-

ence in a sensible way. In cases of power 

shortages, where first, secondary, and tertiary 

controls are not able to stabilize the whole grid, 

global criticality as a further criterion can be ap-

plied for controlling the power flow in a Smart 

Grid in an urban resilient way and thus contrib-

ute to enhancing urban Continuity Manage-

ment (CM).    

The proposed simulation framework, allowing 

the variation of parameters like Smart Grid to-

pology and power distribution mechanisms, 

can be applied to specific urban systems. Sim-

ulation studies against power disruption sce-

narios that are considered to be plausible for 

that particular urban system can be conducted. 

The outcomes of these studies would be  

 an analytical view on Smart Grid infrastruc-
ture planning in terms of a selection of ur-
ban resilient Smart Grid design options 
and 

 appropriate power distribution strategies 
or algorithms to deal with power shortage 
scenarios; these strategies or algorithms 

could be implemented in the Energy Man-
agement System (EMS) of a Smart Grid.  
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Introduction 

In the years 2017 and 2018  the Hydrogen 

Group continued to develop the in-house CFD 

HyCodes, GASFLOW and COM3D, and con-

ducted several experimental programs to 

deepen the understanding of the transient 

flame acceleration and deflagration-detona-

tion-transition or to provide model validations 

data. As cryogenic liquid hydrogen has a high 

potential for supporting the scaling up of appli-

cations of hydrogen as an energy carrier, these 

fundamental phenomena have to be studied 

also in the low temperature domain. The Hy-

drogen Group is coordinating the European 

pre-normative research project PRESLHY to 

this end. Besides the group has been active in 

the educational domain by teaching Hydrogen 

Technologies and managing a related Euro-

pean project NET-TOOLS. 

In the application domain a safe catalytic 

cleaning device for high pressure hydrogen 

has been developed in the frame of the coop-

eration with the Instituto Technico Buenos 

Aires ITBA. 

 

Pre-normative Research for the safe 
use of liquid hydrogen 

For scaling up the hydrogen supply infrastruc-

ture the transport of liquefied hydrogen is the 

most effective option due to the energy den-

sity. Especially for the transport sector with the 

planned large bus fleets, the emerging hydro-

gen fueled train, boat and truck projects and 

even for the pre-cooled 70 MPa car fueling, liq-

uid hydrogen (LH2) offers sufficient densities 

and gains in efficiency over gaseous transport, 

storage and supply. However, LH2 implies 

specific hazards and risks, which are very dif-

ferent from those associated with the relatively 

well-known compressed gaseous hydrogen. 

Although these specific issues are usually well 

reflected and managed in large-scale industry 

and aerospace applications of LH2, experi-

ence with LH2 in a distributed energy system 

is lacking. Transport and storage of LH2 in ur-

ban areas and the daily use by the untrained 

general public will require higher levels of 

safety provisions accounting for the very spe-

cial properties. The quite different operational 

conditions compared with the industrial envi-

ronment and therefore also different potential 

accident scenarios will put an emphasis on 

specific related phenomena which are still not 

well understood. Specific recommendations 

and harmonized performance based interna-

tional standards are lacking for similar rea-

sons.  

The Hydrogen Group coordinates the project 

PRESLHY, which is supported by the Euro-

pean Fuel Cell and Hydrogen Joint Undertak-

ing (FCH 2 JU). The consortium consisting of 

10 European research institutions and industry 

representatives will do research for the most 

relevant and poorly understood phenomena 

related to high risk scenarios from 2018 until 

end of 2010. With the new knowledge gener-

ated by this research work science based and 

validated tools, which are required for hydro-
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gen safety engineering and risk informed, per-

formance based, LH2 specific, international 

standards will be developed. 

Besides the actual coordination the Hydrogen 

Group of IKET is leading the combustion phe-

nomena work package and conducts an es-

sential part of the experimental program rang-

ing from cryogenic gas dispersion, ignition 

phenomena to transient combustions phenom-

ena. 

So far a review of the state-of-the-art and ex-

isting regulations, codes and standards have 

been conducted. First screening experiments 

related to ignition by electro-static charge 

build-up in the accidental cold gas release 

have been conducted in the test cell Q160. 

 

Cryo-jet ignition by self generated 
electrostatic charges 

The electrostatic field generated by the cryo-jet 

was measured with a set-up shown in Fig. 19. 

With the field mills an electrostatic field was 

identified, which seem to be induced by a cloud 

of charged particulates carried by the jet. It typ-

ically reaches values in the order of 1000 V/m. 

The particulates must be too small to be seen 

on the cameras.  

