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Institute for Thermal Energy Technology and Safety 

Structure and Activities of the Institute for Thermal Energy Technology 

and Safety (ITES) 

Walter Tromm 

 

The Institute for Thermal Energy and Safety 

(ITES) is situated with its offices and research 

laboratories in Campus North of Karlsruhe In-

stitute of Technology (KIT). 

The research of ITES focuses on conversion 

from thermal power to electric power for future 

power systems without CO2 emission includ-

ing hydrogen technologies and on safety. In 

the past ITES concentrated on safety features 

and on methods to mitigate severe accidents 

for nuclear power plants. Nowadays, ITES 

uses these competences, gained from a pro-

found experience in numerical simulation and 

in design and operation of large-scale experi-

mental facilities to apply this knowledge mainly 

in the area of renewable energies.  

The combination of science and technology 

with education and training is a systematic ap-

proach at KIT, and ITES 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 ITES. 

 

Resources 

The employees of ITES contribute to the re-

search-programs Materials and Technologies 

for the Energy Transition (MTET), Energy Sys-

tem Design (ESD), Fusion (FUSION), and Nu-

clear Waste Management, Safety and Radia-

tion Research (NUSAFE) in the research field 

energy of the Helmholtz Association (HGF).  

By the end of 2021, around 80 scientists, engi-

neers and technicians have been working at 

ITES on this wide range of CO2-free technolo-

gies for energy conversion. Fig. 1 illustrates 

that still more than 50 % of the ITES employ-

ees were working for the NUSAFE program, 

but steadily reduced in recent years. Around 

two third of the employees were funded in 2021 

by the Helmholtz Association (HGF), the oth-

ers by third party funds of the European Com-

mission, by industry, by German ministries or 

by other research funds. Doctoral students as 

well as students of the Baden-Wuerttemberg 

Cooperative State University (DHBW) were fill-

ing around 20% of these positions at ITES. In 

addition, students perform their bachelor or 

master theses or spend an internship in the re-

search laboratories of ITES. 

 

Fig. 1 Assignment of ITES personnel to Helmholtz 
programs. 

 

An overview of the structure of ITES is given 

by the organization chart, Fig. 2. Because all 

working groups are embedded in the research 

field energy of the Helmholtz association 

(HGF) a close collaboration within the groups 

is guaranteed. 
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Fig. 2 : Organization chart of the Institute for Ther-
mal Energy Technology and Safety 

 

Working groups on Severe Accident Research, 

on Multi-Phase Flow as well as the Framatome 

Professional School still concentrated in 2021 

primarily on nuclear applications, whereas the 

Karlsruhe Liquid Metal Laboratory (KALLA) 

and the Hydrogen group were addressing nu-

clear as well as renewable energy technolo-

gies. The working group on Magneto-Hydrody-

namics is primarily working on nuclear fusion 

applications, whereas the working group on 

Energy and Process Engineering is concen-

trating on geothermal energies. The working 

group Multiphase Flows is mainly experimen-

tally investigating technically relevant, complex 

flow phenomena. The field of activity currently 

focuses on the build-up of the complex struc-

ture of the COSMOS-H high-pressure loop. 

The working group on Accident Management 

Systems continued to extend the application of 

its simulation models not only to nuclear emer-

gency cases but to several critical infrastruc-

tures within the program ESD. Thus, the insti-

tute covers a wide field of different energy 

technologies and related safety investigations. 

The share of personnel resources on the differ-

ent research topics reflects the requirements of 

the Helmholtz Association's energy research 

field. 

They are all supported by a joint infrastructure, 

comprising a metal workshop, manufacturing 

urgent test components, a welding shop, and 

an electromechanical workshop. Other tasks of 

the infrastructure include the IT-administration, 

business administration and public website of 

the ITES. The Infrastructure team is active as 

well in education and training activities. 

Every year, several students of the Baden-

Württemberg Cooperative State University are 

employed by ITES, managed by the Infrastruc-

ture group, to work with the research teams as 

part of their educational program. 

Working in a research area with industrial ap-

plication ITES practices a Quality Management 

System appropriate to EN ISO 9001. 
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Group: Magnetohydrodynamic 

Magnetohydrodynamics for liquid-metal blankets 

L. Bühler, B. Lyu, H.-J. Brinkmann, C. Courtessole, V. Klüber, C. Köhly, C. Mistrangelo, J. Roth 

 

Magneto-convective flows around 
two differentially heated cylinders 

In the frame of the European fusion research 

program coordinated by EUROfusion, liquid 

metal blanket concepts are developed, 

which will be experimentally tested in the In-

ternational Thermonuclear Experimental Re-

actor (ITER). In the water-cooled lead lithium 

(WCLL) blanket concept, currently under in-

vestigation in the EUROfusion research ac-

tivities, the heat is removed by a large num-

ber of cooling tubes immersed in the liquid 

metal that flows in the breeding units. The 

design of the WCLL test blanket module for 

ITER consists of modules stacked along the 

poloidal direction. Liquid lead lithium serves 

as tritium breeder, neutron multiplier and 

heat carrier. Since in the WCLL blanket the 

forced flow is relatively slow and tempera-

ture gradients are large, it is expected that 

buoyancy dominates and determines the 

flow pattern as a result of a balance with 

electromagnetic Lorentz forces. The ar-

rangement of cooling tubes in the breeding 

zones plays a critical role to assess the blan-

ket feasibility. The present study sheds 

some light on magneto-convective heat 

transfer around obstacles, such as the cool-

ing pipes, and provides insight in major flow 

phenomena, by predicting 3D circuits of 

electric currents and flow patterns [1].  

For systematic investigation of liquid metal 

heat transfer in strong magnetic fields, a ge-

neric model problem has been defined as 

shown in Figure 1. A magnetic field B is im-

posed in y - direction parallel to gravity. 

Walls perpendicular to the applied magnetic 

field are called Hartmann walls, while those 

parallel to B are named side walls. Two dif-

ferentially heated isothermal pipes aligned 

with the x direction penetrate the end-walls 

at x=100mm. The selected geometrical 

configuration corresponds to the one used in 

an experimental campaign carried out in the 

liquid metal laboratory MEKKA at KIT in 

which the eutectic liquid metal alloy GaInSn 

is used as model fluid [2]. A temperature gra-

dient that drives the buoyant flow is realized 

in the experiments by setting a temperature 

difference between the two copper pipes im-

mersed in the liquid metal. One tube is 

heated, while the other pipe is cooled to 

serve as heat sink. The pipes are maintained 

at constant temperatures T1<T2 during the 

experiments. 

 

Figure 1 (a) Geometry used for simulations. 
Dimensions are given in mm. (b) Side (S) and 
Hartmann layers (H) are schematically indi-
cated together with internal layers tangent to 
pipe walls.  

 

The physical parameters characterizing the 

MHD-convective flow are the Hartmann 

number and the Grashof number,  

 

0

,Ha BL


 
   
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where L denotes a typical length scale of the 

problem. The former one gives a non-dimen-

sional measure for the strength B of the im-

posed magnetic field and Ha2 quantifies the 
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relative importance of electromagnetic and 

viscous forces. The second one represents 

the ratio of buoyancy to viscous forces and 

is proportional to T=(T2-T1)/2. 

The physical properties of the fluid, such as 

the reference density ρ0 , the kinematic vis-

cosity ν, the volumetric thermal expansion 

coefficient β, and the electric conductivity σ 

are considered constant. 

The numerical code used for simulations 

consists of an extension of the hydrody-

namic open source code OpenFOAM for 

MHD applications [3].  

 

Fully developed flow 

In this section, we analyze fully developed 

MHD buoyant flows, like the one expected, 

in a certain range of parameters, at some 

distance from the end-walls and in particular 

on the symmetry plane x=0. A parametric 

study has been carried out to investigate the 

influence of the magnetic field strength and 

the applied temperature difference T on 

flow distribution and heat transfer. Let us first 

consider the flow at Gr=2.5107 and different 

Hartmann numbers. For Ha<40 time-de-

pendent flow patterns appear triggered by 

the increased buoyancy effects as shown in 

Figure 2. The unstable flow is characterized 

by a large-scale recirculation formed by the 

fluid that moves upwards in the boundary 

layers around the warm pipe. The layers de-

tach from the tube and merge again at some 

distance behind the cylinder while flowing to-

wards the upper wall of the box. The ascen-

ding thermal plume impinges against the 

cavity top wall and turns downwards, flowing 

towards the low-temperature pipe. The cold 

boundary layer flow detaches from the cylin-

der and recombines to feed the region near 

the bottom of the container. 

 

Figure 2 Instantaneous contours of velocity 
magnitude (a) and temperature (b) displayed 
for the axially fully developed magneto-con-

vective flow at Gr=2.5107 and Ha=25. White 
paths in (a) are velocity streamlines. 

 

By further increasing the Hartmann number, 

the flow becomes stationary and tempera-

ture contours tilt progressively such that iso-

therms tend to become vertical, as in a pure 

conduction case, since convection is 

damped by more intense Lorentz forces. 

This can be observed in Figure 3, where 

contours of temperature (top), velocity mag-

nitude (middle) and axial current density 

(bottom) are plotted for axially fully deve-

loped magneto-convective flows at 

Gr=2.5107 and two Hartmann numbers. For 

larger Ha, the velocity distribution becomes 

regular and well organized. The flow is cha-

racterized by two convective cells located 

between side walls and pipes and a central, 

almost square, convective cell between the 

tubes. This is due to the fact that the intensity 

of braking electromagnetic forces becomes 

much larger than the buoyant forces. The 

highest velocities are found in internal layers 

tangent to the pipe walls and aligned with the 

magnetic field direction. 
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Figure 3 Fully developed flow at Gr=2.5107 
and two Hartmann numbers, Ha=250 (a), 
1000 (b). Contours of temperature (top), ve-
locity magnitude and streamlines (middle) and 
axial current density (bottom). 

 

Three-dimensional flow 

Three-dimensional numerical simulations 

have been performed considering the real 

geometry of the test-section with finite axial 

length as used for experiments. The aim is 

on one hand, to verify possible limitations of 

the assumption of fully developed flow in 2D 

simulations, and on the other hand, to pro-

vide a complete description of the pheno-

mena involved by allowing current closure in 

parallel layers along end-walls. Moreover, 

numerical results complement experimental 

data and facilitate their interpretation. 

In Figure 4a, the temperature distribution is 

plotted on the upper Hartmann wall and on 

the horizontal symmetry plane y=0, for the 

flow at Ha=500, Gr=2.5107. In regions close 

to the end-walls, the temperature varies 

along the axial direction, while temperature 

contours on the middle plane of the test-sec-

tion resemble the ones obtained by 2D sim-

ulations. On the two end-walls, a different 

temperature distribution is present as a re-

sult of an increased convective heat transfer 

near these vertical planes. This is caused by 

higher velocities in the boundary layers that 

develop at walls parallel to the magnetic 

field, as displayed in Figure 4b, where 3D 

contours of the velocity distribution in the box 

are plotted on different planes.  

 

 

Figure 4 Flow at Ha=500, Gr=2.5107. (a) 
Temperature distribution on planes perpen-
dicular to the magnetic field, at y=0 (middle 

plane) and on the top Hartmann wall. (b) Ve-
locity distribution in the test-section. Here only 
half geometry is shown. 

 

Heat transfer 

The rate of heat transfer between pipes and 

liquid metal is expressed in nondimensional 

form by the Nusselt number Nu=hL/k evalu-

ated at the cylinder walls. Here h is the heat 

transfer coefficient and k the thermal con-

ductivity. In Figure 5 Nu is plotted as a func-

tion of the combined parameter Gr/Ha2, 

which quantifies the relative importance of 

buoyancy to electromagnetic forces. 

Results for the Nusselt number obtained by 

assuming fully developed thermal and hy-

draulic conditions along x (2D simulations), 

and from 3D calculations for the real geo-

metry of the test-section, are compared with 

the ones measured in the experimental cam-

paign. Simulations have been performed for 

4⋅106<Gr<5⋅107 and 25<Ha<2000. 
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Figure 5 Comparison of Nusselt number meas-
ured in the experiments (stars) and values calcu-
lated by 3D (circles) and 2D (rhombus) simula-
tions. The black dashed line indicates the 
Nusselt number for Gr=0, i.e. in case of pure 
conduction, Nu0=1.339. 

 

When the Nusselt number increases, it indi-

cates that the convective heat transfer be-

comes more preponderant over the purely 

conductive one. The conduction-dominated 

regime with Nu0=1.339 is found to occur for 

Gr/Ha215 in 2D simulations, while in 3D cal-

culations for Gr/Ha22.5. This lower thresh-

old value observed when considering the full 

geometry is explained by the fact that, when 

assuming fully developed flow conditions in 

2D simulations, a significant fraction of the 

total heat exchanged by the convective mo-

tion near the end-walls is not taken into ac-

count. This is also the reason why 3D simu-

lations predict higher Nusselt numbers than 

the 2D calculations. 

 

Experimental study 

As already mentioned above, the theoretical 

work was motivated by experiments per-

formed in the MEKKA. Eutectic GaInSn was 

used as a model fluid such that experiments 

could be performed at room temperature. 

Electric potential and temperature were 

measured at selected wall locations as well 

as in the center of the cavity. Experiments 

were performed over a broad range of pa-

rameters 0 < Ha < 3000 and 

1.0×106 < Gr < 5.0×107 for which heat trans-

fer has also been characterized (see Figure 

5). 

 

Figure 6 Sketch of the test section. 

 

The results obtained from the time-average 

temperature distributions recorded in the 

center of the cavity and shown in Figure 7 

hint at a possible relaminarization of the core 

flow due to turbulence suppression by the 

magnetic field. For instance, data collected 

for Gr = 2.5107 show that the temperature 

amplitude in the center of the test section 

first increases with Ha in favor of the reduc-

tion of turbulence mixing. It reaches a maxi-

mum value for Ha ≈ 200 before collapsing to 

almost zero at the strongest magnetic field 

applied as the convective motion gets even-

tually almost completely damped by the Lo-

rentz force. 

This interpretation is supported by the statis-

tical analysis of the data recorded at the cen-

ter probe. Profiles of standard deviation of 

nondimensional temperature derived from a 

sample of 1090 data points collected at dif-

ferent times are shown in Figure 8. When no 

external magnetic field is imposed, tempera-

ture fluctuations of up to 1.5% reveal the oc-

currence of an unstable or turbulent convec-

tive cell located between the pipes. 

Recordings obtained in the presence of an 

external magnetic field show a strong sup-

pression of temperature oscillations in the 

core flow even at the lowest magnetic fields 

investigated here. For instance for Ha ≈ 50, 

the statistical deviations of the signals are of 
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the same order or smaller than the resolution 

of the measurements, i.e. 0.025 °C. 

 

Figure 7 Nondimensional temperature distri-
bution measured along the magnetic field di-
rection in the center of the cavity for 

Gr=2.5107 and various Ha numbers. 

 

 

Figure 8 Profiles of standard deviation of tem-
perature along the vertical direction y in the 

center of cavity for Gr=2.5107 

 

The critical parameters at which this transi-

tion occurs were further investigated for var-

ious Grashof numbers. The onset of the re-

laminarization of the core flow was identified 

from transient temperature signals recorded 

by the center probe. The core flow was con-

sidered laminar when temperature fluctua-

tions measured by all 11 thermocouples of 

the center probe dropped below the uncer-

tainty of the measurement, i.e. 0.025 °C. 

Since the transition was expected to occur at 

low Ha in the range of Gr investigated, the 

power supply of the electromagnet was re-

placed with one that allows finer control of 

the magnetic field with 1 mT increments. A 

map of flow regimes obtained by these 

measurements is shown in Figure 9 

 

Figure 9 Map of flow regimes showing transi-
tion from turbulent to laminar magneto-con-
vective flow upon increasing Ha. 

 

Conclusions 

In order to investigate fundamental aspects 

of magneto-convective flows relevant for 

WCLL blankets, numerical simulations and 

experiments have been performed for a 

model problem, where two isothermal paral-

lel cylinders immersed in a box filled with liq-

uid metal are kept at differential tempera-

tures. Numerical results show that 

electromagnetic forces significantly slow 

down the convective motion that results from 

the non-uniform thermal conditions caused 

by the imposed temperature difference be-

tween the cylinders. With increasing mag-

netic field, residual turbulent fluctuations are 

suppressed. Under intense magnetic fields, 

the flow features a central, almost square 

convective cell bounded by the fluid layers, 

which develop parallel to the magnetic field 

and tangent to the pipes. In the rest of the 

container, the fluid velocity is very small. 

Eventually, when Ha becomes large 

enough, the problem tends to an asymptotic 

behavior where the heat transfer is com-

pletely dominated by conduction and the 

temperature field is characterized by vertical 

isotherms. The intensity of convective heat 

transfer has been quantified by the Nusselt 

number calculated by performing both 2D 

and 3D numerical simulations. The outcome 
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clearly shows that the increased convective 

heat transfer near the end-walls of the box 

contributes significantly to the total trans-

ferred heat. Therefore, a pure 2D analysis 

cannot be used to accurately quantify the 

heat exchanged between pipes and fluid in a 

geometry of finite axial extension. 

