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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 re-
search laboratories in Campus North of
Karlsruhe Institute of Technology (KIT).

The research of ITES focuses on conversion
from thermal power to electric power for fu-
ture power systems without CO2 emission
including 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 profound experience in nu-
merical simulation and in design and opera-
tion of large-scale experimental 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
approach at KIT, and ITES is contributing ac-
cordingly to courses in mechanical engineer-
ing, supervises several bachelor and master
theses each year and coordinates master
programs in energy technologies. Compact
courses on energy technologies are given
also in executive master programs and in the
Framatome Professional School, which is
funded by industry and managed by ITES.

Resources

The employees of ITES contribute to the re-
search-programs Materials and Technolo-
gies for the Energy Transition (MTET), En-
ergy System Design (ESD), Fusion
(FUSION), and Nuclear Waste Manage-
ment, Safety and Radiation Research

(NUSAFE) in the research field energy of the
Helmholtz Association (HGF). By the end of
2022, around 94 scientists, engineers and
technicians have been working at ITES on
this wide range of COz-free technologies for
energy conversion. Fig. 1 illustrates that 41
% of the ITES employees were working for
the NUSAFE program, but steadily reduced
in recent years. Around two third of the em-
ployees were funded in 2022 by the Helm-
holtz Association (HGF), the others by third
party funds of the European Commission, by
industry, by German ministries or by other
research funds. Doctoral students as well as
students of the Baden-Wuerttemberg Coop-
erative State University (DHBW) were filling
around 20 % of these positions at ITES. In
addition, students perform their bachelor or
master theses or spend an internship in the
research laboratories of ITES.

Employees assighed according
to Helmholtz programmes,
2022, in ETE

FUSION
B NUSAFE
W ESD

B MTET

Fig. 1: Assignment of ITES personnel to Helm-
holtz programs.

An overview of the structure of ITES is given
by the organization chart, Fig. 2. Because all
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working groups are embedded in the re-
search field energy of the Helmholtz associ-
ation (HGF) a close collaboration within the
groups is guaranteed.

Institute for Thermal Energy
Technology and Safety

W. Tromm (acting)
Deputy W. Raskob

Multiphase Framatome
Flow Professional
S. Gabriel Il School
A. Class
Severe Acci- Magnetohy-
dent Research W drodynamics
X.-Y. Gaus-Liu L. Buhler
Accident Hydrogen
Management i T. Jordan
Systems
W. Raskob
Liguid Metal Energy and
Laboratory Process
T. Wetzel Engineering
D. Kuhn
Infrastructure
| E. Urbach

Fig. 2: Organization chart of the Institute for
Thermal Energy Technology and Safety

Working groups on Severe Accident Re-
search, on Multi-Phase Flow as well as the

Framatome Professional School still con-
centrated in 2022 primarily on nuclear appli-
cations, whereas the Karlsruhe Liquid Metal
Laboratory (KALLA) and the Hydrogen
group were addressing nuclear as well as re-
newable energy technologies. The working
group on Magneto-Hydrodynamics is pri-
marily working on nuclear fusion applica-
tions, whereas the working group on Energy
and Process Engineering is concentrating
on geothermal energies. The working group
Multiphase Flows is mainly experimentally
investigating technically relevant, complex
flow phenomena. The field of activity cur-
rently focuses on the build-up of the complex
structure of the COSMOS-H high-pressure
loop. The working group on Accident Man-
agement Systems continued to extend the
application of its simulation models not only
to nuclear emergency cases but to several
critical infrastructures within the program
ESD. Thus, the institute covers a wide field
of different energy technologies and related
safety investigations. The share of person-
nel resources on the different research top-
ics reflects the requirements of the Helm-
holtz Association's energy research field.

They are all supported by a joint infrastruc-
ture, comprising a metal workshop, manu-
facturing 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 Infra-
structure team is active as well in education
and training activities.

Every year, several students of the Baden-
Wiurttemberg Cooperative State University
are employed by ITES, managed by the In-
frastructure group, to work with the research
teams as part of their educational program.

Working in a research area with industrial
application ITES practices a Quality Man-
agement System appropriate to EN 1SO
9001.
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Magnetohydrodynamics for liquid-metal blankets

L. Bahler, B. Lyu, H.-J. Brinkmann, C. Courtessole, V. Kliber, C. Kéhly, C. Mistrangelo, J. Roth

MHD flows in blanket manifolds

In the frame of the EUROfusion research pro-
gram, liquid metal blankets are being devel-
oped and experimentally tested in the Interna-
tional Thermonuclear Experimental Reactor
(ITER), where lead lithium (PbLi) is used as
breeder material and heat transfer medium.
For purification and tritium extraction, the liquid
metal is circulated towards external ancillary
facilities. The flow of the electrically conducting
PbLi in the plasma-confining magnetic field in-
duces electric currents and related electro-
magnetic forces affect the flow distribution and
create enormous pressure drop. Across elec-
trically conducting walls separating neighbor-
ing fluid regions, leakage currents may create
significant electromagnetic flow coupling.

Magnetohydrodynamic (MHD) analyses per-
formed at ITES in 2022 focussed on the perfor-
mance of the European reference concept of a
water-cooled lead lithium (WCLL) blanket,
which has been selected as a test blanket
module (TBM) for ITER. The flow has been
studied in a scaled mock-up using NaK as a
model fluid in the MEKKA facility of ITES at KIT
(see Figure 1). Typical flow paths and poloidal,
toroidal and radial coordinates are indicated in
Figure 2. The feeding manifold of the mock-up
is supplied with liquid metal by a circular pipe,
the fluid distributes among the breeder zones
(blue line) by passing through windows in the
back plate. Then it circulates in radial direction
to approach the first wall, turns in poloidal di-
rection around the BU baffle plate before flow-
ing radially towards the collecting windows and
into the draining manifold (red line). A detailed
description of the experimental test-section, in-
stallation and instrumentation has been pre-
sented in [1].