 

 

Fig. 19: Experimental set-up of for determination 
of electrostatic field build-up of cryogenic hydro-
gen jet releases in test cell Q160 (top: principle 
view from top experiments; bottom: photography 
with indicating positions of field mills by red 
dots) 

 

 

Fig. 18: Recordings of the different Electric Fieldmills (EF) with EF1 close to release point and EF3 at 

longest distance from release point; EF4 is special field mill with highest sensitivity close to EF1.  
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As we move further away from the nozzle, the 

peeks of electric field are delayed in time, and 

last longer, see Fig. 18. This can be explained 

by the decreasing velocity of the jet along the 

central axis. The further away from the nozzle, 

the longer it takes for the moving cloud to 

reach, and pass in front of the sensor. The de-

lay and the duration of the peek reduces when 

the mass flux is increased. 

After replacing hydrogen with helium, to ex-

clude material specific issues, similar effects 

have been observed. Irrespective of the re-

leased gas, with sufficiently high ambient hu-

midity and low temperature of the pre-cooled 

nozzle, ice crystals will form on the release 

nozzle, see Fig. 21. When the release is initi-

ated the gas will tear of and entrain some small 

ice crystals. This process involving solid parti-

cles and strong shear flow forces is very likely 

the origin of the electrical charges observed. 

 

Fig. 21: Pre-cooled release nozzle with ice parti-

cles formed on  

So, the results of these preliminary test might 

be summarized as: 

 This phenomenon occurs only at cold 

temperatures of the released gases 

and with some minimum ambient hu-

midity. 

 Then jet carries electrical charges, 

which might be induced by ice parti-

cles formed at the cold nozzle before 

the actual release (possibly also dur-

ing the release) 

Whether the measured electrical fields are suf-

ficiently strong and effecting the relevant pre-

mixed zones of the jet has to be clarified in the 

sub-sequent test program. 

 

Characterisation of cryogenic 
hydrogen discharges 

Discharge coefficients of cryogenic (T < 120K), 

high pressure (p < 20 MPa) hydrogen reser-

voirs will be determined in the DISCHA exper-

iment series (see Fig. 22). 

The experiments have been extended to sim-

ultaneously investigate the dispersion, ignition 

and combustion of the released cold hydrogen. 

This required the installation of an appropriate 

optical measurement system, consisting of 

several cameras. The main technique applied 

for the near field as well as for the far field ob-

servations of the cold gas jet behavior will be 

 

Fig. 20: Electric field strength dependent on ambient humidity and mass flux (release nozzle diameter, 

respectively)  
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Background Oriented Schlieren (BOS). So be-

sides the actual objective to determine dis-

charge coefficients for the cryogenic hydrogen, 

the experiments will provide indications on 

whether the quite simple BOS technology 

might be used for far field observation with nat-

ural backgrounds, like those encountered at 

hydrogen fueling stations, for instance. 

 

 

Fig. 22: DISCHA facility and experimental set-up 
for 80K hydrogen discharge releases 

 

The minimum temperature which might be 

achieved by liquid nitrogen cooling of the DIS-

CHA facility is 80 K. Therefore cold, but only 

single phase gaseous hydrogen releases 

might be studied with DISCHA. Assessing the 

effects of the liquid-gas interface during a 

blow-down and the determination of corre-

sponding discharge coefficients requires a 

specially prepared cryo-vessel (see Fig. 23). 

The design of this experimental set-up has 

been finished, the construction of the special 

flange is on the way.  

 

 

Fig. 23: Experimental set-up CRYO-VESSEL for 

two phase cryogenic hydrogen blow-downs 

 

For the investigation of flame acceleration (FA) 

and deflagration-to-detonation (DDT) phenom-

ena at cryogenic temperatures the special 

combustion tube CRYOTUBE with internal 

LN2 cooling has been designed and built (see 

Fig. 24). 
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Results for the discharge, two phase blow-

down and the cryogenic combustion character-

istics are expected within the year 2019. 

 

Catalytic Cleaning of High Pressure 
Hydrogen 

As part of a cooperation with the Instituto Tech-

nico Buenos Aires, Argentina (ITBA) a catalytic 

cleaning process for high pressure electrolyz-

ers has been investigated with a special exper-

imental set up (see Fig. 25).  

Several modifications for the feed gas arrange-

ment have been used to achieve highest pres-

sure in the experiments. Design criteria were 

derived by testing a few variants of the catalytic 

tube reactors (see Fig. 26), which were all 

equipped with the same small (about 4 mm in 

diameter)  Pd-coated ceramic spheres, used 

as catalytic elements (see Fig. 27).  