 

Magnetohydrodynamic flow in 
stepwise bent circular pipes 

Asymptotic analyses and numerical simula-

tions have been performed to predict liquid 

metal flow in an electrically conducting circu-

lar pipe that exhibits stepwise bends in a 

strong uniform magnetic field. The present 

work is motivated by applications in nuclear 

fusion engineering, where such step-shaped 

double bends are foreseen in the shield be-

hind the liquid metal test blanket module to 

be tested in ITER. Although the geometry is 

relatively simple, quite complex and unex-

pected flow patterns are observed, depend-

ing on the orientation of the magnetic field. 

For that reason, the present type of flow con-

stitutes an interesting fundamental problem 

in magneto-hydrodynamics. 

The flow is governed by two non-dimen-

sional parameters, the Hartmann number Ha 

and the interaction parameter N, and the 

conductivity of the wall is characterized by 

the wall conductance parameter c, 

2

0
0

0

, , ,w wLB t
Ha B L N c

v L

  

  
  

 

where Ha2 and N denote the ratios of elec-

tromagnetic to viscous and inertia forces, re-

spectively, and c defines the relative con-

ductance of the wall with thickness tw and 

electric conductivity w compared to the con-

ductivity of the fluid region. 

 

Figure 10 Coarse grid on the model geometry 
and indication of cross sections on which results 
are presented later. Calculations have been per-
formed with higher resolution. Dimensions and 
coordinates are scaled with the pipe radius 
L=3.25cm. 

 

The performed 3D analysis is based on an 

asymptotic theory valid for strong magnetic 

fields, i.e. assuming  N   and 1Ha . 

Under these conditions, electromagnetic 

forces dominate over inertia forces and vis-

cous boundary layers along walls are very 

thin. It is known that strong 3D MHD effects 

occur in bends that turn the flow in a plane 

aligned with magnetic field lines [4] and the 

investigated geometry contains two of these 

bends in series, as shown in Figure 10. 

 

Results from asymptotic theory 

Simulations discussed in this section are 

performed for the ITER-relevant Hartmann 

number Ha=3495, results are universal and 

apply for other Ha as well, as long as the 

boundary layers are thin and the wall is bet-

ter conducting than the Hartmann layers. 

Figure 11 shows colored contours of electric 

potential plotted on the surface of the geom-

etry. In the fully developed region, at the en-

trance, the potential is constant along mag-

netic field lines with variations along the 

transverse direction z, as expected for fully 

developed flows.  
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Figure 11 3D view on contours of non-dimen-
sional potential at the fluid-wall interface for ra-
dial-toroidal-radial flow. 

 

Highest values of potential magnitude are 

found near the sides, (x±,z=±1) 

=±0.889, in agreement with predictions for 

fully developed pipe flow in electrically con-

ducting pipes [5], where fd(z=±1)=(1+c)-

1=0.890. When approaching the bends, a re-

duction of the magnitude of wall potential 

can be observed near the sides. One could 

argue that some fluid now flows parallel to B 

which reduces the strength of the induced 

electric field v B , and therefore the poten-

tial at the sides is smaller as well. Another 

explanation is found when discussing the 

flow in terms of cross-sections aligned with 

B. If we imagine that the geometry is sliced 

by vertical yz planes, it is clear that cross-

sections defined in this way vary with x as 

depicted in Figure 10. Since the flow rate is 

constant, and the cross-sectional areas in-

crease in the bend, the average velocity 

along x reduces, and so does the induced 

electric field. Consequently, the magnitude 

of potentials at the sides are smaller near 

x=0. 

In Figure 12, the potential is plotted along 

center and sides of the pipes. For −2<x<2, 

we observe axial variations of electric poten-

tial, which give rise to 3D electric currents j3D 

and additional Lorentz forces that affect the 

flow. 

 

Figure 12 Variation of potential along center and 
sides of the pipes. 

 

The situation is sketched schematically in 

Figure 13 and, for simplicity, it is projected 

onto a horizontal xz plane.  

 

Figure 13 Sketch of distribution of side potential, 
3D current loops j3D, and Lorentz forces f3D. 

 

When the fluid moves in a magnetic field, the 

flow-induced electric field vB produces a 

difference in potential between the sides of 

the pipes. The higher values of potential 

magnitude are indicated by double-symbols 

++ and − −, whereas the reduced values 

near x=0 by single + and − signs, respec-

tively. The axial variation of potential near 

the sides leads to local axial gradients in the 

fluid, which drive additional 3D currents. The 

latter converge towards x=0 for z>0 and they 

diverge from x=0 for z<0. Current circuits 

close via the core of the bends (in the virtual 

cylinder introduced below) near x=0. Here 

currents interact with the magnetic field and 

create streamwise extra Lorentz forces 

which reduce, or even reverse, the pressure 

gradient necessary to drive the flow. These 

phenomena occur preferentially inside a vir-

tual cylinder of unit radius that forms around 

the y-axis (dashed circle in the sketch shown 
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in Figure 13). Its circumference is formed by 

magnetic field lines that are tangent to the 

wall in the symmetry plane y=0, where both 

bends join together. Outside of the tangent 

cylinder, i.e. for x2+z2>1, 3D currents have 

different orientation and create either trans-

verse or upstream oriented Lorentz forces, 

which increase the pressure gradient in the 

close external neighbourhood of the virtual 

cylinder. 

 

Conclusions 

Numerical simulations show that MHD flows 

in stepwise double bends in a plane parallel 

to the magnetic field experience strong 3D 

effects caused by extra Lorentz forces due 

to additional 3D current loops. The flow re-

gion splits into three cores. We find an up-

stream core, where velocity and pressure 

vary strongly when approaching the central 

“tangent” virtual cylinder with radius one that 

forms around the y-axis.  The volume inside 

this virtual cylinder represents the central 

core in which the pressure is almost con-

stant. Downstream of the virtual cylinder, in 

the third core, the flow exhibits again very 

strong 3D distortions with increased pres-

sure drop in the center of the pipe. The most 

surprising result, however, is that despite 

very strong 3D effects on velocity and pres-

sure distribution, the overall pressure drop is 

not increased compared to the one in a 

straight pipe flow of same axial length. 

 

MaPLE facility 

MaPLE (Magnetohydrodynamic PbLi Exper-

iment) is a facility to investigate, understand 

and predict multiple MHD effects and inter-

actions of eutectic lead-lithium (PbLi) flow 

with strong magnetic fields for fusion appli-

cations. The focus of future experiments is 

on free, forced and mixed convection flows 

with heat transfer. In particular, tests are 

foreseen for measuring techniques (pres-

sure, flow rate, electric potential) and inves-

tigations of heat transfer, with the aim of 

gaining in addition experience in long-term 

operation of a PbLi MHD facility. With Ma-

PLE, MHD flows in heated test sections can 

be investigated for different orientations with 

respect to gravity and flexible orientations of 

the magnetic gap (horizontal, inclined, verti-

cal) for various strengths of the magnetic 

field, different PbLi velocity and arbitrary 

heat flux.  

MaPLE, has been built in the US at UCLA [6] 

and it was substantially upgraded with con-

tributions from EUROfusion before it was de-

cided to relocate the facility to the MEKKA 

laboratory of KIT. First parts arrived begin-

ning 2021. The reconstruction of the facility 

is in progress and shall be finished in Octo-

ber 2022. After commissioning, MaPLE will 

extend significantly the experimental capa-

bilities in the MEKKA laboratory.  

The MaPLE facility consists of two major 

components, a large magnet and a PbLi 

loop, which can be seen in Figure 14.  

Magnet: A 20-ton electromagnet capable to 

produce a uniform magnetic field of up to 1.8 

T in a 80 × 15 × 15 cm³ volume. The magnet 

is mounted on a hydraulic positioning frame 

and can be lifted up to 2 m in vertical direc-

tion. For magneto-convection experiments, 

the magnet can be rotated by ± 90° around 

its horizontal axis. 

PbLi loop: It can operate at up to 500°C. It is 

equipped with a 70 kW heat rejection system 

(air-cooler), a high efficiency EM pump with 

a maximum pressure head of 6 bars, flow 

meter, expansion vessel, storage tank, and 

a vacuum box, which contains the test sec-

tion. The entire loop sits on a translation cart 

on rails so the loop can be moved in and out 

of the magnet gap. The liquid metal loop has 

been designed to be easily reconfigured and 

to allow tilting a test article to any angle be-

tween 0 and 90 degrees. 
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Figure 14 MaPLE facility with liquid metal 
PbLi loop and magnet. 

 

Prior to relocating the MaPLE facility to KIT 

the MEKKA laboratory had been reor-

ganized and prepared to accommodate the 

new facility. One action was the dismantling 

and removal of the superconducting sole-

noid magnet CELLO that is no longer 

needed. 

 

Figure 15 The CELLO magnet still visible in 
the red frame has been removed. 

 

In order to provide electricity to the MaPLE 

magnet, the existing power supply had been 

extended by new power switches, and a new 

transformer, transductor and rectifier for the 

MaPLE magnet were installed. A view into 

the new electrical building is shown in Figure 

16. 

 

 

Figure 16 Upgraded power supply (transform-
ers, rectifiers, power switches) for MEKKA 
and MaPLE in new building. 

 

The magnets for MEKKA and MaPLE are re-

sistive magnets that need to be water-cooled 

during operation to remove up to 500 kW of 

power dissipated in their copper coils. The 

available chilled-water circuit was upgraded. 

The pumps and the heat exchanger were 

moved into a more suitable room and a tap-

water separator and 2 booster pumps were 

added on the primary side of the heat ex-

changer (see Figure 17). The control system 

for the cooling circuit and magnet control 

was completely updated and it allows now 

control of both magnets for MEKKA and Ma-

PLE. 

 

Figure 17 Pumps for water cooling circuits for 
MEKKA and MaPLE magnets at new location. 

 

The stream of fresh air for MaPLE heat-re-

jection system is provided by an air-blower.  

Penetrations through the building walls for 
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intake and exhaust, and noise silencers 

have been installed to meet regulations. 

 

Figure 18 Air-blower fitted with new noise silencer 
and building lead-trough. 

 

Status of MaPLE reconstruction: The Ma-

PLE magnet has been installed and me-

chanically and hydraulically connected with 

the lifting/ tilting system. The water circuit is 

connected with the main water supply and 

the electric wiring finalized. The MaPLE 

magnet has been successfully commis-

sioned and is ready for operation. 

 

Figure 19 MaPLE magnet installed in the 
MEKKA building. 

Further steps in commissioning MaPLE at 

KIT are modifications to meet EU standards 

in particular for all electrical systems. For fu-

ture operation of the MaPLE loop with larger 

scaled mockups of blanket modules, it is re-

quired to extend the PbLi inventory. For this 

purpose, a large storage tank will be in-

stalled and the connection with the liquid 

metal loop will be achieved via a SPS-con-

trolled safety valve.  

First experiments for heat transfer in vertical 

and horizontal ducts are foreseen by the end 

of 2022 and WCLL related studies for MHD 

heat transfer at internal obstacles will start in 

2023. 

 

Further work 

In addition to the topics described above, the 

MHD group at ITES KIT contributed with sci-

entific papers to blanket-relevant MHD top-

ics [7, 8, 9, 10, 11]. 
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Group: Severe Accident Research 

SAR/ITES research activities in 2021 

B. Fluhrer, X. Gaus-Liu, T. Cron, R. Stängle, Th. Wenz and M. Vervoortz 

 

In 2021, the research activities of ITES/SAR 

were mainly focused on tasks within the EU 

HORIZON 2020 ESFR-SMART project. One 

of the aim of this European project is to im-

prove the understanding and to provide 

quantitative estimation on the heat transfer 

of corium after relocation to an in-vessel core 

catcher in a Sodium Fast Reactor (SFR) to 

ensure the safety criteria in the long term. 

In-vessel core catcher is one safety design 

feature of European type Sodium-Cooled 

Fast Reactor (ESFR) to guarantee the reac-

tor integrity during a postulated core-melt ac-

cident. The core catcher has the function to 

collect the relocated melt derived from the 

upper core area and to prevent the recritical-

ity in the core. The thermodynamics of the 

melt with decay heat and its heat transfer at 

the core catcher boundaries are studied ex-

perimentally at KIT by the SAR group and 

numerically at CEA, France.  

The work was focused on the finalization of 

the construction of the new LIVE facility 

ESFR-LIVE and the performance and analy-

sis of experiments in this new test facility, 

which is a 3-dimensional model of a core 

catcher of a SFR in a diameter scale 1:10. 

The lower part of the vessel is a truncated 

cone and the upper part is a cylinder with 1 

m in diameter. The height of the truncated 

cone is 0.08 m, and the polar angle of the 

inclined wall is 20°, corresponding to 1:1 

scale of the prototype geometry. The whole 

height of the test vessel inner cavity is 0.38 

m. The cooling of liquid Na at all boundaries 

is simulated by a water cooling channel en-

closing the test vessel and a cooling lid at the 

upper surface of the simulated core melt. 

Four planes of resistance heaters with a total 

power of up to 86 kW simulate the decay 

power. The heaters are individually control-

lable and the two upper heating planes can 

be removed individually to enable the varia-

tion of the height of the core melt and the 

shapes of the melt pool. The distribution of 

bulk temperature, boundary temperature, 

wall temperatures and heat flux can be 

measured or determined. The simulant of 

core melt is the eutectic NaNO3-KNO3 mix-

ture, which is representative for the charac-

ter of the general liquid oxide melt. With the 

similar pool height as in the prototypical core 

catcher, the EFSR-LIVE facility can well cap-

ture the dimensionless heat transfer fea-

tures, e.g. Ra and Nu. 

 

 

Fig.1. LIVE experimental platform with ESFR-
LIVE facility. 1- ESFR test vessel, 2 - heating 
furnace for melt preparation, 3 - pouring spout, 4 
- instrumentation board. 

 

Two test series, LIVE-CC1 and LIVE-CC2, 

have been carried out in August and Sep-

tember 2021 respectively. 

 

1

. 

2

. 
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Fig.2. ESFR-LIVE test vessel with all boundary 
cooling systems.  

 

In LIVE-CC1, the pool height was above the 

highest heater. In three different test phases, 

the lower part of the melt pool geometry 

have been varied by shutdown the lowest 

heating planes and the second lowest heat-

ing plane subsequently. The liquid melt be-

low the operating heaters was solidified due 

to the bottom cooling and very low down-

ward heat transfer rate. Therefore, the liquid 

pool height in the truncated cone varied from 

80 mm to 50 mm to 0 mm. Several power 

levels have been performed for each test 

phase with different pool geometry to obtain 

the heat transfer characteristics under a 

large range of Ra numbers and heat flux. In 

all test phases, all boundaries were cooled 

(wall and top surface).  

In LIVE-CC2, the melt was only filled in the 

truncated cone part. Therefore, the upper 

two heating planes have been removed to 

enable the cooling lid at a lower position. 

Two different test phases have been per-

formed: in the first test phase, only the upper 

heating plane was switched on and in the 

second test phase both heating planes were 

in operation. For both test phases, several 

heating power level have been realized. In 

all test phases, all boundaries were cooled 

except for the last heating phase in which the 

cooling lid has been removed and an insula-

tion lid has been placed on the top of the test 

vessel. 

In the following two figures, the thermal bal-

ances of the two test series are shown. The 

heating power dissipated in the melt was 

transferred through the top surface and the 

test vessel wall boundaries and was re-

moved by the cooling water. The heat trans-

fer by the cooling lid (Qlid) is nearly twice as 

high as the heat transfer by the external 

cooling of the test vessel (Qwall/Qext) in 

LIVE-CC1. In LIVE-CC2, the heat transfer by 

the cooling lid is even higher than in LIVE-

CC1. Therefore, a high efficiency of upper 

surface cooling was observed. 

 

Fig. 3. Thermal balance of LIVE-CC1. 

 

Fig. 4. Thermal balance of LIVE-CC2. 

 

The heat fluxes at steady state over the ves-

sel height are shown in the next two figures. 

The heat fluxes at the bottom are very low 

and are increasing along the vessel wall 

height. The last heat flux values are the heat 

fluxes through the cooling lid. The heat flux 
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at the cylindrical wall is about half of the heat 

flux at the top surface. 

 

 

 

Fig. 5. Steady state heat fluxes for LIVE-CC1. 

 

In LIVE-CC2 in test phase 2f, the cooling lid 

has been removed and the power input re-

mained at the same power as in test phase 

2e. The heat flux through the vessel wall is 

therefore increasing significantly and all the 

power input to the melt is transferred through 

the vessel wall to the external cooling water. 

 

 

Fig. 6. Steady state heat fluxes for LIVE-CC2. 

 

One main conclusion from the LIVE-CC1 

and LIVE-CC2 test series is that the cooling 

at the melt upper surface can immensely re-

lieve the thermal load on the core catcher 

sidewall.  

Further analytical analysis including calcula-

tion of Nu and Rayleigh numbers is done at 

KIT and numerical calculations are per-

formed by CEA. 
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Group: Multiphase Flow 

Multiphase flows with heat transfer- subcooled boiling water flows up to 

boiling crisis 

Stephan Gabriel, Giancarlo Albrecht, Wilson Heiler, Felix Heineken, Stelios Michaelides (IATF) 

 

Introduction 

Two-phase flows with heat transfer are used in 

numerous technical systems of power engi-

neering, they also occur in other fields of tech-

nology. By using evaporation and condensa-

tion in heat transfer, very high heat flux can be 

realized. Applications are found in reactor 

technology but also in water-cooled systems of 

fusion power plants. They are also conceiva-

ble, for example, in solar thermal power plants 

with direct evaporation.  