Key components for the performance of blan-
ket modules are the manifolds distributing PbLi
among breeder units (BUs) [2, 3]. The liquid
metal flow in WCLL manifolds and BUs has
been analyzed using a hybrid asymptotic ap-
proach, by full numerical simulations and by
experiments performed in MEKKA. The anal-
yses take care of the fact that in the present
design, the feeding and draining manifolds
have different size.

. draining .

=
,,,,,,
L e ]

qr =490
theoretical model

WCLL TBM

MHD mock-up

Figure 1 Design of a scaled mock-up for MHD
experiments in MEKKA with 8 BUs stacked
along the poloidal direction [1]. The geometry
has been derived from the WCLL ITER TBM [4].
View into the system of manifolds and sketch
defining details of the theoretical model [5].

¥
B
ALY
(BN
\
“

Back plate

Feeding manifold distributing windows

Figure 2 Experimental MHD mock-up of a WCLL
TBM with schematic liquid metal paths. Poloidal,
toroidal and radial coordinates are x, y and z.
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Hybrid approach for determining pressure
drop and flow distribution

The hybrid approach is based on asymptotic
theory used for 3D simulations of electrically
coupled flow in distinct poloidal sections of the
manifolds. For such analyses, the entire geom-
etry is split into a number unit elements of po-
loidal length dx, such as the one displayed in
Figure 3.

0.6

stiffening
plates

1.23 0.62

Figure 3 view of a TBM mock-up and definition
of a unit element (a); geometry and coordinates
(b). Black notation is nondimensional and scaled
with a, the blue one is measured in mm.

As described in [5], coupled asymptotic simu-
lations have been performed for the prototypi-
cal geometry of length dx, assuming various
pressure heads Aps and Apq for feeding and
draining manifolds.

The flow is governed by the nondimensional
Hartmann number and the interaction parame-

ter
2
Ha = aB fi N=T3B
PV PYy

where a stands for a typical length of the prob-
lem (see Figure 3, further details of the simula-
tions can be found in [5]), B denotes the mag-
nitude of the magnetic field, and specific
electric conductivity, density, and kinematic
viscosity of the fluid are o, p, and v. Ha is a
nondimensional measure for the strength of
the magnetic field and N denotes the ratio of

electromagnetic to inertia forces. The hydrody-
namic Reynolds number is related to these pa-
rameters as Re=Ha?/N.

One such result for velocity distribution in two
cross sections and electric potential ¢ plotted
on the fluid-wall interface is shown in Figure
for the special case of Apr = Aps. We observe
relatively smooth velocity distributions in cores
with thin Hartmann boundary layers at walls
perpendicular to the magnetic field and jets
with high velocity at walls parallel to B. The flow
partitioning is expressed in flow rate fractions
a= @/qo, where individual flow rates q are
measured as fractions of the total flow rate qo.
Various simulations yield the fractions of flow
or and g carried by the feeding and draining
manifolds, depending on Aps and Apg. Vice
versa, we may interpret the results as shown in
Figure 5 in order to define pressure drop cor-
relation as Api(ar) and Apa(aw). The latter ones
are required as input of the hybrid model to as-
semble the data for prescribing the global per-
formance of the module.

(b)

dx

Figure 4 Results of a simulation with electro-
magnetic coupling at Ha=1000, for pressure dif-
ferences Apr= Apu. (a) Velocity profiles in the
symmetry plane x=0 and near the entrance x =
—2.1, (b) view on the distribution of nondimen-
sional electric potential on the fluid-wall interface
in half of the geometry for z>0.
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Figure 5 Variation of pressure drops with flow
rates, Api(er) and Apd(aa).

Data displayed in Figure 5 is used as input for
the global model, which ensures mass conser-
vation as atj+ agi= 1, i.e. the entire flow is car-
ried by the feeding and draining ducts and
eventually the total exchange between the
both sections is accomplished by the flux
though all BUs as Xdai =1.

Coming from the smaller feeding duct, the fluid
tries to reach the larger draining manifold as
soon as possible. Figure 6 shows that BU1 and
BU2 transfer approximately 50% and 8% of the
flow from the feeding to the draining ducts, re-
spectively. Then flow rate fractions are close to
ot = 0.395 and ay = 0.605, for which pressure
drops in feeding and draining ducts are equal
(Figure 5). Flow rates carried by BU3+BU®6 be-
come insignificant so that an efficient ex-
change of fluid in these units is not guaranteed.
The remaining flow is transferred to the drain-
ing duct via BU7 (5%) and BU8 (33%). The ob-
tained non-uniform flow distribution among
BUs is not acceptable for applications and on-
going work will determine optimal values of e(x)
in order to overcome this deficiency.

o—e feeding
0.8 = —o draining

+—e da (BU)

0.6 B

[T E—

0 . : - ; .
0 0.2 04 06 08 1
x/L

Figure 6 Distribution of flow rates in feeding and
draining channels and in BUs of a WCLL TBM
mock-up.

Mock-up experiments in MEKKA

To investigate the pressure distribution and
flow partitioning in the WCLL TBM, a 1:2.5
scaled mock-up was fabricated and experi-
ments were performed in the MEKKA facility
using NaK as a model fluid. The manifolds
were reproduced as faithfully as possible given
the influence these components have on the
flow. The entire test section is made of stain-
less steel (1.4571) and its external dimensions
are 668.4mm x 102.0mm x 222.6 mm (see Fig-
ure 7).

s ———
N0

~ Potential probes

Figure 7 Mock-up installed in front of the magnet
with pressure taps connected to the pressure

measurement system and electrodes installed on
the top wall and on the sidewall of the manifolds.