 

Fig. 25: PID of the experimental set-up for the 
catalytic cleaning of high pressure hydrogen 

 

 

Fig. 26: Tested catalytic reactor variants 

 

Fig. 27: Disassembled reactor variant R1 (with 
1= spacer grid system, 2=exhaust thermocou-
ple, 3=catalytic pellets,4=reactor shell, 5 = feed 
thermocouple, 6= reactor thermocouple) 

 

Several test series were carried out with differ-

ent set up configurations, most of them of them 

controlled with a stepwise increase of the oxy-

gen contaminant concentration. The main re-

sults are the dry hydrogen or oxygen concen-

trations at the reactor outlet and the efficiency 

defined by comparing these values to the cor-

responding inlet concentrations. 

The efficiencies of the catalytic reactors show 

inversely proportional correlation to the resi-

dence time of the gas mixture in the reactors. 

Feed concentration and reactor temperature 

show linear correlations. This outcome may be 

 

Fig. 24: LN2 cooled combustion tube CRYOTUBE with measurement ports 



Group: Hydrogen 

70 

used to estimate the feed concentration by 

measuring the reactor temperature, being this 

a simple alternative instead of using gas ana-

lyzers. 

The test performed with oxygen rich concen-

tration shows a similar behavior when com-

pared to hydrogen rich mixtures. However a 

feed concentration threshold in order the cata-

lytic process to start is observed and further 

tests should be performed to better assess its 

behavior. 

Pressure is found to have a positive impact on 

the efficiency of the process for the pressure 

range of 10 to 70 bar with a 10% efficiency in-

crease. Tests performed at higher pressures (~ 

90 bar) show a strange behavior leading to the 

assumption that steam adsorption is being de-

veloped by the catalytic material. Taking into 

account the aforementioned plus the fact that 

test pressure was limited due to needle valve 

choking events, modifications to the experi-

mental set up are proposed in order to conduct 

tests at higher pressures. 

The reactor variant R2 (tests 36, 37 and 57 in 

Fig. 28) turned out to be one with best perfor-

mance under the conditions which are relevant 

for the prototypical alkaline high pressure elec-

trolyser developed at ITBA. The reactor will be 

integrated there in 2019. 

Overall, the catalytic cleaning process tested 

showed good performance and behavior un-

derstanding for the tests conducted at pres-

sures below 70 bar. On the other hand, the 

working pressure limitation of the experimental 

set up prevented to fully understand the behav-

ior of the process at pressures above 90 bar 

and further modifications to the facility should 

be conducted. 

 

 

 

 

 

Fig. 28: Efficiency as a function of feed oxygen concentration 
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Gruppe: Energie- und Verfahrenstechnik 

Messung der thermodynamischen 

Thermalwassereigenschaften an Geothermiestandorten 

Elisabeth Schröder, Klaus Thomauske, Dietmar Kuhn 
 

Einleitung 

Der Energieinhalt und die Menge und des ge-

förderten Thermalwassers sind entscheidende 

Parameter für die Auslegung und Dimensionie-

rung geothermaler Anlagen. Neben der För-

dertemperatur spielen die thermodynamischen 

Eigenschaften des Thermalwassers eine 

große Rolle. Diese weichen von den Daten rei-

nen Wassers teilweise sehr stark ab, was 

durch hohe Salz- und Gasgehalte bedingt ist.  

Zuverlässige Angaben zu den Stoffwerten sind 

in der Literatur kaum zu finden, da die Komple-

xität der Thermalwasserzusammensetzung 

bisher nur unzureichend abgebildet ist. Um-

fangreichere Datensätze existieren für Natri-

umchloridlösungen, allerdings werden Salini-

täts-, Druck und Temperaturbereiche, wie sie 

in der Geothermie vorherrschen, nicht abge-

deckt. Einige Untersuchungen zu Natriumchlo-

ridlösungen und Meerwasser sind in [1-9] zu 

finden. Des Weiteren gibt es keine Zuordnung 

der Stoffwerte zu den jeweiligen geologischen 

Horizonten, was im Hinblick auf die Vorhersag-

barkeit der Thermalwassereigenschaften bei 

Planungsbeginn von Geothermieanlagen wün-

schenswert wäre. 

Um die thermodynamischen Eigenschaften 

unter Anlagenbedingungen zu bestimmen, 

wurde am KIT ein Prüfstand entwickelt mit 

Hilfe dessen die spezifische, isobare Wärme-

kapazität, die Fluiddichte und die kinematische 

Viskosität im Druck- und Temperaturbereich 

bis 30 bar und 170 °C ermittelt werden können. 

Die ausführliche Beschreibung der Messtech-

nik ist in [10] und [11] zu finden. 