The complex physical processes in the two-

phase flows during flow boiling up to the boiling 

crisis are still challenging. Instabilities and the 

strong dependencies of the main influencing 

variables pressure, temperature (inlet subcool-

ing), mass flow and heat exchanger geometry 

and material on the transferable heat output of-

fer room for innovative research projects. 

In 2021, the main activities of the multiphase 

flow group focused on experimental research 

work within the framework of the McSAFER 

(EU) and KEK/SIMA (GRS) projects. In 

McSAFER, essential steps were completed at 

the high-pressure circuit COSMOS-H to set up 

the test section and the test facility. At the low-

pressure circuit COSMOS-L, several test se-

ries were carried out in cooperation with the In-

stitute of Applied Thermofluidics (IATF) as part 

of the KEK/SIMA project. In addition, to mo-

dernize the 428 pilot plant building used by the 

group, a current model replaced the building’s 

overhead crane, which has now reached the 

end of its life cycle. 

 

COSMOS-L 

At the low-pressure test facility COSMOS-L, 

the group has already been collaborating with 

the IATF in the KEK/SIMA project since spring 

2019 on experiments to investigate critical heat 

flux density under periodically fluctuating mass 

flows. Scenarios like these are relevant in 

emergency systems for in vessel retention 

(IVR) by external reactor vessel cooling 

(ERVC). In the previous years, an optically ac-

cessible test section densely instrumented with 

thermocouples was designed with a powerful 

planar heater and was already commissioned 

at the end of 2020. In 2021, extensive meas-

urements were carried out with variation of the 

following key parameters [2, 3]:  

 Pressure 

 Fluid temperature respectively inlet sub-

cooling 

 Mass flow (constant, periodically fluctuat-

ing with amplitude and period time) 

 Test section orientation (0° vertical, 45°, 

90° horizontal) 

Figure 1 shows the test section with flexible 

power supply and tilting mechanism. A meas-

urement matrix with 14 different measurement 

points in total was created. The tests with hor-

izontal test section were started in 2021 and 

are expected to be completed in the first quar-

ter of 2022. 
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Figure 1: Test track with swivel mechanism in three 
different angles of attack 

 

The results of the test series at 0° and 45° as 

well as the first results of the tests at 90° show 

a strong dependence of the flow morphology 

and the critical power on the inclination of the 

heater. It can be seen that the buoyancy force 

acting on the steam bubbles has a significant 

influence. It is directed at the heater at 45° and 

90° and leads to an increase of the void at the 

heater with increasing inclination angle and re-

duces the critical thermal power considerably.  

In the next step, additional measurements 

were performed at periodically oscillating mass 

flows of different period durations and ampli-

tudes as expected in an IVR-EVC scenario. 

The mass flow was thereby set into a sinusoi-

dal oscillation by the high-speed valves up-

stream of the test section and test section by-

pass. The period Ƭ was chosen at 10 s and 50 

s. The oscillation amplitude was 30 % and 

70 %. It turns out that the critical thermal power 

at several measuring points - not at all meas-

uring points, as initially expected - is lower than 

at constant mass flow. As Figure 2 shows, with 

an average mass flow of 400 kg/m²s, an ampli-

tude of +/- 30 % and a period of 50 s, the critical 

heat flow of the reference point was exceeded 

even without oscillation. The evaluation of the 

tests shows that there is a significant depend-

ence on the inlet subcooling even after consid-

ering all measurement uncertainties.   

 

Figure 2: Dimensionless critical heat flux as a func-

tion of Inlet Sub-Cooling (𝐆 = 𝟒𝟎𝟎
𝐤𝐠

𝐦𝟐𝐬
, 𝛝 = 𝟒𝟓 °). 

 

Initially, it would be expected intuitively that the 

boiling crisis occurs exactly at the minimum for 

a decreasing mass flow. In fact, however, the 

measurements shown indicate that the critical 

heat flux density can even increase at higher 

inlet subcooling, since the heat transport at the 

high point of the mass flow oscillation cools the 

heater so intensively that the thermal inertia of 

the heater at the minimum is sufficient to pre-

vent a boiling crisis from occurring. 

In addition to the measurements of the bound-

ary conditions and the temperature and pres-

sure distribution in the test section, high-speed 

recordings of the flow were made at all meas-

urement points. The recordings taken at 3 kfps 

were triggered to capture the heater approxi-

mately 2.5 seconds before and 0.5 seconds af-

ter boiling crisis. As Figure 3 exemplifies, the 

boiling crisis could thus be observed in the 

form of a bubble or vapor film permanently 

standing at the surface. The temperature ex-

cursion at the temperature measuring site T6 

(vertical position of the measuring site is 
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marked in the figure) clearly confirms the con-

nection between the emerging film boiling of 

this site and the upcoming boiling crisis. 

 

Figure 3:  Optical observations of the boiling crisis 

at 𝐆 = 𝟏𝟖𝟓
𝐤𝐠

𝐦𝟐𝐬
, ∆𝐓𝐬𝐮𝐛 = 𝟒𝟓 𝐊, 𝐩 = 𝟏𝟐𝟎𝟎 𝐦𝐛𝐚𝐫 

 

At the end of 2021, the BMWi project MESA 

was acquired together with the Framatome 

Professional School (FPS) group, in which the 

behavior of accident tolerant fuels materials 

(ATF) [5] such as Crome Coatet Zircaloy, 

FECRAL and ceramic materials are to be in-

vestigated in normal operation up to boiling 

point. The project will start in 2022 and in-

cludes experiments with a new rod bundle test 

section at COSMOS-L as well as CFD calcula-

tions.  

 

COSMOS-H 

In the EU project McSAFER [4], the measure-

ment matrix was created in 2020 and a corre-

sponding test track was designed to investi-

gate the thermohydraulic behavior of several 

selected concepts of small modular reactors 

(SMR) [1]. In 2021, the test setup was started 

and the adaptation of the facility to the test sec-

tion was planned and already mostly imple-

mented. 

Figure 4: Simplified P&ID of COSMOS-H 
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As an important step, equipment and piping 

construction in the high-pressure loop were 

completed in 2021. This also includes the steel 

construction and the complex mounting of pip-

ing and equipment. Prior to this, in cooperation 

with an engineering firm specializing in ther-

mal-mechanical load analyses, proof had been 

provided that the plant could withstand the 

loads occurring in trial operation with the re-

quired number of cycles and transients. In ad-

dition to processes such as startup and shut-

down, this also includes the experiments 

planned for McSAFER to determine the critical 

heat flow density under conditions typical of 

SMR. As the necessary verifications were 

available, steel construction, piping construc-

tion and pipe supports were realized by the end 

of the year. Now all circuits of the plant are me-

chanically completed. The legally required ac-

ceptance tests, instrumentation, thermal insu-

lation and (after approval) commissioning of 

the plant will follow in 2022. 

After the test loop had been adapted to all pro-

ject requirements, the test section and the 

multi-stage safety system required for it were 

also completed, including the external control 

room. For the first time, the pressure hull of the 

test section was completely assembled and in-

stalled in the plant.  

 

Figure 6: First test section moc-up for McSAFER 

 

Figure 5: 3D isometry with maximum mechanical load in operation 
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Due to the central importance of the high pres-

sure sight glasses for the instrumentation of 

the test section for McSAFER, testing of the 

high pressure sight glasses was started in 

2021. For this purpose, an improvised small-

scale test rig consisting of a heated pressure 

vessel with safety equipment and redundant 

pressure and temperature sensors was in-

stalled. The vessel has a volume of about 2.5 

liters. It can be operated up to a pressure of 17 

MPa and a temperature of 360°C. The small-

scale facility also has a safety system based 

on the COSMOS-H system. 

In preparation for the McSAFER tests, com-

mercially available sight glasses were first 

tested. It was found that they could not with-

stand the pressure, temperature and transient 

requirements imposed during the experiments. 

As a result, a new 25 mm sight glass was de-

signed and extensively tested. So far, this de-

sign has shown no failures in testing and will 

be usable in experimental operation at least up 

to 10 MPa and 310°C. Further testing in 2022 

will show whether the sight glass can also be 

used under higher pressure and temperature 

conditions. 

 

Figure 7: Previous (left) and new (right) high-pres-
sure sight glass for the COSMOS-H test section. 

 

Outlook 

In the upcoming year, the experimental work 

on the KEK/SIMA project will be largely com-

pleted. Afterwards, the group will start together 

with the ITES group FPS the 2021 jointly ac-

quired project KEK/MESA. The project in-

volves experimental and simulative investiga-

tion of ATF cladding materials in normal 

operation. The experiments will be carried out 

at the low-pressure test facility COSMOS-L 

and the simulations will be supervised by FPS. 

At the COSMOS-H test facility, the final con-

struction phases, such as the installation of the 

external measuring station, will be completed 

in 2022. The plant itself will undergo the pre-

scribed tests prior to commissioning, approval 

and instrumentation. Once commissioning is 

completed, the first tests on the facility are 

planned as part of the McSAFER project. 

 

Acknowledgements 

We would like to thank Prof. Xu Cheng for the 

fruitful cooperation in the project KEK-SIMA 

(FKZ1501577). Furthermore, we would like to 

thank Victor Sanchez for his support and the 

good cooperation in Project McSAFER (GA No 

945063). We are looking forward to future co-

operation with Framatome Professional School 

in the KEK/MESA project. 

 

References 

[1] Reitsma, F., Subki, M.H., Luque-

Gutierrez, J.C., Bouchet, S.; Advances in 

Small Modular Reactor Technology Develop-

ments, A Supplement to: IAEA Advanced Re-

actors Information System (ARIS) 2020 Edi-

tion; http://aris.iaea.org 

[2] Kaiser, F., Gabriel, S., Albrecht, G.; In-

vestigation of the Critical Heat Flux in an An-

nular Gap and a Rod Bundle Configuration un-

der low Pressure Conditions.  ProcessNet-

Fachgruppe Wärme- und Stoffübertragung, 

Bruchsal, 16.-17. Februar 2017  

[3] Kaiser. F.; Dietrich, B.; Gabriel, S.; Wet-

zel, T.: Experimentelle Ermittlung von kriti-

schen Wärmestromdichten bei reaktortypi-

schen Bedingungen als Validierungsdaten, 

Final Report Project NUBEKS (BMWi 

1501473B, 27.02.2019)  

[4] Sanchez-Espinoza, V.H.; Gabriel, S.; 

Suikkanen, H.; Telkkä, J.; Valtavirta, V.; Ben-

cik, M.; Kliem, S.; Queral, C.; Farda, A.; 

http://aris.iaea.org/


Group: Multiphase Flow 

24 

Abéguilé, F.; Smith, P.; Uffelen, P.V.; Ammi-

rabile, L.; Seidl, M.; Schneidesch, C.; Grish-

chenko, D.; Lestani, H.; The H2020 McSAFER 

Project: Main Goals, Technical Work Program, 

and Status. Energies 2021, 14, 6348. 

https://doi.org/10.3390/en14196348 

[5] INTERNATIONAL ATOMIC ENERGY 

AGENCY, Accident Tolerant Fuel Concepts for 

Light Water Reactors, IAEA-TECDOC-1797, 

IAEA, Vienna (2016) 

[6] Michaelides, S., Cheng, X., Heiler, W., 

Gabriel, S. LOW PRESSURE, HIGH FLOW 

BOILING CRISIS EXPERIMENTS IN A REC-

TANGULAR CHANNEL UNDER OSCILLAT-

ING MASS FLUX NURETH-19) Log nr.: 36358 

Brussels, Belgium, March 6 - 11, 2022 

 

 



 

25 

Group: Karlsruhe Liquid metal Laboratory (KALLA) 

Liquid Metal Technology for Energy Conversion, Storage and Process 

Technology 

Markus Daubner, Benjamin Dietrich, Ines Duran, Frank Fellmoser, Christoph Hofberger, Marta 

Kamienowska, Ralf Krumholz, Tim Laube, Karsten Litfin, Martin Lux, Franziska Müller-Trefzer, 

Klarissa Niedermeier, Leonid Stoppel, Neele Uhlenbruck, Thomas Wetzel, Kurt Wittemann 

 

Introduction KALLA 

Research at Karlsruhe Liquid Metal Laboratory 

(KALLA) follows a strategic approach, focused 

on three main areas: 1) Thermal fluid dynamics 

of liquid metals, 2) Liquid metal based thermal 

storage and 3) Liquid metal based process 

technology. 

The common foundations of all our work lie in 

combining experimental and modelling ap-

proaches and in the long standing liquid metal 

engineering experience at KALLA. Again we 

were able to add another exciting year to this. 

Our loop facilities, reactor setups, instrumenta-

tion, components as well as process control 

and data acquisition systems define the state 

of the art in liquid metal technology in our inter-

national environment and community.  

Based on this, we try to provide advancement 

in the scientific foundations of liquid metal 

technology and support innovation in our focus 

areas. High temperature heat storage is a key 

technology for a post-fossil industrial society. 

High temperature processes are a comple-

mentary step to storage, but their innovative 

power goes far beyond. Direct dehydrogena-

tion of methanol and direct thermal decompo-

sition of methane for example, are long known, 

yet never industrially realized processes with 

huge potential benefit compared to their estab-

lished counterparts. Liquid metal technology is 

now acting as an enabler to their further deve-

lopment. The intense and still increasing inte-

rest by several major industrial partners as well 

as startup companies in cooperating with us in 

these areas are encouraging. 

Fundamental scientific contributions to heat 

transfer in tubes and tube bundles with com-

plex thermal boundary conditions and geome-

tric details have again been achieved in so-

phisticated experiments. Unique data sets, 

correlations and considerations will be and 

have been brought to the community by contri-

butions journals and conferences. We remain 

grateful for the exciting and strong partnership 

with our research partners across Europe and 

worldwide.  

All our work aims at enabling technologies and 

new ideas for the energy transition and the 

fight against global warming, with their chal-

lenges not only for the energy sector, but for 

chemistry, transport and the society as a 

whole. We look forward to working with YOU in 

future, so if you find an interesting point on the 

next pages, do not hesitate to get in touch. 

 

Thermal fluid dynamics of liquid 
metals 

GALINKA 

In a current DFG project (WE 4672/4-1), the in-

fluence of an azimuthally inhomogeneous ther-

mal boundary condition on the heat transfer in 

a turbulent liquid metal tube flow is under in-

vestigation. This type of boundary condition 

can be found in concentrating solar power 

plants. For this purpose, a test section was de-

veloped to realize either an azimuthally homo-

geneous (OH) or inhomogeneous (IH) heat flux 

distribution, i.e. heating over half of the circum-

ference of the tube. The experimental setup is 
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explained more in detail in the work of Laube 

et al. [1]. 

The experimental data for the azimuthally av-

eraged Nusselt number 〈𝑁𝑢〉 as a function of 

the Péclet number 𝑃𝑒 for both boundary condi-

tions are given on the left side of Figure  1. The 

data show no significant influence of the 

boundary condition on 〈𝑁𝑢〉 and correspond 

well with the correlation by Skupinski et al. [2], 

developed for turbulent liquid metal tube flows.  

In order to study the temperature distribution of 

the tube wall for both boundary conditions, a 

non-dimensional temperature, 

𝛩 =
𝑇W(𝜙) − 𝑇b

〈𝑇W(𝜙)〉 − 𝑇b

, 

is used. 𝛩 corresponds to the local excess tem-

perature of the tube wall over the mean value. 

The distribution of 𝛩 on the heated arc of the 

tube wall as a function of the angular position 

𝜙 for different 𝑃𝑒 is given on the right side of 

Figure  for OH and IH. For the homogeneous 

heated case (OH) 𝛩 is close to unity, as it was 

expected. For the azimuthally inhomogene-

ously heated case (IH) 𝛩 > 1 and increases for 

higher 𝑃𝑒. Therefore, the local excess to the 

mean temperature of the tube wall increases 

for higher values of the convective heat trans-

fer coefficient. 

 

Fuel assembly experiments in Heavy liquid 

metal flows 

For the design and operation of modern nu-

clear reactors like the research reactor 

MYRRHA (Multi-purpose hYbrid Research Re-

actor for High-tech Applications) or Gen IV re-

actors, heavy liquid metal is one of the pro-

posed coolants. For the reliable operation of a 

fuel assembly in the reactor core, the 

knowledge of the heat transfer to the coolant is 

essential. Moreover, during the lifecycle of the 

assembly its geometry can be deformed by 

swelling, creeping and mechanical defects or 

blocked by debris. As a consequence, locally 

reduced cooling and hot spots are expected. 

A set of two different experiments and accom-

panying CFD is planned in support of safety 

studies for heavy liquid metal cooled fast reac-

tor systems in the EU-Projects PATRICIA (Par-

titioning And Transmuter Research Initiative in 

a Collaborative Innovation Action) and PAS-

CAL (Proof of Augmented Safety Conditions in 

Advanced Liquid-metal-cooled systems) which 

were launched in 2020.  