Details of the instrumentation are depicted in-
Figure 8. The pressure distribution is meas-
ured by 28 pressure taps located throughout
the entire mock-up. For accurate measure-
ments, the pressure taps are connected via a
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series of pneumatically actuated valves to
5 capacitive pressure transducers with differ-
ent measuring ranges scaling from a few mbar
up to 10 bar. Additionally, electric potential dis-
tributions are recorded on the surface of the
mock-up. For that purpose, two insulating
Peek plates equipped with 160 and 120 spring-
loaded gold-plated electrodes are installed on
the top Hartmann wall and the back plate of the
manifolds, respectively.

Camera

P1 0- 7.5 mbar
P2 0- 75 mbar
P3 0- 370 mbar
P4 0 - 1860 mbar
P5 0-10000mbar

Venting into
expansion tank

switch for changing polarity

33333

|8

Figure 8 Sketch of the mock-up showing the la-
belled pressure taps (bottom) and of the differ-
ential pressure measurement system showing
how the pressure taps are connected to the ca-
pacitive pressure transducers (top).

Experiments were performed for various
flowrates and strengths of the magnetic field.
In the following, nondimensional parameters
are expressed using a characteristic length Lgy
corresponding to half the height of the BUs and
the mean velocity ugy resulting from an as-
sumed evenly distributed flow across all
8 BUs, i.e. usu=(qo/8)/(Asu/2) where qo is the
volumetric flowrate and Agu, the entire cross-
section of a single BU.

A typical pressure distribution obtained for
Ha = 1000 and Re = 1000 is shown in Figure 9.
Results are plotted against the curvilinear co-
ordinate s that denotes the length of the flow
path in the mock-up. The pressure is scaled
by the characteristic value in the manifolds

pm=oumlLmB? based on the mean velocity in the
manifolds um=go/Am and their characteristic
length scale Lm=Lgu/2.

0 02 04 06 0.8 10
s [m]

Figure 9 Pressure distribution along typical flow
paths measured for Ha = 1000 and Re = 1000.

Most of the pressure drop occurs at the inlet
and outlet of the mock-up caused by strong 3D
effects when the fluid passes through the sud-
den expansion between the inlet circular pipe
and the feeding manifold (between H5 and L1)
or when the flow cross-section contracts at the
exit of the mock-up (between L20 and L21).
The rest of the pressure drop is mainly caused
by the manifolds where the liquid metal flows
much faster than in the breeder units. From
Figure 9, one can observe that the pressure
head across the BUs are larger in BU1 and
BUS, respectively than in the other BUs. This
is perhaps better highlighted when plotting the
pressure distribution along the corrected poloi-
dal coordinates ¢ shown in Figure 10. This re-
sult reveals that the pressure heads Apsu= Aps
-Apq differ between BUs and therefore the flow
is not uniformly distributed across all the BUs.
This result supports the conclusions of the hy-
brid model presented above.
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104

'”
Py

&[m]

Figure 10 Pressure distribution along poloidal
coordinates ¢ in the feeding (blue) and collecting
(red) manifolds for Ha = 1000 and Re = 1000. The
origin of & for both manifolds has been chosen
as the center of the respective windows con-
necting the BUs to the manifolds. The origin of ¢
for pressure taps at the first wall has been cho-
sen at the pressure tap in BUL.

Pressure differences were measured between
selected pressure taps for a wide range of Re
numbers and 500 <Ha<4000. Results ob-
tained for the entire mock-up Apai=pus-pL21 as
well as for the contributions of both manifolds,
ApPrm=PH2-Pr2s and Apcm=pLs-PL22, and of the in-
let and outlet of the mock-up where the flow
suddenly expands (Apexp=pus-pL1) and con-
tracts (Apcont=przo-PL21) are displayed in Fig. 11.

It can be seen that these pressure drops fall
into 5 lines when plotted against the interaction
parameter N. For the largest N values
(N >1000), i.e. for all Re investigated when
Ha >3000, the overall pressure drop in the
mock-up becomes constant as the flow be-
comes inertialess. In this regime, the pressure
losses created by the sudden expansion and
contraction converge to the same value
Apexp=Apcont=3.8 as the expansion and the con-
traction have the same geometry and the as-
sociated pressure loss no longer depends on
the flow direction. This is however not the case
when inertia effects are stronger. For smaller
interaction parameters, the pressure drop cre-
ated when the flow enters the mock-up de-
creases with N** and even becomes negative
at the highest Re and lowest Ha considered
here. However, the pressure drop that occurs
at the sudden contraction remains much larger

than the pressure recovery occurring at the in-
let of the mock-up.

In the manifolds, results confirm that the pres-
sure drops created by both manifolds are equal
for N > 10. It was found that for 10 <N < 1000,
the pressure loss scales as N1, For the low-
est interaction parameters (N < 10), i.e. in flow
with weak electromagnetic effects, the pres-
sure drop across the collecting manifold be-
comes larger than for the feeding one.

60

10

Ap

b
2 o,
£ iz“\‘um
o L Pu

10° 10" 10° 10° 10" 1

Figure 11 Pressure drop measured across the
entire mock-up Apai=phs-pr2: (black) and contri-
butions of the feeding manifold Aprm=pH2-pL23
(blue), collecting manifold Apcm=pLs-prL22 (red),
inlet expansion Apexp=prs-pL1 (teal), and outlet
contraction Apcont=pr20-pL21 (Orange) as a func-
tion of the inverse interaction parameter N for
500 < Ha <4000 and various Re.