Im Rahmen des vom BMWI geförderten Ver-

bundprojektes „PETher“ wurden zehn Ge-

othermiestandorte beprobt. Dabei konnten die 

drei geothermisch relevanten Regionen (Mo-

lassebecken, Oberrheingraben, Norddeut-

sches Becken) abgedeckt werden.  

Diese in-situ durchgeführten Messungen wur-

den durch systematische Laboruntersuchun-

gen ergänzt. Nach umfangreicher Datenana-

lyse durch die Projektpartner GeoT und GTN 

konnten für die geothermisch relevanten Hori-

zonte typische Thermalwasserzusammenset-

zungen identifiziert werden. Diese wurden im 

Labor als Modellwässer nachgebildet und de-

ren Stoffwerte im Temperaturbereich von 20°C 

bis 150 °C ermittelt.  

Basierend auf den in-situ Messungen und den 

Modellwasseranalysen stehen nun Kennkur-

ven zur Verfügung, die, abhängig von der 

Bohrtiefe und des Horizontes, eine deutlich 

verbesserte Vorhersage der thermodynami-

schen Thermalwassereigenschaften erlauben. 

 

Ergebnisse 

Molassebecken 

Nach Analyse der Tiefenwasserzusammen-

setzung des Oberjura Aquifers, wurden für das 

Molassebecken die Wässer in fünf Gruppen 

gefasst, [12]. In Gruppe I, dem nördlichen Be-

ckenrand, ist der Wassertyp Ca-(Mg)-HCO3 

mit einem sehr geringen Mineralgehalt von 497 

mg/l zu finden. Im zentralen Becken überwiegt 

mit Gruppe II der Typ Na-Ca-Mg-HCO3 bei 

mittleren Salzgehalten von 588-689 mg/l. Tie-

fenwässer vom Typ Na-HCO3-Cl (Gruppen III 

und IV) sind im Niederbayerischen und im 
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Nordöstlichen Becken mit Salinitäten von 1000 

– 1500 mg/l zu finden, wobei bei letzterem der 

Chloridanteil dominierend ist. Das Südwestli-

che Becken, Gruppe V, hat den höchsten Mi-

neralanteil mit bis zu 2600 g/l und ist von den 

Wassertypen Na-Cl-HCO3, sowie Na-Ca-Cl ge-

prägt. Generell nimmt die Mineralisation vom 

Nördlichen Beckenrand zu Südwestlichen Be-

cken hin, zu.  

Im Rahmen den „PETher“-Projektes wurden 

drei Standorte im Molassebecken untersucht, 

die das Oberjura-Aquifer abgedecken. So 

konnte die Gruppe II mit dem Wassertyp Na-

Ca-HCO3-Cl, sowie die Gruppe III mit dem Na-

HCO3-Cl-Typ analysiert werden. Die Abbildun-

gen 1-3 geben die in-situ gemessen Thermal-

wasserdaten hinsichtlich Wärmekapazität, Vis-

kosität und Dichte für die beiden Wassertypen 

des Molassebeckens wieder. Der Gesamtsalz-

gehalt (TDS) ist jeweils angegeben. Zum Ver-

gleich sind die Daten reinen Wassers bei p=2,1 

MPa in den Diagrammen eingetragen, [13]. 

Die Messgenauigkeit liegt bei 1% (bezogen auf 

die Tabellenwerte des reinen Wassers). Wie 

aus den Abbildungen 1-3 ersichtlich, weichen 

die Stoffdaten der gemessenen Thermalwäs-

ser des Molassebeckens unwesentlich von 

den Stoffdaten reinen Wassers ab, was deren 

niedrige Salinität vermuten lässt. 

 