In a first study, the effect of a well-defined po-

rous blockage in a wire spaced 19-pin rod bun-

dle will be investigated. Following the EU-Pro-

ject MAXSIMA [3-6], where a total blockage 

has been studied experimentally and numeri-

cally, the effect of a more realistic sintered 

blockage with well-defined porosity will be in-

vestigated in PATRICIA. A detailed blockage 

 

Figure 1: 〈𝑁𝑢〉 vs. Pe for a liquid metal flow for OH and IH [1] (left), 𝜃 on the heated side of the tube 

wall as function of angular position 𝜙 for OH and IH at different Pe [1] (right). 
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made of ZrO2 has been designed and con-

structed by means of 3d-printing and will be in-

serted into the rod bundle and investigated in 

the THEADES LBE loop of KALLA. Detailed in-

strumentation will give insights about local hot 

spots as well as recirculation patterns, which 

will be used for the validation of numerical 

models in house by the Framatome Profes-

sional School (FPS) Group of the ITES and ex-

ternal partners in the framework of the EU-pro-

ject. 

In a second experimental study, the effect of 

deformations in a rod bundle on the local flow 

and temperature field in a wire spaced 7-pin 

rod bundle will be studied. The rod bundle con-

tains a rotating central rod and bendable outer 

pins to simulate wire displacement and bended 

rods in a rod bundle. This experiment will be 

performed in the THESYS LBE loop of KALLA. 

In the framework of EU-Project PASCAL, a wa-

ter rod bundle experiment is under construc-

tion at the Karman Institute for Fluid Dynamics 

(VKI), Brussels. The detailed design of the ex-

periment and the blockage is supported by 

KALLA team and post experimental CFD will 

be performed by FPS. 

 

Figure 2: Blockage element with well-defined po-
rosity made of 3d printed ZrO2. 

Figure 3: Placement of the blockage in the rod bun-
dle. 

 

 

Figure 4: Instrumentation of one sub-channel with 
a 0.5mm Thermocouple (rod diameter is 8.2mm). 

 

 

Figure 5: Construction detail for the planned rod 
bundle deformation experiment in EU-Project PA-
TRICIA. 
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Liquid metal based thermal energy 
storage 

Lab to Pilot Scaling of Dual-Media Storage 

Liquid metals have been proposed as heat 

transfer fluids in thermal energy storage sys-

tems because of their high operating tempera-

ture range and their excellent heat transfer ca-

pabilities [7]. A dual-media configuration with 

filler material has been proposed and numeri-

cally analysed [8,9]. In 2020 and 2021, a lab-

scale storage system (VESPA) with a thermal 

storage capacity of 1 kWh was successfully 

demonstrated [10]. 

The lab-scale (VESPA) experiments were run 

with liquid lead-bismuth eutectic as heat trans-

fer fluid and spherical ceramic particles (zirco-

nium silicate) as filler material at temperatures 

from 180°C to 380°C. The results showed that 

the stratification as well as the storage capacity 

in the tank and, thus, the performance of the 

storage system can be improved by using a 

solid filler compared with lead-bismuth eutectic 

only. Additionally, different modes of operation 

such as charging, discharging and standby, 

and varying mass flow and inlet temperature 

were tested [11]. 

Based on the results of the lab-scale experi-

ment, a pilot-scale set-up (DUO-LIM) with a 

thermal storage capacity of 100 kWh is under 

construction. The dual-media storage will be 

inserted into one of the test sections of the 

THEADES loop at KALLA (Figure 6). As the 

lab-scale results showed that a constant and 

instantly high inlet temperature into the tank 

(during charging) is one of the crucial aspects 

for the temperature distribution in the tank, the 

inlet mixing region was designed with low liquid 

volume.  

 

LIMELISA - Development of a High 
Temperature Liquid Metal Loop for 
Testing Future Process Engineering 
Key Components 

In the frame of the BMWK funded project 

LIMELISA a high temperature liquid lead loop 

will be designed, constructed and operated at 

the Karlsruhe Liquid Metal Laboratory (KALLA) 

at ITES [12]. The aim is to test future process 

engineering key components like valves and a 

radial pump provided by the company KSB. 

Needed vessels have to be designed, suitable 

 

Figure 6: Left: Implementation of the DUO-LIM heat storage in the THEADES loop; right: comparison 
of the dimensions and thermal storage capacities of the planned DUO-LIM storage and the lab-scale 
experiment VESPA. 

 

 



Group: Karlsruhe Liquid metal Laboratory (KALLA) 

29 

loop material selected, custom flange connec-

tions and gaskets calculated as well as respec-

tive measurement technique for pressure, 

pressure loss, flow, level, vibration and tem-

perature defined and implemented in a pro-

cess control system. The piping system of the 

high temperature liquid lead loop and the key 

components are wrapped by trace heating and 

covered by isolation material to be able to heat 

up the loop above the melting point of lead and 

to keep it in a liquid state. The components will 

be tested up to temperatures of 700°C. For the 

piping system, the material Alloy800H with an 

alumina protection layer will be used. The loop 

will have a connection to a vacuum system for 

filling the loop and an Argon cover gas system. 

For safety reasons the pipes are inclined so 

that in case of an emergency the molten lead 

can flow through the dedicated drain valve into 

the sump tank by gravity(Figure 7). 

 

Figure 7: 3D layout of the high temperature liquid 
metal loop of LIMELISA. 

 

Liquid metal based process 
technology 

DECAGASLM - Decarbonisation of nature 

gas in liquid metal 

Hydrogen technology has significant potential 

to enable a successful energy transition. In 

June 2020, the German government adopted 

the national hydrogen strategy [13]. These ex-

tensive measures and investment packages 

are intended to establish hydrogen as a pre-

dominant energy carrier in the foreseeable fu-

ture. 

Since 2012, intensive work has been carried 

out at KALLA on a continuously operable pro-

cess for direct thermal methane pyrolysis as a 

viable process to produce hydrogen and solid 

carbon from methane and – perspectively – bi-

ogas and natural gas. In the process, the ex-

tensive experience with liquid metals, estab-

lished at KALLA, could be transferred into 

successful lab-scale experiments, which to 

date have repeatedly proven the possibility to 

reach high methane conversion rates and their 

dependency on operation parameters like tem-

perature [14, 15]. 

 

Figure 8: Process flow diagram of methane pyroly-
sis. [15] 

 

Together with the industrial partner Wintershall 

Dea [16], the technique is now being further 

developed for the use on an industrial scale. 

The basis is the pyrolysis of methane in a liquid 

metal bubble column reactor (see Figure 8). In 

this process, methane gas is passed through 

liquid tin heated to a temperature of 950 °C to 

1200 °C. Due to the temperature conditions, 

the methane is split into two components, solid 

powdered carbon and gaseous hydrogen. 
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Since the solid carbon has a much lower den-

sity than the liquid tin, it accumulates on the 

surface of the liquid metal and can be removed 

from the reactor. The gas phase, containing a 

mixture of hydrogen and unreacted methane, 

will be further processed according to the re-

quirements of the final application. Unreacted 

methane and other hydrocarbons can be fed 

back into the reactor.  

In the year 2021, pyrolysis experiments were 

prepared and carried out on both pure me-

thane and real natural gas. At the same time, 

these experiments evaluated the performance 

of various technical solutions in reactor design. 

In parallel as part of this project, various mate-

rials and coatings were considered and inves-

tigated for use in the reactor. 

 

MTET InnoPool Solar H2 

In the framework of the Innovationspool Pro-

ject "Solar Hydrogen - Highly Pure and Com-

pressed", an assessment of the use of solar 

energy to produce hydrogen by direct thermal 

pyrolysis of methane based on liquid metal 

technology is being conducted. 

In a bubble column reactor filled with liquid tin, 

methane is split into its elementary compo-

nents: hydrogen and solid carbon, so that no 

CO2 is released in the process. To achieve 

technically relevant CH4 conversion rates, tem-

peratures of around 1000 °C are required. In 

order to make the process completely CO2-

free, the necessary pyrolysis reaction heat 

could be provided by a renewable energy 

source such as solar thermal energy or electri-

cal energy from photovoltaics. 

The research carried out in 2021 during the in-

itial phase of the project consisted of a thor-

ough literature review of the state-of-the-art of 

solar reactors for the production of hydrogen 

from methane. The main advantages and limi-

tations of different types of solar reactors were 

evaluated. In addition, the current status of 

Concentrated Solar Power (CSP) technology 

as a possible renewable source of high-tem-

perature heat was investigated. 

 

Figure 9: Concept of solar pyrolysis of regenerative 
methane/biogas to produce H2 and carbon. 

 

Future work will involve the development of the 

process concept of the solar heated reactor 

starting with the analysis of different scenarios. 

It is foreseen to comprise the elaboration of ex-

perimental, constructional and instrumentation 

plans of the laboratory test facility including 

safety aspects. 

Another interesting topic to be theoretically an-

alyzed is the effect of CO2 on methane pyroly-

sis as a key factor in the use of biogas (a re-

newable energy source, mainly composed of 

methane and carbon dioxide) as a reactant. In 

addition, the influence of pressurized operation 

on system efficiency and the purity of the pro-

duct obtained will be further investigated. 

 

NAMOSYN - Anhydrous formaldehyde 

production with sodium vapours as the 

catalyst 

With the aim of reducing global warming to an 

acceptable level, emissions of the greenhouse 

gas carbon dioxide (CO2) must be significantly 

reduced worldwide. For that reason the 
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NAMOSYN (Nachhaltige Mobilität mit synthe-

tischen Kraftstoffen) project funded by BMBF 

started in 2019 [17]. The project's primary goal 

is to develop and test eco-friendly synthetic 

fuels for diesel and petrol engines. Formalde-

hyde, one of the most important industrial 

chemicals, may be used as an intermediate to 

synthesise a promising alternative to diesel – 

oligomeric oxymethylene dimethyl ethers 

(OMEs, CH3-[O-CH2]n-O-CH3) [18,19].  

As part of the NAMOSYN project, the 

MEDENA (methanol dehydrogenation with so-

dium (Na) catalyst) plant was designed and 

constructed (Figure 10). The MEDENA setup 

intents to prove that vaporised elemental so-

dium homogenously catalyses the reaction of 

methanol to anhydrous formaldehyde. In order 

to create a suitable catalyst dosing method, a 

designated sodium evaporation and conden-

sation system was designed. The evaporation 

and condensation experiments proved that so-

dium could be dosed as a catalyst. The next 

objectives are to optimise the crucial parame-

ters in the reactor, e.g. temperature, pressure, 

methanol molar fraction and residence time. 

 

Figure 10: MEDENA mini-plant for the dehydro-
genation of methanol to anhydrous formaldehyde 
at KALLA (Photo: M. Kamienowska) 

 

NECOC - Negative Emissions by Carbon 

Synthesis from Atmospheric CO2 

The BMWK funded project NECOC aims at 

creating negative emissions by synthesizing 

solid carbon materials from atmospheric CO2 

in a three-step process. In collaboration with 

the two start-ups Climeworks Germany GmbH 

and INERATEC GmbH, a group of researchers 

from the Karlsruhe Liquid Metal Laboratory 

(KALLA) and the Institute of Thermal Process 

Engineering (TVT) is building an innovative 

demonstration plant.  

Atmospheric CO2 is separated from the air via 

a direct air capture (DAC) facility developed by 

Climeworks. The second process step, oper-

ated by INERATEC, is the catalytic methana-

tion of CO2 using microstructured reactor con-

cepts in order to overcome the challenge of the 

high thermal stability of the CO2 molecule. In a 

third step the thermal dissociation of methane, 

also known as methane pyrolysis, takes place 

in a liquid metal bubble column reactor devel-

oped at KALLA. The innovative technology us-

ing liquid tin as heat transport medium pre-

vents the pyrolysis reactor from clogging as the 

solid carbon produced by methane pyrolysis 

rises to the liquid metal surface as a powder 

due to its lower density compared to tin. 

During the past months, the demonstration 

plant was set up successfully and currently the 

project partners are launching the individual 

processes and running first tests. The process 

steps are going to be joined to synthesize car-

bon from atmospheric CO2 in late summer. A 

detailed characterization of the thus obtained 

carbon products is going to follow later this 

year in order to determine their potential for 

various industrial applications. 

NECOC was selected as part of the KIT booth 

at Hannover Messe 2022 where the project 

was met with lots of interest, from both industry 

and individuals. 
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Figure 11: Schematic of the process for converting 
the greenhouse gas CO2 into economically usable 
carbon materials, which has recently been set up 
at KIT in a plant. 

 

 

Figure 12: Demonstration plant built at KALLA: 
detailed picture of the methane pyrolysis set-up. 

 

Figure 13: Demonstration plant built at KALLA: 
view of the entire plant: from left to right, the py-
rolysis reactor with the container plants from IN-
ERATEC and Climeworks. 

 

References 

[1] Laube, T., Dietrich, B., Marocco, L., 

Wetzel, Th.; Turbulent heat transfer in a liquid 

metal tube flow with azimuthally inhomogene-

ous heat flux, International Journal of Heat and 

Mass Transfer, 189 (2022), 122734. 

[2] Skupinski, E., Tortel, J., Vautrey, L., De-

termination des coefficients de convection d’un 

alliage sodium-potassium dans un tube circu-

laire, International Journal of Heat and Mass 

Transfer, 8 (1965), 937-951. 

[3] Pacio, J., Daubner, M., Fellmoser, F., 

Litfin, K., Wetzel, T.; Heat Transfer Experiment 

in a Partially (Internally) Blocked 19-Rod Bun-

dle with Wire Spacers Cooled by LBE, Nuclear 

Engineering and Design, 330 (2018), 225-240 

[4] Pacio, J., Daubner, M., Wetzel, T.; Local 

Blockages in a Rod Bundle with Wire Spacers: 

Heat Transfer in LBE for the Safety Assess-

ment of MYRRHA, Advances in Thermal Hy-

draulics (ATH 2018) 2018 ANS Winter Meet-

ing, Orlando, Florida, November 11-15, 2018 

[5] Batta, A., Class, A. G.; Thermalhydraulic 

CFD Validation for Liquid Metal Cooled 19-Pin 

Hexagonal Wire Wrapped Rod Bundle, 8th In-

ternational Topical Meeting on Nuclear Reac-

tor Thermal Hydraulics (NURETH-18), Port-

land, Oregon, USA, August 18-23, 2019 

[6] Batta, A., Class, A. G., Pacio, J.; Numer-

ical analysis of a LBE-cooled blocked 19-pin 

Hexagonal wire wrapped rod bundle experi-

ment carried out at KIT-KALLA within EC FP7 

Project MAXSIMA, The 8th European Review 

Meeting on Severe Accident Research 

(ERMSAR), Warsaw, Poland, May 16-18, 

2017 

[7] Niedermeier, K.; Numerical Investiga-

tion of a Thermal Storage System Using So-

dium as Heat Transfer Fluid (PhD thesis), KIT 

Scientific Publishing, KIT-SR 7755, 2019. 

[8] Laube, T., Marocco, L., Niedermeier, K., 

Pacio, J., Wetzel, T.; Thermodynamic Analysis 



Group: Karlsruhe Liquid metal Laboratory (KALLA) 

33 

of High‐Temperature Energy Storage Con-

cepts Based on Liquid Metal Technology, En-

ergy technology, 8 (3) (2020), 1900908. 

[9] Niedermeier, K., Müller-Trefzer, F., Ma-

rocco, L.; Parametric study of filler size and 

properties for a liquid-metal thermal energy 

storage, Applied Thermal Engineering, 212 

(2022), 118568. 

[10] Müller-Trefzer, F., Niedermeier, K., 

Daubner, M., Wetzel, T.; Experimental investi-

gations of a dual-media thermal energy stor-

age system with liquid metals. 15th Interna-

tional Conference on Renewable Energy 

Storage (IRES 2021), Online, 16.–18. March 

2021. 

[11] Müller-Trefzer, F., Niedermeier, K., 

Daubner, M., Wetzel, T.; Experimental investi-

gations on the design of a dual-media thermal 

energy storage with liquid metal, Applied Ther-

mal Engineering, 213 (2022), 118619. 

[12] Heidelberger, M. (2021); Renewable 

Energy Sources: On the Way towards Large-

scale Thermal Storage Systems. KIT press re-

lease 034/2021. 

[13] Die nationale Wasserstoffstrategie. 

BMWi, 2020. https://www.bmwi.de/Redak-

tion/DE/Publikationen/Energie/die-nationale-

wasserstoffstrategie.pdf 

[14] Geißler, T.; Methan-Pyrolyse in einem 

Flüssigmetall-Blasensäulenreaktor. Disserta-

tion. Karlsruher Institut für Technologie. 2017. 

[15] Stoppel, L., Fehling, T., Geißler, T., 

Baake, E., Wetzel, T.; Carbon dioxide free pro-

duction of hydrogen, IOP Conference Series: 

Materials Science and Engineering, 228 

(2017), 012016 

[16] Presseinformation 141/2019.  Wasser-

stoff aus Erdgas ohne CO₂-Emissionen. 

https://www.kit.edu/kit/pi_2019_wasserstoff-

aus-erdgas-ohne-co2-emissionen.php 

[17] Project website: http://namosyn.de/  

[18] Reuss, G., Disteldorf, W., Gamer, A. O., 

Hilt, A.; in Ulmann's Encyclopedia of Industrial 

Chemistry, Wiley-VCH Verlag GmbH & 

Co, Weinheim, (2011), 671–692. 