Results of electric potential measurements on
the Hartmann wall of the BUs shown for the
same parameters Ha = 1000 and Re = 1000 in
Figure 12 further support previous observa-
tions. Nondimensional electric potential scaled
by ¢su=usuLeuB confirms the uneven flow par-
titioning across all BUs. Although the Hart-
mann walls are too thick in the present case to
determine directly the core velocity from the
gradient of potential, the much larger signal
variations observed in BU1 and BU8 compared
to BU2+BU7 clearly indicate higher flowrates in
the external BUs than in the central elements
of the module. Moreover, it can be seen that
the signal in BU1 has almost twice the magni-
tude of that in BU8. This is again in agreement
with the hybrid model and results from the
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larger cross-section of the collecting manifold
compared to the feeding manifold.

BUI BU2 BU3 BU4 BUS BU6 BU7 BUS
I

1 \.-vl

-0.50

— 0.75

-1.00

0 882 1702 2522 3342 4162 4982 5802 6684
x [mm]

Figure 12 Electric potential distribution on the
top Hartmann wall of the breeder units meas-
ured along the poloidal direction x for Ha = 1000
and Re =1000. The location of the walls separat-
ing the BUs and of the baffle plates (in gray) are
materialized by the vertical lines.

Full numerical simulations for the entire mock-
up of a blanket module

Numerical simulations have been carried out to
predict the MHD flow in an experimental mock-
up when exposed to moderate uniform mag-
netic fields [6]. Figure 2 displays the design of
the test-section with the principle sketch of the
liquid metal path. For the present investigation,
special care has been taken to find the optimal
grid for resolving all the thin MHD boundary
and internal layers.

In the following, results for the liquid metal
MHD flow in an entire experimental mock-up of
a WCLL TBM, shown in Figure 2, are de-
scribed for a uniform magnetic field, for
Ha=200, and an inlet velocity up=0.01m/s. For
these preliminary simulations, the dummy
pipes in the breeder zones have been omitted.
Full electromagnetic coupling of neighboring
fluid regions across electrically conducting
walls has been taken into account.

In Figure 13a, velocity streamlines are plotted
in the mock-up, visualizing some liquid metal
paths both in the manifold ducts and in the
breeder units. The fluid passes from the inlet
pipe into the manifold and a part of it enters the
window connecting the feeding manifold with

BU1 (see red streamlines). The liquid metal
then flows along the baffle plate, it returns to-
wards the back plate to be collected by the sec-
ond poloidal duct. The remaining liquid metal
is supposed to distribute along the manifold
among the other seven BUs. However, the lar-
gest portion flows directly to BUS.

i IIIIIIIIIIIIIIIII

0.13-0.12-0.1 -0.08-0.067

Figure 13 Flow in the experimental mock-up of a
WCLL TBM at Ha=200 and inlet velocity
uo=0.01m/s. Velocity streamlines and 3D velocity
contours in the middle xy plane of the geometry
(a). Velocity profile in the center of the module
and electric potential distribution on the same xy
plane (b).

Profiles of radial velocity u, in BUs are dis-
played both as 3D contours on the xy plane in
the middle of the mock-up (Figure 13a) and as
2D graph along the poloidal centerline of the
module (Figure 13b). Here the velocity has
been scaled by the inlet velocity us. As ex-
pected in electrically conducting channels, the
velocity distribution is characterized by uniform
cores and side layer jets along walls parallel to
the magnetic field. Full numerical results con-
firm that the flow rates in BU1 and BU8 are
much larger than the ones in the other breed-
ing zones. In BU3 + BUG6 there is almost no
flow. The velocity distribution resembles the
one obtained by numerical simulations for the
MHD flow in a helium cooled lead lithium
(HCLL) blanket mock-up, which were con-
firmed by experimental data [7]. Contours of
electric potential on the same xy plane, shown
in Figure b, exhibit analogously larger values in
the first and last breeding zones.
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The reason behind the significant flow imbal-
ance is the geometry of the manifold where the
cross-sections of the two poloidal ducts remain
on average constant when the liquid metal
moves in poloidal direction. On the other hand,
the flow rate in the feeding and draining mani-
folds reduces and increases, respectively. For
a better performance of the TBM with a more
uniform flow partitioning among all BUs, the
manifold design should be optimized so that
the cross-sections of the ducts adapt to the
changing flow rates along the poloidal liquid
metal path.

l—i—fv
10\ ‘l _
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= \ Larger driving
BU2 * pressure difference,,
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pipe ! pipe
25 | — Feeding pipe + manifold :
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Figure 14 Pressure along pipes, feeding (FM)
and draining (DM) manifolds. Coordinate s starts
at the inlet pipe (see Figure 13a). In the subplot,
contours of pressure are shown on a Xy cross-
section of the manifold.

These non-homogeneous characteristics of
the flow in the WCLL TBM mock-up is evi-
denced by the pressure distributions along the
manifolds that are plotted in Figure 14. The
steps in the pressure profiles are due to the pe-
riodic occurrence of expansions and contrac-
tions along the liquid metal flow paths in the
manifolds. These constrictions are caused by
the penetration of the stiffening plates in the
poloidal ducts (see xy plane in the subplot in
Figure 14). The local pressure jumps are
higher in the draining manifold since there the
reduction of the cross-section is more signifi-
cant than in the feeding one. The differences
of pressure in feeding and draining manifolds
constitute the pressure heads between en-
trance and exit of the BUs and they are obvi-
ously not the same for all BUs. At both module

ends, highlighted by red circles, there are
larger driving pressure differences causing the
stronger flow through BU1 and BUS.