Oberrheingraben 

Die für die geothermale Nutzung infrage kom-

menden Nutzhorizonte des Oberrheingrabens 

sind im Wesentlichen die Formationen des 

Oberen Muschelkalks, des Buntsandsteins so-

wie im südlichen Grabenabschnitt des Hautro-

gensteins (Mitteljura). Ebenso kommen die 

Formation des Rotliegenden, die oberste Zone 

des kristallinen Grundgebirges und die im 

nördlichen Grabenabschnitt liegenden kiesi-

gen Sande des Tertiärs in Frage. Die Wässer 

des Hauptrogensteins sind bis in Tiefen von 

500 m zu finden und gehören dem Wassertyp 

Ca-(Mg)-HCO3 mit geringen Salinitäten von 1 

g/kg an. Lediglich lokal, können diese erheb-

lich erhöht sein. Im Oberen Muschelkalk, der 

sich bis in Tiefen von 1200 m erstreckt, lassen 

sich zwei unterschiedliche Wassertypen iden-

tifizieren. Bei geringeren Tiefen dominiert der 

Typ Ca-Na-SO4-HCO3 mit vergleichsweise 

niedriger Mineralisation, während die tieferen 

Lagen den Wassertyp Na-HCO3-SO4-Cl auf-

weisen. Die Mineralisation ist generell gering 

bei bis zu 20 g/l, wobei lokal auch höhere 

Werte vorliegen können. Die Buntsandstein 

Formation kann in Tiefen zwischen 2000 – 

3000 m angetroffen werden. In den oberen 

Schichten dominieren hier Kalziumhydrogen-

carbonat und Sulfate, während in den unteren 

Schichten vermehrt Natriumchlorid vorliegt. 

Der Salzgehalt ist tendenziell hoch und er-

reicht Werte von bis zu 130 g/l. Salinitäten in 

gleicher Größenordnung weisen die Wässer 

des Kristallin auf, die von Natriumchlorid und 

Kalziumchlorid geprägt sind, [12, 14] und [15]. 

Aufgrund des kluftreichen Untergrunds tritt im 

Oberrheingraben eine Zumischung von Tiefen-

wässern in höher gelegene Schichten auf, so 

dass häufig Mischwasser mit erhöhtem Natri-

umchloridanteil zu finden ist. 

Um die unterschiedlichen Wassertypen des 

Oberrheingrabens zu untersuchen, wurden 

vier Standorte ausgewählt. Dabei konnte der 

Muschelkalkaquifer mit dem Wassertyp Ca-

Na-SO4-HCO3, sowie die Natriumchloridrei-

chen Wässer des Kristallin untersucht werden.  

Die experimentell ermittelten Daten sind in den 

Abbildungen 1-3 dargestellt. Anhand dieser Di-

agramme wird ersichtlich, dass niedrige Salz-

gehalte die physikalischen Stoffwerte kaum 

beeinflussen. Die Abweichungen gegenüber 

den Wasserwerten liegen innerhalb der Mess-

genauigkeit. Größere Abweichungen zu den 

Wasserdaten von mehr als 1% ergeben sich 

erst bei Salzgehalten von mehr als 10 g/l. Dies 

betrifft alle drei gemessenen Stoffdaten.  

 

Norddeutsches Becken 

Die Thermalwässer des Norddeutschen Be-

ckens weisen sehr hohe Salinitäten auf. Diese 

sind primär aus salinaren Porenwässern 
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(Brack- oder Meerwässer) sowie aus angerei-

cherten, evaporitischen Wässer entstanden, 

[14]. Von der Unterkreide bis zum Rotliegen-

den und Karbon/Devon beträgt die Salinität 

mehr 100 g/l. Dabei weisen die Wässer des 

Schilfsandsteins, des Zechsteins und des Rot-

liegenden die höchsten Werte auf, die 300 g/l 

und mehr betragen können. Von der Unter-

kreide bis zum Rhät liegt der Wassertyp Na-Cl 

vor.  

In tieferen Lagen jenseits des Rhät sind die 

Wässer mit Kalzium angereichert, insbeson-

dere, beim Vorhandensein von Feldspäten, so 

dass dort der Wassertyp Na-Ca-Cl bzw. Ca-

Na-Cl dominiert. Der Anteil an Sulfaten und 

Karbonaten ist gering, höhere Magnesiuman-

teile sind im Rhät und im Malm zu finden. Die 

Standorte im Norddeutschen Becken, die für 

die in-situ Messungen ausgewählt wurden, ha-

ben eine Teufe, die bis in die Rhät Formation 

reicht. Geothermiestandorte, die das Thermal-

wasser aus dem Rotliegenden nutzen, stan-

den nicht zur Verfügung. Die in-situ gemesse-

nen Stoffwerte des Norddeutschen Beckens 

sind ebenfalls in den Abbildungen 1-3 einge-

tragen. 

Wie aus den Diagrammen ersichtlich, nimmt 

die Wärmekapazität mit zunehmender Salinität 

ab, während die kinematische Viskosität und 

die Dichte ansteigen. Dabei werden die Stoff-

werte primär vom Gesamtsalzgehalt (TDS) be-

einflusst. Der Einfluss der Ionensorte auf die 

Stoffwerteänderung ist im Rahmen der in-situ 

durchgeführten Messungen nicht ermittelbar, 

da die höher konzentrierten Wässer alle eine 

starke Dominanz von Natriumchlorid aufwei-

sen und sich daher in der Zusammensetzung 

ähneln, so dass der Einfluss weiterer Ionen im 

Rahmen der Messgenauigkeit nicht zutage 

tritt. Nach umfangreicher Datenanalyse wur-

den von den Projektpartnern typische Ther-

malwasserzusammensetzungen identifiziert, 

welche als Grundlage zur Herstellung künstli-

cher Wässer dienten. Diese wurden im Labor 

hinsichtlich der physikalischen Stoffeigen-

schaften untersucht. Mit Hilfe der in-situ ge-

messenen Daten und den Werten der künstli-

chen Wässer konnten schließlich vom 

Projektpartner GeoT Kennkurven erstellt wer-

den. 