[19] Oestreich, D., Lautenschütz, L., Arnold, 

U., Sauer, J.; Reaction kinetics and equilibrium 

parameters for the production of oxymethylene 

dimethyl ethers (OME) from methanol and for-

maldehyde, Chemical Engineering Science, 

163 (2017), 92-104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.bmwi.de/Redaktion/DE/Publikationen/Energie/die-nationale-wasserstoffstrategie.pdf
https://www.bmwi.de/Redaktion/DE/Publikationen/Energie/die-nationale-wasserstoffstrategie.pdf
https://www.bmwi.de/Redaktion/DE/Publikationen/Energie/die-nationale-wasserstoffstrategie.pdf
http://namosyn.de/




 

35 

Group: Accident Management Systems 

Key Advancements in the Research Area of Energy System Resilience 

and Crisis Management in 2021 

S.S. Ottenburger, N. Chavan, T. Makumbi, and W. Raskob 

 

Introduction 

The Department ‘Resilient and Smart Infra-

structure Systems’ of ITES performs research 

in three Helmholtz programmes, namely En-

ergy System Design (ESD), FUSION and Nu-

clear Waste Management, Safety and Radia-

tion Research (NUSAFE). 

In the ESD program, ITES represents the top-

ics of resilience, systemic risks, and uncertain-

ties in connection with sustainable energy sys-

tems, and addresses issues that link 

topological degrees of freedom with the avoid-

ance of outages and flexible operation of en-

ergy systems. In addition, early warning sys-

tems are developed to predict critical situations 

in different contexts. 

In FUSION, ITES performed dose assess-

ments to the population for the DEMO reactor. 

Calculations are performed for a generic site 

and in a probabilistic mode. The 95% percen-

tile is provided as endpoint at different dis-

tances from the DEMO site. This allows to 

evaluate the consequences of potential acci-

dent sequences, allowing to adjust safety op-

tions to reduce the consequences where nec-

essary. 

In NUSAFE, work focused on the improvement 

of the Decision Support System (DSS) JRO-

DOS (Java based Real-time Online DecisiOn 

Support) for nuclear and radiological emergen-

cies. An advanced atmospheric dispersion 

model (FLEXPART) was implemented allow-

ing to perform long-range calculations around 

the world as well as assessing the potential lo-

cation of unknown sources via inverse model-

ling. Furthermore, generic decision support ap-

proaches related to nuclear and non-nuclear 

smart dynamic crisis management are devel-

oped within HGF Portfolio Security. 

 

Resilient and Sustainable Energy 
Systems 

Not least because of the UN Sustainable De-

velopment Goals (SDGs) - in particular SDG 

11 (Sustainable Cities and Communities) and 

SDG 13 (Climate Action) - and the UN Sendai 

Framework for Disaster Risk Reduction (e.g. 

Priority 3: Investing in Disaster Risk Reduction 

and Resilience), resilience and system trans-

formations must be considered interrelatedly if 

sustainability developments are to be a long-

term success story.  

In resilience engineering and in the context of 

utility infrastructure, the term resilience often 

neglects the negative consequences of failures 

in terms of cascading effects, which extend be-

yond the defined system boundaries. In this 

context, resilience is defined as the inherent 

ability of an organization or system to avoid 

major system failures after a disruption occurs 

by achieving as stable, albeit reduced, a state 

as possible and restoring normal operations as 

quickly as possible. 

However, the resilience of a society or a city, 

i.e., community or urban resilience, is multidi-

mensional and depends not only on the resili-

ence and physical robustness of individual de-

livery systems within their own boundaries. It 

also depends on whether it is still possible to 

maintain an acceptable basic supply of various 

critical services during a critical phase or 

whether a blackout will occur instead - what an 

urban population perceives as an acceptable 
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basic supply is not clear per se.  With increas-

ing digitalization and automation, the im-

portance of a continuous energy supply for the 

functioning of modern societies will further 

grow. 

In the context of critical urban functions, we in-

terpret a city's performance as the fulfilment of 

these functions. In this chapter, we focus on 

the overall security of supply with respect to all 

urban critical functions that depend on the 

timely inflow of energy. Therefore, we assign a 

specific value to an infrastructure that de-

scribes the degree of degradation in overall ur-

ban supply security that would be caused by a 

reduction in the supply of power to that specific 

infrastructure. In addition to safety factors and 

system hardening measures to improve the re-

silience of infrastructures, the development of 

response and recovery strategies is also part 

of the portfolio of much-discussed resilience 

measures - furthermore, emerging smart tech-

nologies provide opportunities for the develop-

ment of new effective measures.  

In general, resilience-enhancing measures are 

motivated by clearly defined risks that are no 

longer acceptable. In other words, if we have 

appropriately specified risks caused by, for ex-

ample, recurring natural hazards such as hur-

ricanes or typhoons, then efficient integrated 

resource and resilience planning can be de-

signed alongside specified hardening 

measures to mitigate the impacts for the corre-

sponding known threats. However, estimating 

future supply risks related to infrastructures 

that are transforming into digital and intelligent 

systems (e.g., energy system), have expanded 

attack surfaces and vulnerabilities, and exist in 

a world with changing boundary conditions is 

not possible or feasible in a meaningful way. 

For example, climate change may lead to a 

drastic increase in energy consumption that 

causes extreme peak loads. As a drastic and 

rough conclusion, we do not have a clear pic-

ture of weather-dependent energy generation 

profiles and the nature of novel cascading ef-

fects within complex interconnected grids, nor 

do we know future energy consumption pat-

terns, as these depend on climate variables 

and diffusion parameters related to energy 

consuming technologies, among others. With 

respect to the latter aspect, problems would al-

ready arise at the distribution level if, for exam-

ple, 3 or 4 electric vehicles were charged sim-

ultaneously with 20 kW power.   

In this context, publications summarizing foun-

dational findings and forming a base for future 

in-depth research on resilient grid design are 

the following: [1,1–4]. 

 

Artificial Intelligence for predicting 
Critical Supply States 

Critical infrastructure systems are character-

ized by strong interdependencies, and the de-

velopment of urban areas into smart cities fur-

ther increases the underlying complexity due 

to increasing automation and networking. A 

system of highly interconnected components is 

particularly vulnerable to systemic risk, making 

concepts of resilience correspondingly im-

portant. One way to survive stressful situa-

tions, maintain security of supply, and promote 

adaptive and anticipatory capacity is to build 

early warning systems. Because cities are 

complex and rather chaotic socio-technical 

systems governed by randomness, the result-

ing parametric uncertainties pose a challenge 

for modelling approaches designed to support 

robust decision making. Sophisticated artificial 

intelligence-based methods can play an es-

sential role in this case, as they perform well in 

highly complex environments and with large 

amounts of data.  

One work [5] focuses on the predictability of 

critical supply states. To study urban utility 

states, a selected urban area was divided into 

zones, where the state of that city was deter-

mined by the state of those zones, and the 

state of a zone is characterized by the criticality 

of the infrastructures housed there. Consider-

ing criticality as an atomic building block for ur-

ban performance evaluations, we proposed a 

zone-based state prediction method using 

deep convolutional neural networks to learn 
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the state evolution, which is influenced by non-

linear demand dynamics. To this end, we pre-

sented a case study that applies agent-based 

simulations Figure 1 (top) and highlights the 

relevance of deep learning approaches for 

smart city early warning systems Figure 1 (bot-

tom). 

 

 

Figure 1 top: Generated demand agents for dif-
ferent time slots. Zones C1 and C2 experience 
state deteriorations during the day. Bottom: Ob-
served (simulated) vs. predicted states. The tri-
angles illustrate disrupted service providers, the 
circles non-disrupted providers. 

Integration of FLEXPART into JRODOS 

The Lagrangian particle dispersion model 

FLEXPART (FLEXible PARTicle) is an open-

source mathematical model able to simulate 

the transport and turbulent mixing of gases and 

particles in the atmosphere. FLEXPART has a 

strong supporting community further develop-

ing the code. However, the usability is limited 

due to missing graphical user interfaces. JRO-

DOS on the other hand has user friendly input 

means and is used in more than 40 countries 

world-wide for operational use. However, JRO-

DOS is lacking the functionality of inverse 

modelling. To overcome that gap, the Federal 

Ministry for the Environment, Nature Conser-

vation, Nuclear Safety and Consumer Protec-

tion (BMUV) decided to ask KIT to integrate 

FLEXPART into JRODOS. 

This was realised as part of the project "Inte-

gration of the atmospheric dispersion model 

FLEXPART into JRODOS to extend the possi-

bilities of inverse modelling for source location 

and source term determination based on 

measured data". The work included the crea-

tion of a uniform database for FLEXPART, the 

coupling to the meteorological forecast data of 

the German Weather Service and the develop-

ment of a graphical user interface for 

FLEXPART as part of the JRODOS system. A 

direct integration of FLEXPART was not possi-

ble because of the GNU licence. Therefore, a 

method was developed that allows the user to 

integrate the application on his own. Since 

FLEXPART only calculates activity concentra-

tions but not doses, special modules were de-

veloped to provide dose information, like all 

other atmospheric transport and dispersion 

models in JRODOS. Furthermore, FLEXPART 

was coupled with the food chain module FDMT 

of JRODOS. Finally, a special module for esti-

mating the impact of a nuclear explosion was 

integrated. 

The following highlights some of the key func-

tionalities that were achieved in the project. 

With FLEXPART, European-wide or worldwide 

atmospheric dispersion modelling is possible 
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with a state-of-the-art model Figure 2 shows 

the gamma dose rate from a release in Finland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Dose rate map from a large-scale dispersion simulation. 

 

 

Figure 3 Probability map of the origin of a release location – darker colours mean higher probability. 
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Figure 3 shows the result of a backward run. 

This functionality allows to estimate the proba-

bility of a release location that is unknown – in-

verse modelling. Starting point is the detection 

of concentrations at particular locations. These 

locations are input to an inverse computer run 

with FLEXPART resulting in probability maps 

for possible release points. In a forward calcu-

lation, the possible release locations can be 

tested and checked whether a release from 

that location hits the monitoring station. This is 

of particular importance of the is an accident, 

that is not known but monitoring networks rec-

ord some impact. 

With FLEXPART, it was also possible to imple-

ment a nuclear explosion module. The nuclear 

explosion is characterized by six boxes, three 

of them for the stem and three for the mush-

room from the explosion. The size and content 

are set dependent on the amount of explosive 

in kilo tons (KT). The database was derived for 

an explosion of 10 KT, but can be scaled be-

tween 0.1 KT and 1 MT. The database is not 

appropriate for larger missiles in the MT area. 

Our simulations do not consider the effect of 

the explosion as such or the direct radiation 

and flash, but concentrate on the radiation 

dose from radioactive plume. As the plume 

reaches high in the atmosphere, dispersion 

and transport of radioactive particles may 

reach far, however, the largest part of the par-

ticles is rather big and deposition concentrates 

typically on the near range. Figure 4 shows the 

areas of the highest contamination from a hy-

pothetical explosion of 10 KT at CN of KIT. 

Zone I require immediate evacuation, whereas 

in zone II, also sheltering might be possible. 

However, decision making for these events is 

still not much elaborated in Germany. 

 

Assessment of uncertainties affecting 
dosimetric calculations for Intake of 
Radon and NORM 

This research aims at developing a software 

tool that will be used to better understand and 

quantify uncertainties in doses to humans cal-

culated from the intake of radon and other nat-

urally occurring radionuclides in their body. It is 

part of the European project RadoNorm (Man-

aging risk from radon and NORM). 

 

Figure 4 Zones with highest contamination important for defining early countermeasures. 
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As a first step, a literature study was per-

formed. The literature reviewed focused on the 

International Commission on Radiological Pro-

tection (ICRP) biokinetic and dosimetric mod-

els, their model parameters, the ICRP method-

ology for internal dosimetry and the sources of 

uncertainty in internal dosimetry. Based on the 

findings, a first version of the software tool that 

implements the ICRP methodology for internal 

dosimetry has been developed using R studio 

software1. This software includes code for both 

biokinetics and dosimetry. The software has 

been successfully tested and applied to calcu-

late doses from the intake of radionuclides 

such as I-131, Co-60, S-35, Ba-133, Pu-239 

and Am-241 via inhalation, ingestion and injec-

tion. The tool was later successfully validated 

using data taken from ICRP Occupational In-

take of Radionuclides (OIR) data viewer and 

the results were in agreement with ICRP data 

with a percentage deviation of less than 1% in 

the calculated doses. 

The first version of the software has been ex-

tended and is currently being tested on the im-

plementation of a decay chain starting with Ra-

223 and Ra-226.  Tests on these radionuclides 

were successful and the calculated doses are 

in agreement with ICRP values (less than 1% 

deviation). In future, the software will be further 

extended to perform uncertainty and sensitivity 

analysis on calculated doses to humans and 

will be tested on Radon and its progeny as well 

as other radionuclides such as Uranium and 

Thorium under typical exposure scenarios. 

Figure 5 shows the plot of the retention of ac-

tivity in body organs from inhalation of Pu-239 

using both simulated and ICRP data. The black 

circles depict the trend of ICRP OIR data while 

the lines represent simulated data and HATM 

stands for the human alimentary tract. From 

the plot, it is evident that the simulated data 

agrees well with ICRP data. This demonstrated 

                                                      
1 RStudio Team (2021).RStudio: Integrated De-
velopment Environment for R. RStudio, PBC, 
Boston, MA URL http://www.rstudio.com/. 

that the simulation approach implemented per-

forms as anticipated. 

 

Figure 5: Plot of retention functions with time for in-
halation of Pu-239 for both simulated and ICRP 
data 

 

Modelling the biokinetic behaviour of 
Americium in the human body with 
and without the presence of 
decorporating agents 

This research activity is part of the BMBF pro-

ject RADEKOR (Speciation and transfer of ra-

dionuclides in the human organism especially 

taking into account decorporation agents ) and 

aims at developing a mathematical model de-

scribing the behavior of Americium in the hu-

man body. Internal exposure of the Americium 

can be harmful to Humans. Before treatment, 

it is necessary to calculate the dose received 

by the body. Once internalized, most of the 

Americium is removed from body via urine and 

faeces. The remaining Americium gets depos-
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ited in different organs of the body. The bioki-

netic modelling of the Americium helps us to 

simulate the amount of Americium deposited in 

the individual organs of the body. The current 

biokinetic model is based on the available data 

from experiments performed on Humans, rats, 

baboons and dogs. In some cases, data from 

chemical analogous of Americium is also used. 

However, this Biokinetic model does not ex-

plain the speciation of Americium in the tissue 

or cells. The first part of the project involves im-

proving the accuracy of the current Biokinetic 

and Dosimetric model developed for Ameri-

cium. Moreover, the second part of the project 

is to understand the biochemistry of Americium 

in the body as well as study how decorporation 

agents such as DTPA enhance the removal 

rate of Americium from the body. Figure 6 

shows the representation of the internal organs 

for the modelling. 

 

Figure 6 Flowchart representing the biokinetic of 
Americium inside the human body 
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Introduction 

The Hydrogen Group continued to develop 

models and in-house specialized reactive CFD 

codes (GASFLOW and COM3D) and con-

ducted an extensive experimental program to 

deepen the understanding of the behavior of 

hydrogen in postulated accident. Accidents in 

tunnels were addressed via the participation in 

the HyTunnel-CS project and the behavior of 

cryogenic hydrogen via several industry pro-

jects.  

Members of the group are actively transferring 

their insights and expertise into the standards 

developing organizations ISO (TC 197) and 

CEN/CENELEC (TC 6) and are contributing to 

the activities of the European Hydrogen Safety 

Panel.  

However, this report focusses on three activi-

ties related to the further development and ap-

plication of our in-house specialized CFD 

codes, GASFLOW and COM3D. Firstly, 

GASFLOW simulations supporting the devel-

opment of the KIT Aerobuster, a special anti-

Coronavirus filtering devices developed by 

several groups of KIT1 are shown. Although not 

directly related to hydrogen, the aerosol 

transport model of GASFLOW could be ap-

plied successfully for transport and determina-

tion of infection hazards. GASFLOW showed 

                                                      
1 https://www.kit.edu/kit/pi_2020_100_aer-
obuster-jagt-herumfliegende-corona-vi-
ren.php 

excellent performance for those kind of prob-

lems. Then again GASFLOW was used for 

modelling and simulation of filters and mem-

branes for purifying hydrogen. This work has 

been organized as a part of the Helmholtz 

Innopool Project “Solar Hydrogen”. Finally, 

COM3D developments and applications are 

shown for simulating the dynamics of high-

pressure hydrogen injection into a combustion 

chamber and assessing the propensity for 

spontaneous shock diffusion ignition. 