These preliminary results for moderate mag-
netic field provide first insight in the physical
behavior of MHD flows in an entire WCLL TBM
mock-up. In future numerical simulations, the
mesh will be refined and the number of CPUs
increased to predict MHD flows under stronger
magnetic fields to approach fusion relevant op-
erating conditions. A comparison with upcom-
ing experimental data will allow to further vali-
date the code and the numerical procedures.

Bend flows in non-uniform magnetic
field

In recent years, a number of studies on pres-
sure driven and buoyant MHD flows in geome-
tries related to blanket modules and in liquid
metal manifolds, increased the understanding
of MHD phenomena in liquid metal blankets [8]
[9] [5] although the prediction of such flows in
complete blanket modules for fusion relevant
parameters is still ongoing [10]. On the other
hand, only few works considered the MHD flow
in supply and return pipelines connecting the
blanket modules with the external ancillary
systems. Therefore, the liquid metal flows in
the pipes which cross the shield that protects
the superconducting magnets from neutron ra-
diation-induced damages have been investi-
gated numerically. The supplying pipe features
two bends in series that turn the flow first from
the radial direction perpendicular to the mag-
netic field into a direction parallel to the toroidal
B lines and then back to a perpendicular orien-
tation (Figure 15).

PbLi supply
Shield pipe
/

First wall

tor
o ,/T

® —> rad

Figure 15 View on the ITER TBM and the PbLi
pipes across the shield.
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In fully developed MHD flows in straight pipes
in uniform magnetic fields, electric currents
close within duct cross-sections and remain
confined in 2D planes parallel to the magnetic
field. In curved bends, potential gradients
along the flow path drive currents in 3D loops
that traverse different cross-sectional planes.
These currents induce electromagnetic Lo-
rentz forces that affect velocity and pressure
distribution in the double bend pipe [11, 12]. In
the problem under investigation, we consider
additionally the influence of spatial variation of
the magnetic field along the axis of the pipes.

Model geometry

In Figure 16, the model geometry is displayed
together with the coordinate system and the
main dimensions taken from the most recent
design of a WCLL TBM for ITER and the con-
necting piping system to the ancillary systems.
As for previous numerical studies [11], operat-
ing conditions have been provided by Fusion
for Energy FAE and the data used for the pre-
sent simulations are summarized in Table 1.

w

e

‘]_.‘ IB
{Q 2a =65 mm /

Figure 16 Model geometry used for the numeri-
cal analysis, coordinate system and main di-
mensions.

¢, =3mm b

Table 1 Operating conditions of the WCLL TBM
and model dimensions.

a tw m Uo Tin | Tout To
mm | mm | kg/s m/s °C | °C | °C
325| 3 [0.65]1.99-10%| 295 | 319 | 307

Before performing full numerical simulations in
the non-uniform magnetic field as present in
the shield, initial simulations for uniform fields
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have been carried out and compared with as-
ymptotic results to test the problem set-up and
code performances for such MHD flow. Major
findings are briefly summarized and displayed
in Figure 17.
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Figure 17 Scaled pressure plotted along the ra-
dialdirection for a uniform magnetic field. Solid
lines are results from an asymptotic solution
valid for large Ha and large N, the dashed lines
are obtained by full numerical simulations for
N=5104.

Asymptotic results (black solid line) and nu-
merical simulations (black dashed line) yield
quite good agreement for pressure variation in
the 3D region of the geometry. We find in-
creased pressure gradients before and after
the bends as well as a weak, locally reversed
pressure gradient in the middle of the bends
inside a virtual tangent cylinder. 3D numerical
simulations give slightly smaller pressure gra-
dients in fully developed flow regions. This can
be explained by the fact that the asymptotic
analysis used a definition of the wall conduct-
ance parameter according to Walker [13] that
applies best when walls are very thin. Since the
full numerical simulation is not based on such
assumption and resolves the finite thickness of
the wall with a fine grid, results obtained by nu-
merical simulations should be more accurate.

For applications in ITER, the magnetic field
across the shield is not uniform and its radial
distribution is plotted in Figure 18. The solid
lines indicate the distribution of the toroidal
magnetic field at different poloidal positions, as
provide by F4E. The red dashed line is ob-
tained by fitting the curves and this distribution
is used for the numerical simulations. In order
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to reduce the length of the computational do-
main and to facilitate the definition of boundary
conditions, it is assumed that the magnetic
field is constant in a certain portion of the inlet
and the outlet pipes at sufficient distance from
the bends whose middle plane is located at
x=2.369m. The position of the model geometry
in the spatially varying magnetic field and col-
ored contours of B are shown in the subplot on
the top left of the figure.

x = 0.50258 x=2.369
i T g

BIT] P

Curved bend

x [m]
Figure 18 Radial distribution of the magnetic
field. Solid lines represent the distribution of the
toroidal magnetic field at different poloidal posi-
tions, as provided by F4E. The red dashed line
is a fitting curve used for numerical calculations.
Contours of magnetic field strength in the model
geometry are shown in the subplot on the top
left side of the figure to indicate the position of
the bends.

Numerical results

In the following, results are presented for the
geometry described in Figure 16 and the mag-
netic field distribution as plotted in Figure 18.
We consider a curved pipe with a radial-toroi-
dal-radial orientation, which transports the lig-
uid metal from the region with large magnetic
field, i.e. from the blanket, towards the ancillary
systems where B is much smaller.