 

 

Abb. 1: In-situ gemessene spezifische, isobare 
Wärmekapazität verschiedener Geothermiestan-

dorte. 

 

 

Abb. 2: In-situ gemessene Fluiddichtdichte ver-

schiedener Geothermiestandorte 

 

 

Abb. 3: In-situ gemessene spezifische, isobare 
Wärmekapazität und Fluiddichtdichte verschie-
dener Geothermiestandorte. 
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Erstellung von Kennkurven 

Mit den Messdaten der synthetischen Wässer 

und der vor Ort gemessenen Thermalwässer 

wurden Kennkurven modelliert. Hierbei kamen 

zwei Interpolationsschritte zum Einsatz. Im 

ersten Schritt wurden die Werte einer zusam-

mengehörigen Messreihe mittels eines Poly-

noms (Dichte: 2. Grades; kinetische Viskosität: 

4. Grades; spezifische Wärmekapazität: 2. 

Grades) über den gesamten Temperaturbe-

reich zu Modellierungsstützkurven verbunden. 

Im zweiten Schritt wurden durch lineare Inter-

polationen über alle Stützkurven die übrigen 

Kurven für die nicht gemessenen Salinitäten in 

den Bereichen zwischen den Stützkurven er-

stellt. In den Abbildungen 4-6 sind die Kenn-

kurven basierend auf dem Gesamtsalzgehalt 

in Salinitätsschritten von 25 g/l dargestellt. Die 

detaillierte Beschreibung der Kennkurvener-

stellung, sowie der experimentellen Arbeiten 

ist in [16] und [10] zu finden. Mit Hilfe der Kenn-

kurven und der chemischen Analyse der Ther-

malwässer lassen sich die für die energetische 

Kraftwerksauslegung notwendigen thermody-

namischen Stoffgrößen abschätzen. 

 

Zusammenfassung 

Im Rahmen der vorliegenden Arbeit konnten 

die thermodynamischen Stoffdaten, wie spezi-

fische, isobare Wärmekapazität, kinematische 

Viskosität und die Dichte unter Anlagenbedin-

gungen bestimmt werden. Dazu wurden zehn 

repräsentative Geothermiestandorte ausge-

wählt und beprobt. Die in-situ Messungen wur-

den durch Messreihen mit Modellwässern er-

gänzt und Kennkurven für die verschiedenen 

Aquifere erstellt. Die erzielten Ergebnisse leis-

ten einen Beitrag zur Verbesserung der Daten-

lage bei und erlauben es im Rahmen künftiger 

Geothermieprojekte, die energetische Opti-

mierung der Anlagen voranzubringen. 

 

 

Abb. 4: Abhängigkeit der spezifischen, isobaren 
Wärmekapazität von der Salinität der Thermal-
wässer, basierend auf in-situ Messungen und 
Modellwasseruntersuchungen. 

 

 

Abb. 5: Abhängigkeit der Dichte von der Salinität 
der Thermalwässer, basierend auf in-situ Mes-
sungen und Modellwasseruntersuchungen 

 

 

Abb. 6: Abhängigkeit der kinematischen Viskosi-
tät von der Salinität der Thermalwässer, basie-
rend auf in-situ Messungen und Modellwasser-
untersuchungen. 
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Introduction 

The development and validation of advanced 

numerical approaches for liquid metal fast 

reactors is one of the mean objective of SE-

SAME project. The work presented here is a 

part of work package 2 (WP2) where RANs 

Models is validated with DNS results genera-

ted within SESAME project. The considered 

case represents flow of liquid metal in infinite 

heated fuel pin bundle simulator (FPBS). The 

DNS results (three cases) were presented in 

[1,2]. The considered geometrical parameters 

are similar to those used in the fuel pin simula-

tor test section built in the NACIA-UP facility lo-

cated at ENEA. See [3,4] for more details 

about the experiment and test cases. Figure 1 

shows a sketch of the fuel pin bundle simulator 

and a picture of the teste section. This fuel pin 

bundle configuration is relevant for the ALF-

RED’s core thermal-hydraulic design. ALFRED 

is a flexible fast spectrum research reactor 

(300 MWth). 