 

Quantitative Corona Infection Risk 
Assessment 

The Conronavirus-laden droplets can be ex-

haled by humans or expelled during speaking, 

sneezing or coughing. Depending on the sur-

rounding air temperature and relative humidity, 

droplets with diameters less than 50 μm may 

shrink quickly due to the evaporation, and be-

come the so-called “droplet nuclei” that is 

smaller than 5 μm. Indoor environment has 

been known as the place where most transmis-

sion of SARS-CoV-2 caused COVID-19 occurs 

[1]. Virus-laden aerosols in poorly ventilated in-

door environments with low humidity and high 

temperature might result in an infectious dose 

over time [2]. These airborne droplet nuclei 

may remain suspended in the air for several 

hours, and can be widely dispersed by the tur-

bulent gas flow. Evidences have pointed to a 
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dominant role of airborne transmission of the 

SARS CoV-2 virus, adequate control 

measures shall be taken to prevent airborne 

transmission in indoor environment [3]. 

The 3-D CFD code GASFLOW has been fur-

ther developed to enable the simulation capa-

bilities for the multi-phase flows with multi-

class, multi-size particles, droplets and dusts. 

The code incorporates the physics to model 

the transport, deposition and entrainment, tur-

bulent diffusion, heat and mass transfer, chem-

ical reaction of the discrete aerosol particles, 

water droplets and dusts. The discrete parti-

cles are evenly distributed on each CPU pro-

cessor and can efficiently exchange infor-

mation with the continuous conveying fluid. 

The parallelization approach allows millions of 

simulation particles that represent billions to 

trillions of real particles, and in the meanwhile 

ensures a decent parallel scalability. 

A GASFLOW-based systematic step-by-step 

procedure has been developed to model the 

airborne transmission of Coronavirus-laden 

aerosol particles, to perform quantitative infec-

tion risk assessment, and to evaluate the effi-

ciency of the mitigation devices, as shown in 

Figure 1. The innovative method can be subdi-

vided into three main parts: infectious aerosol 

transport, infection risk assessment, and opti-

mization of control measures. 

GASFLOW includes two kinds of computing 

methods: fast running approximate 0-D point 

models and 3-D CFD simulation for space re-

solved applications. This is a unique, comple-

mentary modelling approach for calculating in-

fection risks in confined and /or vented spaces. 

The 0-D point models can evaluate space av-

eraged infection probabilities for a given 

vented room and exposure scenario. They can 

describe the effect of mitigation measures like 

improved ventilation, face masks, reduction of 

exposure time, limitation of person number, 

vaccination, and others. Point models allow 

fast risk evaluation for given room without and 

with protection measures to compare residual 

risk to commonly accepted risk criteria. In the 

space resolved 3-D GASFLOW simulations, 

Lagrangian approach is used for aerosol be-

haviors (transport, turbulent diffusion, deposi-

tion and removal) in air flow in 3-D space with 

random aerosol injection sources. The follow-

ing analysis results can be obtained: particle 

parameters, such as number density and mass 

fraction, in arbitrary user-defined boxes, accu-

rate prediction of intake dose of the exposed 

agent, quantitative infection risk assessment 

under a given intake dose, aerosol removal ef-

ficiency and infection risk mitigation. 

 

 

Figure 1. GASFLOW-based analysis procedure 

 

As part of the KIT Innovation Fund - Technol-

ogy Transfer Project “Aerobuster” (TT Project 

N076 Aerobuster) in the field of control and re-

move virus-laden aerosols, the parties, includ-

ing INT, ITES, IPE and ISTM, strived for the 

joint development of an Aerobuster up to a 

near-market prototype/readiness for pilot pro-

duction. Three milestones have been achieved 

in 2021: 1) determination of the functional pa-

rameters in indoor environment; 2) efficacy 

demonstrated in laboratory conditions with 

model viruses; and 3) efficacy with Corona-vi-

ruses confirmed in the laboratory and numeri-

cal studies. 

GASFLOW has been used to simulate the 

Coronavirus-laden aerosol transmission and 

perform quantitative infection risk assessment 

in indoor environments, such as classrooms 

and offices. The Aerobuster were modeled to 
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remove the Coronavirus-laden aerosol parti-

cles. Furthermore, the effectiveness was ex-

perimentally and numerically evaluated by 

changing the numbers and locations of the 

Aerobuster devices. 

Coronavirus-laden aerosol transport and re-

moval in a classroom with an infected teacher 

and 20 healthy students has been simulated 

using GASFLOW (see Figure 2). The calcula-

tions impressively show how quickly the Virus-

laden aerosol particles disperse in the closed 

room when the infected teacher keeps on talk-

ing loudly. The results also show that the opti-

mized Aerobuster system can significantly re-

duce the aerosol concentration and the risk of 

infection through continuous disinfection/steri-

lization of the room air. 

 

 

Figure 2. GASFLOW simulations of Corona-
virus-laden aerosol removal in a classroom 

 

As a successful outcome of the Technology 

Transfer Project “Aerobuster”, a license agree-

ment has been signed between KIT and 

TENNECO GmbH. During the cooperation with 

TENNECO GmbH, Coronavirus-laden aerosol 

concentration, venting strategy, Aerobuster ef-

ficiency and infection risk have been studied. 

The volume of the office room is 48.6 m3 with 

two persons. It is conservatively assumed that 

the room is closed and the infected person re-

leases virus-laden droplets continuously.  

The 3-D GASFLOW calculation results are 

shown in Figure 3. The aerosol particle loca-

tion, concentration, velocity and the flow field 

of the carrier phase can be calculated. The in-

fection probability is roughly 10% at one hour 

even without any measures. This is mainly due 

to the distance (> 3 m) between the two per-

sons and the protection of the monitor screens.  

The infection probability can be effectively re-

duced with the optimized Aerobuster system. It 

is expected that the infection probability will be 

increased dramatically when the two persons 

are sitting less than the safety distance and 

there is no obstacle between the persons. 

Therefore, mitigation measures to remove vi-

rus aerosol shall be taken in the closed indoor 

environment. 

Venting strategy and infection probability in the 

office room has also been studied using the 

point model, as shown in Figure 4. It is as-

sumed the office is closed for 60 min, then 

vented for 30 min with three different ways. 

The calculated infection probability at the first 

hour is 18% which is higher than the one cal-

culated in the 3-D simulation. This is because 

the more diffusive CO2 instead of discrete par-

ticles is used in the point model which leads to 

a higher local virus concentration near the 

healthy person. Consequently, more viral RNA 

copies are inhaled. The infection probability is 

dependent on the accumulated intake dose 

and the critical infective dose. The calculation 

results show that the infection probability in-

creases continuously with the time even 

though the door and windows open for 30 

minutes every one hour. The infection proba-

bility reaches 75 % after 330 min. It indicates 

that Coronavirus removal system, such as Aer-

obuster, is a good option to reduce the overall 

virus concentration and infection probability 

without too frequent venting. 

0 300 600 900 1200 1500 1800
0.0

0.2

0.4

0.6

0.8

1.0

ra
ti
o

 o
f 

p
a

rt
ic

le
s
 r

e
m

o
v
e
d

time (s)

 case2

 case3

 case4

 case5

 case6

 case7



Group: Hydrogen 

46 

 

 

 

 

Figure 3. GASFLOW analysis of Coronavirus-
laden aerosol removal and infection risk in a 

closed room 

 

 

Figure 4. Analysis of venting strategy and infec-
tion probability using the point model 

 

Contributions to the Innopool Project 
“Solar Hydrogen” 

The “Solar Hydrogen” innovation pool project 

aims to provide essential scientific knowledge 

and viable technologies for converting solar 

energy into hydrogen with the highest possible 

value for a sustainable energy system in Ger-

many and worldwide [5]. The technologies pur-

sued in the project are therefore characterized 

by the fact that they enable the generation of 

solar hydrogen with high purity and high pres-

sure. Solar hydrogen, which has these proper-

ties, can be used to in particularly high-quality 

applications (e.g. operation of a hydrogen fuel 

cell in cars). In this way, new technologies that 

can use solar energy to provide high-purity and 

compressed hydrogen at very low cost in the 

future make a special contribution to combin-

ing effective climate protection, security of sup-

ply and economic efficiency. 

In the Helmholtz Association, the topic of “solar 

hydrogen” is pursued with different, comple-

mentary, innovative technological approaches 

at the highest scientific level [5]. The participat-

ing scientists expect a particularly intensive 

scientific exchange of research approaches 

and process concepts from each other, a joint 

evaluation of the technologies for the produc-

tion of solar hydrogen and the quality and sui-

tability of the hydrogen provided with regard to 

the relevant applications. 

A very advancing technology to produce solar 

hydrogen is the methane pyrolysis in liquid 

metal [6]. Two groups of ITES are involved in 
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the development of this technology. One group 

is conducting the relevant experiments in order 

to improving the solar hydrogen converting ef-

fectiveness for instance. The hydrogen group 

is responsible for the solar hydrogen purifica-

tion and the safety issues. In the solar hydro-

gen purification work, the left methane and car-

bon particles will be separated from hydrogen 

by the membrane and porous media in the pu-

rification system, in order to fulfill the require-

ments [7]. Our tasks are to develop physical 

models and perform high fidelity direct numer-

ical simulations of the hydrogen purification 

process and analyze the potential safety is-

sues. 

The solar hydrogen purification work, e.g. the 

filtering the carbon particles via porous media, 

involves the dynamics of the gas phase (hydro-

gen and methane, etc.) and the solid phase 

(carbon particles) in the complex geometry 

filed (porous media). Therefore, the underlying 

theory adopted in the project is the Continuum 

Mechanics, which specifically is the computa-

tional fluid dynamics. The objective of the nu-

merical modeling of purification and safety of 

solar hydrogen consists of developing the pu-

rification model for filtering the carbon particles 

and separating the left methane in the produc-

tion, meanwhile ensuring the system running 

safely. The goal consists of the computations 

of the flows of the gases (hydrogen and me-

thane) and the carbon particles.  

The main theory adopted in the project is the 

computational fluid dynamics so that the math-

ematical model is Navier-Stokes-Equations 

with turbulence model and porous media 

model. In addition, the particle transport, dep-

osition, and even entrainment governing equa-

tions are solved independently of the fluid flow 

equations with one-way coupled particle 

model. The numerical method is a scalable fi-

nite volume method with multigrid on struc-

tured hexahedron grids, which is used to solve 

the transient, three-dimensional (3D) and com-

pressible Navier-Stokes equations for multiple 

 

Figure 5. Membrane experiment tube, the corresponding CFD modelling, and the hydrogen permeate 
flux alone the tube 
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gas species [8]. The linearized ICE'd ALE al-

gorithm provides the basis of the computa-

tional method to integrate the equations in time 

and space. 

During the reporting period, it is the beginning 

of our project. Therefore, a simulation of an ex-

perimental membrane tube is performed for 

validating/testing the code. The geometry 

model is set-up with the boundary conditions, 

as seen in Fig. 5 (a) and (b) respectively. For 

the testing calculation, only 1-2 nodes (namely 

16-32 processers) are utilized since the cell 

number is 150-500 thousand. The CPU con-

suming time is less than one day.  

The calculation results of hydrogen permeate 

flux along the membrane pipe is shown in Fig. 

5 (c). There is no uniform permeate flux since 

the hydrogen distributes in the feed side of the 

membrane tube, as seen in Figure 6. When we 

model the membrane tube bundle in a hydro-

gen membrane separator, the hydrogen con-

centrations could be more polarized. That is 

quite important for evaluating the membrane 

performance and the hydrogen recovery. 

Therefore. the need of more nodes for the fur-

ther calculations is of existence. The complex 

CFD modelling is planned for the later study. 

 

Figure 6. CFD contours of the velocity and hydro-
gen concentration in the feed and permeate sides 

Simulation of High Pressure Hydrogen 
Injection 

The current work was aimed to perform the test 

of the possibility to predict unexpected ignition 

during hydrogen injection into combustion 

chamber of the prototypical internal combus-

tion engine. 

The simulations were performed using the real 

geometry of the test facility part (Figure 7) con-

taining of the lower compartment of injecting 

hydrogen supply channel with the valve rod 

and the upper compartment of the combustion 

chamber with the hood forwarding injected 

mixture from the valve. 

 

Figure 7. COM3D representation (calculation do-
main and discretization mesh) of the test facility 
part. The quarter of the model is removed to 
demonstrate internal details of the model. 

The conditions of the simulations were corre-

sponding to the test conditions: 

- Pressure in the supply was 10.2 bar, pres-

sure in the combustion chamber was 1.8 

bar; 

- Pressure in the valve cap area was near 3 

bar; 

- Velocity of the valve was ~ 1 m/s during 

moving phase; 

- Mass flow rate by the opened valve was ~ 

10 m/s. 
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For the simulations a COM3D module which 

allows to reproduce moving boundary was 

used. The moving boundary conditions were 

applied to the valve cap and the short section 

of the valve rod above the cap. To minimize the 

computational efforts, only the components 

near the moving interface were included into 

the test simulations (see Figure 8). 

The mesh size in the mentioned case is 40 μm. 

The initial state was selected by the beginning 

of the opening phase. The supplying duct is 

filled with pure hydrogen at 3 bar pressure, the 

combustion chamber is air (O2 + 3.76 N2) at 

1.7 bar. The initial gap between the valve cap 

and the valve seat is about 1 mesh cell. 

 

Figure 8. The initial state of the test simulation. Hy-
drogen is shown by red color, air is in blue. 

 

The simulation started with valve cap moving 

downwards with velocity of 1 m/s. Since the 

spatial details were resolved with high accu-

racy, no macroscopic models as for instance 

models for turbulence, were used. The mass 

transfer model in the Navier-Stokes equation is 

based on the natural diffusion coefficients. The 

observed hydrogen inflow speed is quite high, 

as it could be expected in narrows it can 

achieve choked conditions with the local val-

ues of sound speed in pure hydrogen, and 

soon after modeling start, the noticeable 

amount of the combustible mixture was identi-

fied below the valve cap. In Figure 9, hydrogen 

distribution after 24.9 μs is shown. The ob-

served tongues are partially mixed with clearly 

seeing pockets of the H2 concentration near 

30% vol. The temperature distribution (see Fig-

ure 10) shows that in the areas of the burnable 

composition, the conditions correspond to the 

setting of the auto-ignition state. 

In the future work, an application of the chemi-

cal reaction accounting is planned. The de-

tailed chemistry model for the H2-air mixture is 

available in the COM3D code and its inclusion 

in the simulation is straightforward. Note, that 

for the trustworthy application of the chemical 

model, most likely further refinement of the ge-

ometry can be required. 

On the basis of the obtained results, one can 

conclude that the proposed approach can be 

useful for the obtaining of the detailed infor-

mation on the possibility of the unforeseen ig-

nition during 

 

Figure 9. Hydrogen concentration distribution after 
24.9 μs after opening beginning. 
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Figure 10. Temperature distribution after 24.9 μs. 
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First experimental results of a supercritical Organic Rankine cycle turbine 

using propane as working fluid 

Joaquin Mardon Perez, Julia Filipe, Hans-Joachim Wiemer 

 

For industrial waste heat applications the heat 

of 100-200°C has a great potential. One way to 

tap this energy potential is to convert it into 

electrical power via a thermodynamic cycle 

process. Electricity generation for these low-

temperature cycles is nowadays usually real-

ized via an ORC process (Organic Rankine 

Cycle). 

 

Fig. 1: ORC process 

 

The variation of the boundary conditions and 

the working fluids used has a large influence 

on the net electricity yield and thus on the eco-

nomic efficiency of a waste heat application.  

The approach followed by the ITES-EVT group 

is to maximize electricity production by select-

ing a heat transfer fluid suitable for the site-

specific boundary conditions in Europe and a 

supercritical live steam pressure. In previous 

studies [1], [3] Vetter et al. have shown that sig-

nificant performance improvements are possi-

ble at supercritical conditions.  

The working fluid selection has taken into ac-

count environmental and operational criteria, 

such as high thermal conductibility, low spe-

cific volume, high chemical stability, low corro-

siveness, low flammability, toxicity, low Ozone 

Depletion Potential (ODP) and Global Warm-

ing Potential (GWP) [2]. 

In order to optimize and validate this simulation 

model we built a supercritical ORC (MoNiKa). 

 

The MoNiKa power plant 

MoNiKa (Modular low-temperature cycle Karls-

ruhe) is a facility built at KIT campus north with 

the idea of studying and optimizing the ORC 

process. This installation is a small and com-

pact power plant. It was designed as a modular 

installation to allow the study and investigation 

of different components and operational pa-

rameter for the research of waste heat power 

generation from low-temperature heat 

sources. 

 

Fig. 2: MoNiKa -ORC power plant 
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In one Master thesis we mainly investigate the 

experimental results of the turbine operation 

with the focus to the load range between 40- 

100%.  

The second work involved the creation of a 

transient Simulink model of the two main 

power plant components, turbine and conden-

ser. The focus was on the combination of these 

two components and the implementation of a 

turbine efficiency model obtained from experi-

mental data. 

 

Components description 

The pumping system is compound by two 

pumps. The main pump is a LEWA triplex 

M514US G3G. It is a piston pump with a max-

imum mass flow of 3.6 kg/s and a design pres-

sure of 6.5 MPa (in this will be referenced 

as main pump). 

The heat exchanger manufactured by 

Gesmex, is the connection between both cy-

cles, (water and organic). It is a counter- flow 

plate heat exchanger designed to work in a su-

percritical regime. The design thermal power 

installed is 1000 kW for full load operation. 

The condenser manufactured by KÜHL-

TURMKARLSRUHE has a support sub frame 

with 3.5 m of height. It is located between the 

exit of the turbine (or throttling valve), and the 

propane tank. However, the condenser is pre-

pared to work with water spray.  The heat ex-

change areas are built symmetrically in “V” 

configuration. They include three chambers. 