Figure 19 shows contours of velocity magni-
tude (a) and radial velocity (b) on the radial-to-
roidal symmetry plane at z=0. The strongest
velocity gradients occur across a thin layer that
develops along magnetic field lines tangent to
the wall in the middle of the double bend. To-
gether with the boundary layers, it forms a vir-
tual cylinder, marked by the red dashed line, in

the periphery of which the 3D MHD phenom-
ena are mainly confined. Contours of the radial
velocity component (Figure 19b) clearly show
that the fluid domain splits in 3 cores: the ones
upstream and downstream of the bends have
similar characteristics, the velocity distribution
is pretty uniform resembling the main features
of a fully developed velocity profile. In the mid-
dle core the velocity in the center reduces while
the largest portion of the flow rate is trans-
ported by the boundary- and internal layers
where high velocity jets are present.

------

Vil [m/s]

Figure 19 Results for Ha=2621 and N=1318.
Contours of velocity magnitude (a) and radial
velocity (b) on the radial-toroidal symmetry
plane z=0. The red dashed region marks the vir-
tual cylinder.

The evolution of the velocity distribution and
the progressive growth of the velocity in the
layers can be seen in Figure 20 in which 3D
velocity profiles, colored by the velocity magni-
tude, are plotted at different cross sections
along the flow path. For better visualization,
some profiles in the curved bend have been
presented in two separated views.

11
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Figure 20 Results for Ha=2621 and N=1318. 3D
velocity distribution at different positions along
the flow path. When approaching the bends the
velocity start increasing in the boundary layers
while reducing in the center. For better visuali-
zation, the four profiles in the bends have been
presented in separated views. Two different
color scales are used for the velocity profiles.

In Figure 21a, colored contours of electric po-
tential are plotted on the fluid-wall interface.
The strongest gradients in radial direction are
localized near the virtual cylinder indicated by
the red dashed lines. Moderate radial potential
variations are present in the straight pipes
caused by the radial profile of the magnetic
field. Only in the regions where the magnetic
field is assumed constant and fully developed
conditions are imposed at entrance and exit,
the potential is constant too and it keeps the
same value along magnetic field lines with
changes in transverse direction. Figure 21b.
shows radial profiles of electric potential in the
center of the geometry (z/a=0) and near the
sides (z/a=%1). Highest values of potential
magnitude are found near the sides in the inlet
duct, where the electric potential scaled by
do=UoBa is ¢l ¢o(x=00,2/a=+1)=10.894 in agree-
ment with predictions for fully developed pipe
flow [14]. When approaching the bends, a sig-
nificant reduction of the magnitude of wall po-
tential can be observed near the sides at
z/a=t1. In Figure 21b, cross-sections at posi-
tions P1 and P2 indicate the beginning and the
end of the bends (see same figure on the right).

Variations of electric potential along the radial
coordinate drive 3D currents that close through
the wall and the fluid giving rise to additional
Lorentz forces that affect velocity and pressure
distribution. In the identified virtual cylinder, the

12

3D currents close exclusively in the fluid do-
main.

3 [
L L tor (y)

Figure 21 Results for Ha=2621 and N=1318. Con-
tours of electric potential (a), and radial variation
in the center of the geometry (z/a=0) and near
the sides (z/a=+1) (b). The figure on the right
shows the beginning (P1) and the end (P2) of
the bends. The two vertical red lines indicate the
length of the shield.

(a) 5 ; ©

Figure 22 Results for Ha=2621 and N=1318.
Electric current streamlines that close exclu-
sively in the fluid. The red dashed line indicates
the virtual cylinder.

In Figure 22, some characteristic current
streamlines are displayed. Side (a), top (b) and
3D (c) views should facilitate the understand-
ing of the current paths. The orange and cyan
lines form two poloidal tubes, as visible in Fig-
ure 22c on the bottom, which meet almost in
the center of the virtual cylinder. In the lower
part of the bends, there are current lines that
circulate across the entire cross-section of the
cylinder (blue lines) and in the right half, the red
lines move partly along the bend wall and then
upstream forming larger loops. When seeding
current streamlines outside the virtual cylinder,
currents induced in the fluid start closing their
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path through the wall too. In the straight pipes,
the 3D MHD effects are much weaker than in
the bends.

The variations of pressure along lines in the
center of the model geometry at z/a=0 and near
the sides at z/a=+1 are plotted in Figure 23. The
pressure has been scaled by the quantity
Po=ouUoB?a. The two vertical dashed lines indi-
cate the size of the shield behind the ITER
TBM. In the subplot on the right, the distribution
in the center of the model geometry has been
enlarged for better visualization. Solid lines are
results obtained by an asymptotic approach
valid for N—>o, i.e. for very intense magnetic
fields, where inertia forces are negligible com-
pared to electromagnetic forces, while the
dashed lines are from full numerical simula-
tions.

3
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Figure 23 Results for Ha=2621 and N=1318.
Scaled pressure plotted along the radial direc-
tion. In the right subplot, the bend region has
been enlarged for better visualization. Solid
lines are results from an asymptotic solution
valid for N> and the dashed lines are ob-
tained by full numerical simulations.

In Figure 23, the coordinate system has been
chosen such that the center of the curved
bends is at x=0 in order to compare calcula-
tions with the asymptotic data. Close to the in-
let and the outlet, where the magnetic field is
constant, the flow reaches fully developed con-
ditions characterized by constant pressure gra-
dients. When the magnetic field B(x) starts re-
ducing along the main flow direction from the
maximum value Bnax=3T, the magnitude of the

pressure gradient reduces progressively while
approaching the bends. In the symmetry plane
of the model geometry at z/a=0 near the end of
the inlet straight pipe the pressure gradient
starts increasing and after reaching a maxi-
mum it becomes smaller and smaller and even
slightly reversed in a narrow region around the
center of the bends in the tangent cylinder.
This faster radial variation of the pressure is
due to the occurrence of 3D currents (see Fig-
ure 22) that create additional electromagnetic
Lorentz forces, which modify locally the pres-
sure distribution. Near the sides at z/a=+1, 3D
MHD effects are weaker than in the middle of
the pipes since transverse Lorentz forces com-
pensate the stronger radial gradients in the
center. The presence of the bends causes sig-
nificant 3D MHD effects that remain confined
to the region immediately around the bends
and affect mainly the velocity distribution.