The main geometrical dimensions to be consi-

dered for a thermal-hydraulic assessment of 

the FA are: 

 The rod diameter D=10 mm; 

 The pitch to diameter ratio P/D =1.4, 

 The distance between the last rank of 
pins and the internal wall of the wrap 

w= 1.75 mm; 

 The regular lattice is triangular/hexago-
nal staggered; 

 The internal hexagonal key of the wrap-
per is H=62 mm. 

 

 

Fig. 1 top view of the fuel pin bundle simulator 
for the NACIE facility, schematic view (top), ac-
tual picture (bottom), [2]. 

 

Table 1 summarize the considered cases for 

DNS study and figure 2 illustrate the consi-

dered periodical element. Data are taken from 

[1,2]. The DNS results were obtained for 
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Pr=0.31 computed at a reference temperature 

Tref =220°C. This temperature is consided as 

the average fluid temperature in the computed 

domain. The fluid properties are according to 

[5]. For case 1 and case 2 of table 1 constant 

wall heat flux of 65.8 kW/m2.  For case 3 the 

heat flux q” is 131.6 kW/m2. The gravity is only 

consider in case 2 where in case 1 and 3 the 

gravity effect is not considered. The red 

marked region in figure 2 is considered for the 

DNS computations. The computational domain 

size considered is 1.2Dh×2.1Dh×8πDh, [2]. The 

hydraulic diameter (Dh) of the subchannel tri-

angular infinite bundle is given by the following 

equation  

𝐷ℎ = [
2√3

𝜋
∗ (

𝑃

𝐷
)

2

− 1] 𝐷    (Eq. 1) 

Using the given geometrical parameters of 

P/D=1.4 the subchannel hydraulic diameter for 

the present case is 1.16D. The DNS results are 

compared to Kirillov et. el correlation [6] in 

Table 1. Good agreement can be seen for Nus-

selt number (Nu). The correlation is simplified 

as follows: 

Nu = 7.55X − 20/X13+ (0.041/X2) Pe0.56+0.19X 

(Eq. 2) 

Where X=P/D and Pe=Re.Pr. The accuracy of 

this correlation is estimate by [6] to be 12-15%. 

This correlation was selected for the compari-

son, because it represents near average va-

lues of many available correlation in literature 

according to Manservisi [7] comparison.   

Table 1. DNS considered cases and resulted Nus-

selt number. 

 Case 1 Case 2 Case3 

Reτ 550 550 1100 

Ri 0 0.25 0 

Pr 0.031 0.031 0.031 

Reb 8290 8660 16260 

Nu DNS 12.82 12.65 14.79 

Nu Kirillov [6] 12.37 12.44 13.89 

 

 

(a) 

 

(b) 

Fig. 2 Periodic module of the NACIE bundle: (a) 
cross flow layout with periodic rectangular mo-
dule highlighted, covering four subchannels; (b) 
unit flow cells, with indication of the curvilinear 

abscissa γ, defined along its border [2]. 

 

In the present work, LBE physical properties, 

which are all temperature-dependent, are eva-

luated using empirical correlations suggested 

in (OECD/NEA Handbook, (2015)). Formulas 

for density, specific heat, dynamic viscosity, 

conductivity are reported in Table 2. 
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In the next section numerical RANs model, 

computational domain and the numerical Nus-

selt number results will be presented and com-

pared to the reference DNS results presented 

above.  

 

 

Numerical model and results 

The selected periodical element shown in fi-

gure 2-a is considered for the RANS simula-

tion. An axial length equivalent to the heated 

length of NACIA experiment is considered, he-

ated length Lh is 0.6 m. Fig. 3 shows the heated 

walls of the computational domain with the y+ 

contours for case 1. As it can be seen y+ is se-

lected to be less than 0.5 so that when the hig-

her velocity is considered for case 3 the y+ 

remains under 1 to satisfy the model needs for 

low y+ values. Near 5 million cells were used 

 

Fig. 4.  Mesh and lines through centre plane. 

 

 

Table 2 Physical properties of LBE as a function of temperature (T in Kelvin). 

Property Symbol Correlation Maximum 

Uncertainty 
Standard 

deviation 

Density T 11065 1.293T 0.8% 0.58% 

Heat capacity cp T  164.8 3.94 10
2 
T 1.25 10

5 
T 

2 
4.56 10

5 
T 

2 5.0% 2.4% 

Dynamic viscosity T 4.94 104 exp(754.1/T) 6.0% 8.0% 

 

7.2% 

Thermal conducti-

vity 
k T  3.284 1.67 102 T 2.305 106T 2 10.0% 

15.0% 
6.2% 
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to mesh the domain.  Figure 4 shows a cross 

section of the mesh at the middle of the com-

putational domain. It shows also two lines 

which will be used in the post processing.  