Each one is equipped with a vertical fan (im-

peller and diffusor) of 2.5m diameter. The 

power consumption of each motor is max.13 

kW at 322 RPM and a maximum volume flow 

rate of 44 m3/s each and in total 39 kW - 132 

m3/s. 

 

Fig. 3:Propane tank und Condenser 

 

The last component of the circuit is the turbine. 

 

Fig. 4: Turbine with gearbox and generator 

 

In Fig.5 the axial four-stage propane turbine 

with constant stage pressure (impulse design) 

with a nominal rotational speed of 9996 1/min. 

It is a welded construction made by M+M TUR-

BINE-TECHNIK [10] 
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Fig. 5: Turbine cross-section 

 

The axial bearing is made in the steam inlet. 

Sealing to the outside is achieved by means of 

carbon seals. The vapor inlet area (front side) 

is of closed design and has a leakage gas dis-

charge, which is led to the exhaust vapor. In 

the area of the shaft passage at the coupling 

connection (gear side), a closed design is not 

possible. Here, nitrogen is supplied behind the 

first seal and the nitrogen-propane mixture is 

discharged behind the second seal. Behind the 

third seal, atmospheric conditions prevail. 

The 150 MVA synchronous generator is con-

nected to the turbine with a gearbox. 

The generator made by MarelliMotori has a 

control system provided by DEIF, which work 

in temperatures between -20 °C and 70 °C. 

The measuring voltage is from 100 to 690 V 

AC (+/- 20%), and the measuring current is -/1 

or -/5 A AC. The current overload is 4𝑥𝐼𝑛 in 

continuous, 20𝑥𝐼𝑛 𝑖𝑛 10 𝑠 (max〖75𝐴)〗, 

80𝑥𝐼𝑛 𝑖𝑛 1 𝑠 (max 300𝐴) and the measuring 

frequency is 30 to 70 Hz.  To connect the gen-

erator with the KIT grid, a Janizta UMG 512 is 

used as a measurement system. 

In addition to these main components, the fol-

lowing auxiliary units are also important for the 

power plant operation.  

Support pump from Grundfos, which ensures 

the upstream pressure to the main pump.  

Propane separator from Borsig which sepa-

rates the nitrogen propane mixture from the 

purgegas of the turbine shaft seal. The sepa-

rated propane can be returned to the propane 

tank. 

 

Fig.6: Scheme of the power plant MoNiKa 

 

Propane tank with a volume of 2.4 m³, also an 

additional storage tank for refilling propane.  

Furthermore, we have a 7-m³ fuel oil storage 

tank to supply the water heating station.  

The control and regulation technology con-

tainer with a redundant S7-416 PLC and the 

SIEMENS power plant software T3000.  

The Control room container include two work-

stations for power plant monitoring and control. 

One additional PC mange the data storage for 

the scientific instrumentation.  

Additionally installed scientific measuring 

points are used for the acquisition of additional 

parameters such as ambient temperature and 

humidity, pressure difference condenser, tem-

perature and velocity field condenser as well 

as an optical access to the propane circuit for 

flow characterization.  

 

Instrumentation 

The sensor technology installed in MoNiKa ful-

fills two requirements: the first for power plant 

control and regulation, the second as a plat-

form for scientific studies conducted in the 

plant. Therefore, the plant is much more exten-

sively instrumented than in a normal power 
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plant. For balancing purposes, sensors for 

temperature and pressure are installed along 

the entire cycle, i.e., at the inlet and outlet of 

each component.  

The mass flow rate and density of the working 

fluid are measured between the outlet of the 

main pump and the inlet of the heat exchanger 

using an E+H Promass 83F sensor. This sen-

sor uses Coriolis forces and resonance fre-

quency to provide a direct measurement of 

mass flow, velocity and density. 

A WIKA TR34 Class A-PT100 is used to meas-

ure temperatures at all points in the system. 

These sensors are connected as 4-wire re-

sistance thermometers and have an operating 

range of -50 to 250 °C. These thermometers 

are characterized by a compact design, are re-

sistant to vibration and have a fast time re-

sponse for operating measuring points. Type K 

thermocouples are used in areas with in-

creased time requirements.  

For pressure measurements at the MoNiKa 

plant we use the Vegabar 81 and 82. These 

pressure transmitters are universally applica-

ble for the measurement of gases, vapors and 

liquids. They have a ceramic measuring cell, 

which allows the sensor to behave well in cor-

rosive and hot environments. The main differ-

ence between purchased sensors is the tem-

perature range in which they can operate. In 

addition, the pressure range in which they op-

erate is different within the ORC cycle, result-

ing in pressure measurements in the low-pres-

sure section having higher absolute accuracy 

than in the high-pressure section. 

The sensors are in direct contact with the liquid 

(propane and water). There is no sleeve or cap 

between them. This direct contact allows better 

measurement of the fluid properties, but 

makes it impossible to remove the sensor from 

the pipeline for maintenance reasons without 

draining it first. For this purpose, MoNiKa's 

measurement system is designed with redun-

dancy, which means that two or three sensors 

of the same type are installed at each meas-

urement point. This redundant configuration 

makes it possible to increase the availability of 

the measurement technology, which on the 

one hand increases safety during operation 

and on the other hand helps to detect system-

atic errors.  

To measure the environmental conditions, the 

system is equipped with one pressure, humid-

ity and temperature sensor. In addition, a set 

of type k thermocouples and a pressure sensor 

is installed in each chamber of the condenser. 

Tab. 1: List of Sensors used for this master's thesis 

Facility 
code 

Model Signal type 

PS10-02 VEGABAR 
81 

4-20 mA 

PI10-03 VEGABAR 
81 

4-20 mA 

PS10-03 VEGABAR 
81 

4-20 mA 

PI10-12 VEGABAR 
82 

4-20 mA 

TS10-02 TR34 Class 
A  

TR300(4-
20mA) 

TI10-02 TR34 Class 
A 

TR300(4-
20mA) 

FI10-02 
PROMASS 

83F 
Profibus DP 

10P1* SINAMICS 
G180 

AC 

 10P2** CRN20-04 
E-FGJ-G-E 

PI controller 

 

Simulation Software GESI 

GESI (Geothermal Simulation) Vers.2.3.6c [5] 

is an in-house program that has been devel-

oped in MATLAB by the ITES (Institute for 

Thermal Energy Technology and Safety) for 

studying and optimizing the thermodynamic 

process of the Organic Rankine Cycle (ORC). 

The software use the physical property data 

taken from REFPROP 9.0, from the National 

Institute of Standards and Technology [6]. 

This tool solve the energy and mass balance 

of the ORC Power Plant in stationary regime. 

As an input the definition of the thermal water 

values, selection of the operational points, the 
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ambient characteristic and the equipment is 

necessary. The tool provides as a result the 

major values of the whole process and delivers 

diagrams e.g. temperature- and entropy dia-

gram.  

The results of the simulation allows to validate 

the power plant model and to determine the ef-

ficiency of the pump and turbine in full- and part 

load operation.  

 

Experimental results in turbine operation 

The tests runs were performed in November 

2021, in turbine operation. The focus of these 

tests was to investigate the turbine character-

istic and to measure the turbine efficiency.   

It should be noted that the plant has certain lim-

itations, either with respect to plant safety or 

thermodynamic values that cannot be reached, 

which prevent some values planned through 

the GESI software from being addressed ex-

perimentally.  

Safety limitations: 

 Quality factor at turbine outlet (4) should 

never be less than 𝑋 <  0.80. in case of oc-

currence, the formation of droplets inside 

the blades may cause damage to the 

blades. 

 When the boiler temperature exceeds 

160°C, for its own safety, the heating sta-

tion immediately shuts down. 

Thermodynamics limits: 

 The power plant, due to some problems 

with the manufacturing of the heat ex-

changer (boiler), cannot reach a tempera-

ture at the inlet of the turbine (3) of more 

than 113 °𝐶 for 𝑚̇𝑇 < 2.2 𝑘𝑔/𝑠 and 109 °𝐶 

for 𝑚̇𝑇 > 2.6 𝑘𝑔/𝑠 at given constrains. For 

comparison, the design point at the inlet of 

the turbine is 117 °𝐶. 

The experiment started on the first day with a 

slow warm-up when the cycle starts in bypass 

mode and the boiler is prepared. The warmup 

concludes when the main pump head temper-

ature is less than 0.5 °C for at least 30 minutes, 

and all the process takes around 4 hours. After 

warming up, the load points were processed 

with an average time of 30 minutes each, and 

once the seven load points were completed, 

the experimental day ended with the regular 

shutdown. 

The purpose of the second day was a sensibil-

ity experiment with the opening of the turbine 

control valve. As on the first day, the experi-

ment started with a warm-up, which lasted 4 

hours. Then by changing the opening of the 

turbine control valve (10PRV01 see Fig. 7), 

i.e., opening for each run, the ORCs pressure 

started to modify.  

 

Fig. 7: Test run results 2nd day, opening of control 
valve  

 

When the load is above 40% and the turbine 

control valve has fixed position, e.g., fully 

open, and the propane temperature is con-

stant, the propane pressure will change pro-

portional to the mass flow according to 

Stodola’s law. This regime is preferred at load 

above 40% Fig.8.  The next figure shows the 

two different regimes in MoNiKa power plant 

when the bypass valve is fully closed during 

the warm-up. The minimum mass flow rate at 

which the plant can be operated properly is 

𝑚̇𝑇 = 2.3 𝑘𝑔/𝑠 which corresponds to ca. 80% 

of the design mass flow.   
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Fig. 8: Test run results 2nd day fixed and sliding 
pressure operation 

 

Experimental work on turbine sensitivity was 

also planned for the last day, but in this case 

related to the ORCs mass flow increase. It 

started with a 𝑚̇𝑇 = 2.1 𝑘𝑔/𝑠 and after that it 

was increased by 0.1 𝑘𝑔/𝑠 until a turbine mass 

flow rate of 2.8
𝑘𝑔

𝑠
 was reached. As during the 

previous days, the day started with a slow 

warm-up but with an issue in the middle of the 

process: The boiler surpasses 160°C, so auto-

matically the control system tripped the boiler. 

Once, the boiler worked more stable, the 

warm-up finally ended properly. 

 

Fig. 9: Test run (3.6) results 3rd day turbine effi-
ciency vs. mass flow 

 

Here can be observed the efficiency increase 

with decreasing turbine mass flow rates. In 

particular, run 3.1 has a different behavior be-

cause pressure and temperature at point 3’’ 

are quite close to the critical point, which 

means a bigger error in the calculation of the 

enthalpy and entropy with REFPROP. Addi-

tionally, it is important to remark that run 3.2 

surpasses the maximum value possible of effi-

ciency, that is greater than 1 (Fig 9). The main 

reason for this behavior is that the temperature 

values at point 3’'(cal. turbine inlet) is very 

close to the critical point, where the enthalpy 

calculation has very high systematic errors. 

The range of this error in all day was higher in 

the points 3.1, 3.2 and 3.3 (2,4%, 3,5% and 

5,5% respectively) and in the range of 1,6% for 

the other runs. 

 

Stodola´s law 

The aim of this section is correct the Stodola’s 

law due to the real behaviour of the turbine 

compared with the ideal equation 1. 

(
𝑚̇𝑇

𝑚̇𝑇,0
)

2

 =  
𝑝𝑇1

2 −𝑝𝑇2
2

𝑝𝑇1,0
2 −𝑝𝑇2,0

2  
𝑇𝑇1,0

𝑇𝑇1
. (1) 

 

In addition, the equation (1) could be 

rearanged as, 

𝒎̇𝑻 =  𝑪 ∗ √𝑭 ⋅ √
𝒑

𝟑′′
𝟐 −𝒑𝟒

𝟐

𝑻𝟑′′
+ 𝑪′. (2) 

 

The missing coefficients are determined with 

the experimental data to: 

 C = 1.5442 

 C’ = -1.3352 kg/s 

This equation only valid in the following limits:  

 Mass flow: 1.88   <   𝑚̇𝑇   <   2.74 [kg/s] 

 Pressure: 3860   <   𝑝3′′  <   4900 [kPa] 

 Temperature: 363.5< 𝑇3′′ < 376.5 [K] 
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Simulink model of Turbine and Condenser 

The second master thesis from Julia Filipe use 

the Stodola equation and the correction coeffi-

cients from J.Mardon Perez [7] to develop a 

Simulink model of the turbine. She add the ex-

isting model of the condenser which was de-

veloped by M. Fossati [9] to her turbine model. 

One of the main objectives was to create a 

model that is consistent in its outputs, and to 

obtain results that reflect the real measure-

ments over a wide operating range. In line with 

this, another objective is to analyze the turbine 

efficiency and its dependence with the inputs 

to the model. Finally, the model is intended to 

describe and aid the understanding of the phe-

nomena related to the supercritical operation, 

and to allow the definition of the fluid state at 

the inlet of the turbine. 

The Figure 10 shows the flow chart of the tur-

bine model.  

Afterwards, the Stodola block modelled was 

coupled to the condenser model, by perform-

ing the modifications needed in the inputs and 

outputs of the blocks. Once this was com-

pleted, the energy balance modelling began. 

At this point, the model gained complexity be-

cause of the need for data acquisition provided 

by the REFPROP database, used to retrieve 

the intermediate values of enthalpy and en-

tropy that allow the calculus of the turbine out-

let enthalpy. Therefore, the indirect connection 

of REFPROP with Simulink through Lookup ta-

bles was implemented, following the method-

ology described by M.J. Fossati in his thesis.  

The validation of the Stationary model is done 

by comparing the simulated results with the av-

eraged measurements related to the same run. 

The relevant outputs discussed are the turbine 

power (Pt), the turbine inlet pressure (pt,in) and 

inlet temperature (Tt,in). The comparison be-

tween measured and simulated results is also 

reflected in the percentual difference of the 

simulated value over the measured value. 

 

 

Fig. 10: Flow chart of the Simulink model 

 

In Figure 11, the values corresponding to the 

turbine power can be seen. Firstly, it should be 

pointed out the fact that the variable actually 

being measured is the electric power, while the 

comparison is made against the shaft power. 

Having said that, the calculated shaft power 

can be taken as a reliable value whose rate to 

the measured electric power (related to the ef-

ficiencies of the generator and the gear box) is 

maintained almost constant. 

The majority of the simulated power values ob-

tained present a percentual difference of less 

than 5% against the real values. However, the 

runs corresponding to the 3rd day show a ten-

dency to increase this difference. This could be 
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explained by the fact that the 3rd day also pre-

sents high overall parameters fluctuation due 

to a malfunction of the boiler during the opera-

tion of the plant. Therefore, the employment of 

averaged data in such conditions produces low 

quality results, and the prediction can be ex-

pected to be inconsistent and ambiguous. 

 

Fig. 11: Test run (3.6) results 3rd day turbine effi-
ciency vs. mass flow 

 

Transient results 

Regarding the turbine inlet pressure and tem-

perature as seen in Figure 12 and Figure 13, it 

can be observed a good coupling between the 

measurement curve and the simulated variable 

during the incremental period and in the stabi-

lization region too. Both outcomes look con-

sistent. However, the T simulation is 2 K ap-

prox. higher with respect to the measured 

values, both in the Simulink output and in GESI 

result. In these two cases the advantage over 

GESI is clear, as the program is unable of sim-

ulating transient conditions. 

 

Fig. 12: Turbine inlet pressure simulation result 

 

 

Fig. 13: Turbine inlet temperature simulation result 

 

There it can be observed a progressive incre-

ment in the measured power during the first 

150 s approx. After that, the power values 

seem to stabilize around 100 kW (Fig.14). The 

simulated power tightly follows this increase, 

thus performing an overall good prediction. 

However, the model is not able to follow the 

fluctuation of the signal. With respect to GESI, 

the simulated constant power is relatively far 

from the measured power, presenting a differ-

ence of near 40 kW above the real values. 

 

Fig. 14:Turbine outlet power simulation result 

 

Summary 

For that matter, the temperature and pressure 

were iteratively found by employing enthalpy 

values and working with LookUp tables. This 

way of modelling proved to be successful and 

brought versatility to the model, making possi-

ble to achieve fluid definition results at the tur-

bine inlet, which are close to the measure-

ments. However, it should be pointed out that 

these calculations still need refinement in order 

to lower the error against the real values.  
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Apart from that, when considering the temporal 

behavior of the test runs, the model is con-

sistent in simulating stationary conditions, and 

is capable of predicting progressive and rela-

tively slow transient conditions. Since the 

model is based in Stodola’s equation, which is 

only applicable to stationary conditions, it is not 

suitable for simulation of fast variations such 

as the transient conditions encountered during 

the warm-up and shutdown of the turbine.  

The simulated results show some marked 

tendencies on each of the variables. In gen-

eral, the model predicts power results consist-

ently below the measured values. With respect 

to the turbine inlet temperature, it is observed 

a sustained prediction of values approx. 2 K 

above the measured data. In the case of the 

pressure, the results show accuracy and fluc-

tuate 0,1 MPa approx. around the measured 

pressure values. 