MaPLE inauguration

MaPLE (Magnetohydrodynamic PbLi Experi-
ment) is a facility to investigate, multi physics
effects and in particular the interaction of the
PbLi flow with strong magnetic fields presentin
fusion applications. The focus of future experi-
ments is on free, forced and mixed convection
flows with heat transfer. MaPLE has been built
in the US at UCLA [15] and it was substantially
upgraded with contributions from EUROfusion.
The facility has been moved to KIT in
2021/2022 and recommissioned as a EUROfu-
sion facility open to partners in breeding blan-
ket development. On October 14th 2022, the
Festive Colloquium and EUROfusion Use
Planning Meeting has been held at KIT for the
recommissioning of the MaPLE facility at KIT.
The colloguium was attended by international
scientists as well as European representatives,
demonstrating the interest of the fusion com-
munity in the R&D activities to be carried out.
MaPLE will support European scientists in un-
derstanding MHD phenomena in connection
with heat transfer in liquid metals and it will en-
hance the verification & validation of the nu-
merical codes used for studying these issues.

13
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MaPLE will support and strengthen the devel-
opment of breeding blankets for DEMO or test
blanket modules for ITER by increasing the
confidence and reliability of results.

Figure 24 Visit of MaPLE as part of the Inaugura-
tion Colloquium at KIT.

Further work

Support of HCPB design activities

Within the EUROfusion Work Package Breed-
ing Blanket BB.S.02.01-T001, R&D activities
were carried out for a preliminary conceptual
design of a helium-cooled pebble bed (HCPB)
blanket for a DEMO reactor, where granular
lithium ceramics are used as breeder material.
The design activities have been supported by
ITES in terms of developing a full 3D reactor
segment for inboard and outboard blankets.
The work extends previous achievements for a
central outboard blanket (COB) and left in-
board blanket (LIB) segment, which were ini-
tially designed as sliced modules with short po-
loidal extent as shown in Figure 25.

The present concept is based on an arrange-
ment of fuel-breeder pins, consisting of con-
centric tubes forming respectively the inner
and outer cladding, arranged in a periodic pat-
tern (see Figure 25, bottom). The volumes in-
side the pins are filled with the Advanced Ce-
ramic Breeder (LisSiOs and Li-TiOs) pebbles
and closed at the back by filter plates. The pins
are surrounded by titanium beryllide blocks
(Be12Ti) acting as neutron multiplier. The first
wall facing the plasma is 25 mm thick and ac-
tively cooled by helium at a pressure up to 8
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MPa. The wall is coated with 2 mm thick func-
tional graded materials of tungsten and Eu-
rofer97 as protection against plasma erosion
by fast particles. The helium purge gas and
coolant is distributed to the breeder zones by
manifolds formed by a series of parallel plates
in the back. Additional stiffening plates are re-
quired to provide sufficient mechanical
strength of the structure at high pressure. A de-
tailed description of the HCPB concept can be
found at [16, 17].

HCPB COB

Helium Coolant Manifolds «‘

Purge Gas Manifolds {

Figure 25 Toroidal-radial view of HCPB COB
sliced module (top); toroidal-poloidal pattern of
the breeder pins embedded in Be12Ti blocks
(bottom).

The development of IB and OB full 3D seg-
ments is based on the radial build-up of the
sliced COB and LIB modules, the FW contour
consisting of poloidal straight segments en-
closing the plasma (see Figure 26, left) and the
partitioning of segments per 22.5° reactor seg-
ment (see Figure 26, right).

Figure 26 Poloidal-radial view of the first wall
contour around the plasma (left); toroidal-radial
view showing the partitioning of IB and OB seg-
ments per 22.5° reactor segment (right).
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Starting from the FW, the boundaries of all fol-
lowing walls were built-up with the given di-
mensions. The radial setups of the LIB and
COB modules have been toroidally extended
not rotated, so that plane surfaces (sections) in
poloidal-toroidal direction could be formed.
With this strategy, all outer walls of the full seg-
ments have be designed as shown in Fig. 27.

LIB full segment
without pins

COB full segment
without pins

~rad

Figure 27 Sectional view of a lower part of LIB
and COB segments without pins.

The distribution of the breeder pins starts with
a perpendicular orientation from the first wall.
Each section of a segment is filled with pins in-
dividually to achieve the densest packing fac-
tor. The distribution of breeder pins in the full
3D segments can be seen in Figure 28. In this
conceptual design, there are in total 954
breeder pins in the LIB and 1469 pins in the
COB segment. The elements forming a LIB
and COB segment have been designed in
quite detail for the breeder zones with all pins,
purge gas manifolds, and helium coolant man-
ifolds.
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Figure 28 Full 3D LIB (top) and COB (bottom)
segments with fuel breeder pins.

Additional work not mentioned in detail in this
report

In addition to the topics described above, the
MHD group at ITES KIT contributed with scien-
tific papers to blanket-relevant MHD topics in
[18, 19, 20, 21, 22, 23].
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SAR research activities in 2022

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

In 2022, the SAR team worked on one hand for
tasks within the European projects ESFR-
SMART and ESFR-SIMPLE that empower the
design maturity of safe and economical Euro-
pean Sodium-Cooled Fast Reactor, on the
other hand intensively on the design and con-
trol concept of HELOKA-US facility (HELOKA-
Upgrade Storage) within the EUROfusion BOP
(Balance of Power) program.