 

Fig. 3.  Y+ values for case 1 and computational 
domain. 

 

CCM+ is used for the simulation of the current 

study. The standard k- low-Re turbulent mo-

del with all y+ wall treatment for steady flow is 

applied. Fig. 5 shows the velocity contours at 

inlet and the outlet of the periodical element 

considered. It shows the walls of the heated 

rods (0 velocity) one of the rods is not il-

lustrated for purpose of clearness. Local tem-

perature along two lines passing through the 

center of the computational domain as il-

lustrated in Fig. 4 are plotted in figure 6. It can 

be seen that, with the considered fine mesh, 

approximately linear temperature distribution 

adjacent to the walls can be seen.  Tempera-

ture contours for case 1 is given in Fig. 7, it 

shows the temperature contours at inlet, outlet 

and at rods. 

 

Fig. 5. Velocity contours for case 1. One rod wall 
is not illustrated for clearness 

 

 

 

Fig. 6. Temperature along x-x and y-y lines 

shown in Figure4. 

 

   

 

Fig. 7.  Temperature contours for case 1, with-

out gravity. 

 

For case 2 and 3 temperature contours are 

given in Fig. 8 and Fig. 9. Comparing .Fig. 7 for 

case 1 with figure 8 for case 2, it can be seen 

that the gravity has very small effect on tem-

perature distribution, so that near similar distri-

bution of temperature as in case 1 was ob-

served. The maximum difference in local 

temperature was less than 3°C, compare the 
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scales of Fig. 7 and Fig. 8. Considering case 3, 

which has double mass flow rate and double 

heat load as case 1, the temperature contours 

shown in Fig. 9 shows that case 3 has higher 

wall temperatures than case1, near 8 °C. 

 

Fig. 8. Temperature contours including gravity, 
case2. 

 

 

Fig. 9. Temperature contours without gravity, 
case3. 

 

Comparison of RANs and DNS results 

Nusselt number is calculated based on the 

average wall temperature and average bulk 

temperature using fluid properties according to 

table 2 at mean bulk temperature. Table 3 

present the numerical results compared to 

DNS and Kirillov [6] results. The compression 

of both DNS results and the RANS results give 

the same qualitative agreement with [6]. The 

comparison is plotted in figure 10.   

Table 3. Nusselt number values compared to DNS 

and Kirillov[6]. 

Pe Ri DNS RANs [6] 

257 0 12.82 12.68 12.37 

268 0.25 12.65 13.00 12.44 

504 0 14.79 14.15 13.89  

Conclusion 

The numerical study conducted here has com-

pared the heat transfer results obtained from 

standard RANS model to the DNS results and 

existing correlation of [6]. The comparison of 

Nusselt number for all compared cases show 

a very good agreement with the numerical 

DNS result and with the literature. Considering 

the effect of gravity by comparing case 1 and 

case 2, the resulted temperature distribution 

looks similar for the given difference of Rich-

ardson number( Ri=0.25) . Comparison of case 

1 to case 3 which has double mass flow and 

heat load than case 1 has shown that slight in-

crease in the maximum domain temperature of 

near 8°C. 

Considering the computational domain for pe-

riodical element, one could use shorter compu-

tational domain since the domain length in z di-

rection shows a periodical behaviour. 

Considering the velocity distribution in the x-y 

plane it can be seen that a very smaller period-

ical element like illustrated in red in figure 2-b 

could be sufficient for the periodical study.   

 

Nomenclature 

Symbol Quantity SI Unit 

D Pin diameter m 

Dh Hydraulic diameter m 

Lh Heated length m 

H Hexagonal key of the 

wrapper 

m 

Nu Section average Nusselt 

number 

- 

P Pitch of the bundle m 

p,pm Pressure, modified pres-

sure fields 

Pa 

Pr Prandtl number - 
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q” Wall heat flux W/m2 

Reb Bulk Reynolds number - 

Reτ Reynolds tau number - 

Ri Richardson number - 

T Temperature °C 

Tref Reference temperature 

difference 

°C 

Tbulk Bulk temperature °C 

u Dimensionless velocity 

component 

- 

x,y,z Dimensionless spatial 

coordinates 

- 

Greek letters 

w Distance between the 

last pin and the wrapper 

m 

k Thermal conductivity W/m/K 

𝜇 Dynamic viscosity Pa s 

𝜌 Density kg/m3 
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