Based on this work, a relevant future study 

would be to further analyze and understand the 

relation between the variables that compose 

the plant, trying to set correlations between 

coupled effects from the different elements, 

which are part of the cycle. Furthermore, a log-

ical next step would be to develop a one-di-

mensional model of the turbine that considers 

the variation of the parameters progressively 

inside it. 
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Introduction Framatome Professional School (FPS) 

 

 

The FPS is strongly involved in higher educa-

tion activities. In 2021 numerous master’s the-

sis were supervised with topics from energy 

technology including the GWh-scale Carnot 

battery system BattMarines, and energy topics 

relevant for countries in South America or in-

dustries including Siemens Energy GmbH. 

Some of the PhD studies in the FPS are pre-

sented in separate sections of this article.  

Furthermore, Andreas Class is the programme 

director of the EIT InnoEnergy Master School’s 

double-degree programme “MSc Energy Tech-

nologies” offering an English-taught broad-

based higher education in a variety of key en-

ergy engineering disciplines, from renewable 

energy to decentralized power supply, energy 

economics and more. Next to mastering the 

latest technologies in energy, students gain an 

in-depth understanding of the role of innova-

tion and entrepreneurship in the future of this 

industry.  

Within the programme the business partner 

UnternehmerTUM teaches the Innovation and 

Entrepreneurship Journey providing a thor-

ough education on the role and the basics of 

I&E in engineering. Industry challenges and in 

particular the Siemens-Energy New Energy 

Challenge give students the opportunity to de-

velop innovative approaches and pitch them in 

front of innovation managers at leading com-

panies in the energy sector. In the Industry Ap-

plied Project and the Innovative Project stu-

dents work hands-on at problems which are 

developed and monitored together with indus-

trial partners. The programme is run by a con-

sortium of 4 European universities: KIT; Upp-

sala University, Sweden; Instituto Superior 

Técnico, Portugal and Grenoble INP-UGA, 

France.  

Karsten Litfin is involved in nuclear compe-

tence preservation at the "Fortbild-

ungszentrum für Technik und Umwelt" (FTU) 

of KIT where courses for the introduction in nu-

clear reactor technology and IAEA Safeguards 

Traineeship are provided. Other educational 

activities include courses in physics at the 

Duale Hochschule Baden-Württemberg 

(DHBW) in Karlsruhe. 

 

CFD Validation 

Abdalla Batta, Karsten Litfin, Andreas G. Class 

Validation of CFD models takes important part 

of our work at the FPS. An example of recent 

validation work can be found in [1].  There, nu-

merical validation for temperature measure-

ments in a blocked 19-pin hexagonal wire 

wrapped rod bundle experiment carried out by 

the Karlsruhe Liquid Metal Laboratory (KALLA) 

of the Institute within the EC-FP7 project 

MAXSIMA “Methodology, Analysis and eXper-

iments for the Safety In MYRRHA Assess-

ment” is presented. The recent study considers 

validation by using temperature values meas-

ured downstream of the side upper blockage 

E1 shown in Figure 1. Here, temperature re-

sults at interface between rods and wire wraps 

and fluid for the blocked case 145 with a flow 

rate of 18.7kg∙s-1 and a heat load of 394kW is 

presented. The wireframe in this figure repre-

sents the measurements layer 3.  
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Figure 1. Temperature at interface between rods 
and wire wraps and fluid case 145, wireframe rep-
resents ML3. 

 

It was concluded in [1] that a strong impact of 

the blockage on the local temperature values 

surrounding the blockage just downstream of 

the blockage level was found both numerically 

and experimentally. However, the results show 

different locations for the highest impact in the 

considered cases. In the validation, we define 

the error as the difference of numerical values 

to experimental values. Acceptable agreement 

is found for all thermocouples far from the edge 

channels. Near the edge channels, bigger er-

rors were observed even for the none-blocked 

case 24. This indicates that the thermal behav-

ior is influenced by effects not considered in 

the simulation. These may include physical ef-

fects such as conjugate heat transfer to the fuel 

bundle casing and potential nonhomogeneous 

inlet conditions in the experiment as well as the 

well-known deficiencies of RANS turbulence 

models for low Prandtl number fluids which are 

under continuous consideration 
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Reduced Order Model (ROM) of 

Standard K-𝝐 Turbulence Model 

Jorge Yanez, Andreas G. Class 

Development of previous nuclear reactors 

heavily exploited experiments ensuring that 

thermal hydraulics is predicted under design 

and off-design conditions. Today’s develop-

ment of energy technology relies much 

stronger on numerical predictions. With the 

heavy usage of computational fluid dynamics 

(CFD) it becomes mandatory to not only pre-

dict the results for the exact cases considered 

in the CFD but also to provide information on 

the sensitivity on parameters, initial and 

boundary conditions. A promising strategy 

seems to be post-processing of CFD results 

yielding a very fast-running surrogate model 

and finally assessing the sensitivity of the re-

sults by running the surrogate model for nu-

merous varying cases. In particular, we inves-

tigate surrogate models for the standard k-ϵ 

model the workhorse for turbulent flow simula-

tion.  

The completion of so many calculations –hun-

dreds or even thousands of them– is a task that 

requires a highly efficient methodology re-

ported in [1-3]. The proposed POD-Galerkin 

ROM consists of computing an initial value 

problem with a High Fidelity Solver, store a set 

of solutions (snapshots) and post process 

them finding a reduced base employing POD. 

Finally, the governing equations are rewritten 

in this new coordinate system and resolved. 

However, the creation of a POD-Galerkin 

model of the standard 𝑘-𝜖 model is complex 

due to the non-linearities of 𝑘-𝜖 equations 

which are are |𝑢|, 𝜈𝑡 = 𝑐𝜇𝑘2/𝜖 and 𝜖/𝑘. Those 

are analysed utilizing the Discrete Empirical In-

terpolation Method (DEIM), Firstly, we calcu-

late CFD snapshots of the non-linear magni-

tudes and create reduced basis of the non-

linear variables. Next, we calculate the values 

of the variables in a set of selected points, the 

so-called magic points. Magic points are usu-

ally calculated utilizing a Greedy algorithm (to 

get optimal points). In our study, we will utilize 

point oversampling with a random distribution 
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strategy. In the computation of the nonlineari-

ties rational functions are computed involving 

both k and ε which are strictly positive and ex-

hibit very large variation. Our strategy to over-

come resulting severe deficiency is to identify 

domains where the error is high in the snap-

shots themselves. Then, exclude these do-

mains from the reduced basis generation. 

Technical details of the procedure can be 

found in [3]. 

 

 

Figure 1: Two DEIM modes for ε/k nonlinearity. 

 

Applying our methodology results in a ROM 

with small complexity, which can be evaluated 

several orders faster the original high fidelity 

model.  Projecting the high fidelity CFD results 

into the reduced basis allows direct compari-

son. Velocities, temperatures and turbulent ki-

netic energy are very well predicted. Even the 

turbulent dissipation reproduced acceptably, 

so that the ROM is suitable to investigate sen-

sitivity. 
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Weak curvature asymptotics for Debye 
layers as electrohydrodynamic 
discontinuities 

Philipp Marthaler, Andreas G. Class 

Electric effects in fluid dynamics are particu-

larly important for microscale systems and thus 

for biological systems, such as cells and vesi-

cles, and technical systems like micropumps. 

In the field of electrohydrodynamics, a widely 

accepted approach is the simplification that the 

electric and the fluid mechanic problems are 

just weakly coupled via Smoluchowski-type 

boundary conditions. However, our under-

standing to date is limited on a range of full 

electrokinetic problems that can only be ex-

plained considering a strong coupling between 

electrostatics and fluid flow.  
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The FPS research group pursues numerical 

and analytical approaches to reach a deeper 

understanding of full electrokinetic systems. 

Current numerical examinations focus on the 

development and optimization of electrokinetic 

micropumps [1]. Previously, a number of ana-

lytical studies with applications in biomechan-

ics have been published. Important aims are 

for instance the understanding of varying sur-

face potentials (compare figure 1) or the influ-

ence of complex surface geometries as high-

lighted in the following paragraph. [2,3,4,5] 

Important microfluidic phenomena, such as 

droplet deformation and cell motion, are im-

pacted by the formation of Debye layers at 

charged interfaces. Previous studies examined 

interface problems with leaky dielectrics or the 

formation of diffuse charge layers. In most 

cases, the results are derived for weakly 

curved spherical geometries. Moreover, many 

studies of streaming-potential phenomena at 

fluid-solid interfaces lack a macroscale de-

scription of effects that are higher than first or-

der. An asymptotic methodology capturing 

both complex surface geometries and an accu-

rate description of higher-order phenomena is 

presented in this study (compare figures 2 and 

3). For this purpose, we consider a generic 

streaming-potential problem. As a result, the 

complex three-dimensional electrohydrody-

namics in the Debye layer are entailed in two-

dimensional discontinuity conditions. The latter 

contain a free parameter, the layer thickness, 

which mathematically represents the disconti-

nuity position within the Debye layer. It can be 

used to derive an alternative definition of the 

Debye thickness capturing the influence of the 

ζ-potential. We introduce a virtual particle 

whose outer boundary envelopes the solid par-

ticle plus a fraction of the Debye layer. It inter-

acts with the macroscopic flow while incorpo-

rating the detailed electrohydrodynamics 

inside the layer. [4] 

 

Figure 1. Electrohydrodynamic flow around a 
sedimenting particle with time-varying zeta-po-
tential. Streamlines in black, high pressure in 
red and low pressure in blue colors. [5] 

 

 

Figure 2. Electrically charged solid particles and 
vesicles (fluid-fluid interface systems) that can 
be investigated with our model. (a) Liquid-liquid 
bilayer model, (b) spherical liquid-liquid bilayer 
model, (c) liquid-solid model, and (d) spherical 
liquid-solid model. [4] 

 



Group: Framatome Professional School 

65 

 

Figure 3. Geometrical modeling of curved inter-
faces in the asymptotic model. 
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Analysis of Flow Blockages in a 
Typical Fuel Assembly of a Liquid 
Metal Cooled Reactor employing CFD, 
Coarse Grid-CFD and POD-ROM 
methodologies 

Shenhui Ruan, Andreas G. Class 

Flow blockage of coolant channels in Liquid 

metal cooled fast reactors (LMFRs), which 

leads to increasing of cladding temperature 

and possibly results in failure of cladding, is a 

severe risk to the safety of reactors. Recently, 

many experiments and simulations have been 

conducted to analyse the heat transfer and 

flow characteristics in flow blockage regions. 

Some experiments (Fontana, et al. 1973; 

Pacio, et al. 2018) show that small partial 

blockage has insignificant effect on pressure 

drop and flow rate of assemblies. Computa-

tional fluid dynamics (CFD) is also applied to 

analyze the effect of some factors including 

blockages properties and boundary conditions 

(Chai, X, et al. 2019). 

Compared to conventional CFD method, the 

Reduced Order Models (ROM) could dramati-

cally accelerate the simulation speed and pro-

duce acceptable results (Yanez, J, & Andreas 

C. 2021). Therefore, our group plans to de-

velop a ROM method which is based on 

Coarse Grid-CFD and Proper Orthogonal De-

composition (POD)-Galerkin projection 

method to simulate the flow blockage phenom-

enon. 

The typical fuel assembly contains many re-

peating geometrical blocks and the flow behav-

ior in the blocks is similar. Hence, the dominant 

flow patterns, named spatial POD modes, 

could be obtained after post processing a se-

ries of conventional CFD simulations of a typi-

cal LMFR assembly. Then a ROM will be cre-

ated by projecting governing equations onto 

the dominant modes. The flow and heat trans-

fer in each block could be predicted by the 

ROM combined with a method to minimize the 

discontinuities between block interfaces. The 

comparison between CFD and ROM simula-

tions will be carried out to verify the ROM. Fi-
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https://www.kit-technology.de/en/blog/interview-nominees-of-the-neuland-innovation-contest
https://www.kit-technology.de/en/blog/interview-nominees-of-the-neuland-innovation-contest
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nally, the influence of blockage geometric fac-

tors and coolant flow conditions will also be 

simulated and summarized. 

To perform POD of variable fields in blocks, the 

mesh topology and cell number in repeating 

blocks for high resolution CFD simulations 

should be the same. Hence, a meshing 

method based on mirroring and copying is car-

ried out. Figure 1 shows the mesh of repeating 

blocks which is applied to perform high resolu-

tion CFD simulations. 

 

Figure 1: Mesh of subchannels in LMFR, (a) mesh 
of an individual block; (b) mesh of a typical sub-
channel; (c) mesh of several subchannels. 

 

Dominant modes of different variable fields 

and the number of modes considered for Ga-

lerkin projection could be obtained by conduct-

ing POD on variable fields. Figure 2 shows 

dominant modes and normalized eigenvalue of 

velocity field for a case with porous blockages 

in 2 blocks. 

 

Figure 2: Dominant modes of velocity for a case 
with porous blockages in 2 blocks 
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PDF Methods for Two-Phase flows 

Lorenz Weber, Andreas Class 

A deeper understanding of phenomena in two-

phase flows can be applied to many fields in 

engineering and science. Cavitating flows or 

condensation and boiling processes are found 

for example in power plants, pumps, or heat 

pumps. For numerical simulations of two-

phase flows, a stochastic approach [1], [3] is 

further developed in the present work focusing 

on phase-change and heat-transfer problems. 

Since decades PDF methods in CFD are suc-

cessfully used in the field of reactive flows to 

handle their highly non-linear behavior [2]. 

The present study is evaluating the use of Vo-

ronoi diagrams in combination with a con-

strained K-Means clustering in the postpro-

cessing of bubble distributions for improved 

histograms in space. Developed methods are 
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tested and validated with the institute’s experi-

mental data. Insights into the improved analy-

sis of PDF fields are enabling the development 

of an enhanced statistical field method for two-

phase flows. 

 

Figure 1: Voronoi-diagram applied to a random 
bubble distribution 

 

 

Figure 2: Instantaneous vapor fraction based on 
Voronoi diagram grouped in clusters of 8 bubbles 
with histogram of the bubble size distribution at an 
example location (white arrow). 
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Measurement and modeling of the 
boiling crisis in a rod bundle on 
Accident Tolerant Fuel (ATF) cladding 
materials 

Nicolas Wefers, Stephan Gabriel, Andreas 

Class 

The boiling crisis in rod bundles has been stud-

ied for long time, yet the critical heat flux den-

sity (CHF) and especially the mechanism of lo-

cal film boiling Departure from nucleate Boiling 

(DNB) has so far eluded simulative prediction. 

This is due to the complexity of the flow and 

the limited observability of the phenomenon 

with available measurement technology. The 

complexity also stems from the fact that the 

material properties of the boiling surface have 

a direct effect on the critical heat flux density 

[1,2,3]. 

Within the scope of the project, new cladding 

tube materials for rod bundles will be investi-

gated experimentally at the Multiphase Flow 

Group (MPF) and with accompanying simula-

tions at the Framatome Professional School 

(FPS), for their suitability for the regular opera-

tion of nuclear power plants. For this purpose, 

accident-tolerant fuel materials (ATFs) opti-

mized for beyond-design-basis events, such 

as chromium-coated Zircaloy-4 and CrFeAl, 

will be compared with a classical rod bundle 

made of Zircaloy-4. In particular, the influence 

of cladding materials on CHF and the mecha-

nism of DNB, which have not been previously 

considered in lock-up tables for determining 

CHF, are investigated [4]. The planned work 

packages of the project include: 

https://doi.org/
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Since, according to previous investigations, 

the occurrence of DNB does not seem to ex-

hibit a discrete threshold value, but rather a fre-

quency distribution, simulation calculations are 

to be carried out in the project at the FPS to 

better delimit the finite measurement accuracy 

and the statistical behavior of the flow. For this 

purpose, a CFD model of the test section is to 

be built and verified with own preliminary test 

data. Furthermore, simulations are to be used 

to find the essential parameters and a setup for 

the subsequent tests, which are to provide 

meaningful data. Experiments at the COS-

MOS-L facility of the MPF in figure 1 are 

planned to characterize the measuring section 

and provide validation data for the CFD simu-

lation. 

 

Figure 1: Critical-heat-flux On Smooth and Modi-
fied Surfaces – Low pressure loop (Test Facility 

COSMOS-L) 

 

In the main experiments, boiling or CHF in the 

reference Zircaloy-4 rod bundle as well as the 

two ATF rod bundles will be investigated with 

the optimized experimental setup and design 

from the preliminary experiments and pre-test 

simulations. For this purpose, measurements 

will be performed on the boiling cladding tubes 

up to CHF. The parameter studies shall include 

pressure, inlet temperature, mass flow and, if 

necessary, other important influencing varia-

bles. It shall be investigated how the expected 

differences of the CHF values, can be as-

signed to the different material properties of 

the cladding tubes. 

While the pre-test simulations are intended to 

support the test execution, the post-test ana-

lyses are used to interpret and evaluate the er-

ror limits of the measured data. In particular, 

the heat transfer conditions when the CHF 

phenomenon occurs depend very much on the 

parameters of the heat transfer relations used. 

The goal of the evaluations is to identify the 

main influencing parameters for the different 

ATFs. Furthermore, the experimental/numeri-

cal results will be used to provide a database 

for the validation of further developments of 

CHF simulation codes and system codes, with 

reference to the boiling crisis. 
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