European projects within severe
accident research: ESFR-SMART and
ESFR-SIMPLE

The European ESFR-SMART Horizon 2020
project has been completed at the end of Au-
gust 2022. In the last months of this project, the
SAR team has been mainly working on several
documentations and publications [1].

After completion of the EU Horizon 2020
ESFR-SMART project, a follow-up project,
ESFR-SIMPLE (European Sodium Fast Reac-
tor - Safety by Innovative Monitoring, Power
Level flexibility and Experimental research)
has been approved upon HORIZON-EUR-
ATOM call, which started in October 2022. The
new project has the main objective to improve
the safety and economics of the Generation IV
ESFR, which paced on the achievements in
the ESFR-SMART project.

The SAR team leads the work package 6 “Ad-
vanced components for passive safety”, and is
mainly involved in Task 6.2, in which the safety
concepts of an in-vessel metallic core catcher
shall be evaluated. The main objective in this
task is to minimize the core catcher ablation by
corium jet impingement from the transfer tubes
in the initial stage of a severe accident as well

as the long-term ablation by a molten pool. The
new experiments foreseen in the ESFR-LIVE
test facility at KIT shall validate long-term abla-
tion behavior of the innovative concepts. Three
different test series are planned to investigate
the influence of ablation cavities, resulting from
the short-term jet impingement on the core-
catcher, and to investigate the presence of re-
inforcement pods inside the corium pool on the
long-term ablation of the core catcher. First
discussions on the experimental campaigns
has been started in 2022. In 2023 it is planned
to accomplish the final definition and to start
with the preparations for the experiments.

HELOKA—Upgrade Storage —
Experimental Demonstration of the He-
cooled DEMO Balance of Plant

Introduction

HELOKA-US is a new-build infrastructure to
demonstrate the operational capabilities of the
Intermediate Heat Transfer System (IHTS) of
the Helium Cooled Pebble Bed (HCPB) DEMO
reactor design developed under the EUROfu-
sion Horizon Europe program. In Fig. 1 a sche-
matic layout of the design of the Indirect cou-
pling design of the HCBP DEMO reactor is
shown.

The IHTS system with two tanks for the ESS
(Energy Storage System) decouples the inter-
mittent pulsed fusion thermal power output to
a constant usable thermal power feeding the
Power Conversion System (PCS). The opera-
tional mode of DEMO is a repeated sequence
of a pulse state (about 2 hours) and of a dwell
state (about 10 minutes).
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Figure 1: Layout of the design of the ICD design of HCBP DEMO reactor [2].

A scaling factor of 1:1000 for the power level of
one of the eight Primary Heat Transfer System
(PHTS) circuits of DEMO has been selected
for HELOKA-US corresponding to 260 kW of
nominal power. Molten Salt HITEC shall be
used as the heat transfer fluid in the IHTS.

The main objectives of HELOKA-US project
are:

1. To study relevant phenomenology of inter-
est for the design of components relevant
for the HCPB Indirect Coupling Design var-
iant of Balance of Plant.

2. To demonstrate that the IHTS is able to
handle power pulses and dwell phases
having time characteristics similar to the
HCPB DEMO design.

3. To provide a testing facility for developing
and qualifying specific technological com-
ponents like the helium/molten salt heat
exchanger (He/MS HX).

The HELOKA-US project will be realized in 2
phases, which have different subtasks. In
Phase 1a, the scaled Molten Salt (MS) loop will
be designed, constructed and commissioned
using the molten salt HITEC (an eutectic of
NaNOs-NaNO2-KNOs) as heat transfer and
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storage medium. The MS loop mock-up will
then tested and operated in different opera-
tional states (Phase 1a-1). In a next step, test
sections of relevant geometry for He/MS HX
for the molten salt side will be investigated
(Phase 1l1a-2) and in Phase la-3, a scaled
He/MS HX will be integrated in the MS loop.
Phase 1b will connect the MS loop to HEL-
OKA-HP, that simulates the primary loop of a
Helium cooled DEMO reactor for smooth
steady state and smooth transient investiga-
tions. Phase 2 will construct a new He loop
equipped with an improved helium blower
compared to existing HELOKA-HP and con-
nection to the MS loop by the He/MS heat ex-
changer to be able to perform fast end repre-
sentative operational transients.

Realization of Phase 1a-1

The HELOKA-US facility will integrate the ex-
isting HELOKA infrastructure and LIVE infra-
structure in one operational site. Figure 1
shows the concept of integration of HELOKA-
US with the existing facilities in Phase 1a. The
systems in green are existing facilities and
components and systems in red are new ones.
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The MS loop (named as ES loop in HELOKA-
US) and the N2 gas system will be erected.
The ES loop will be coupled with the existing
HELOKA-WHT loop (high pressure water loop)
by a MS/water heat exchanger. The WHT loop
acts as the heat sink of the ES loop. The WHT
loop is then coupled with an on-site water loop
at ambient pressure (HELOKA-WCS) to trans-
fer the heat from WHT to the atmosphere.

HELOKA-US
NS system
(N2 gas
system)
HELOKA-US HELOKA-WHT HELOKA-WCS
ES-loop loop loop
(Molten salt (Pressure (low Pressure
circult) water loop) water loop)
MS/Water HX \ Water/Water HX

Figure 2: HELOKA-US Phase la concept on the in-
tegration of existing systems.

The heating source in Phase lais an electrical
heater. The ES loop includes two tanks and
three MS bypasses to enable flexible control of

Phase 1b Phase 1a
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MS temperature and flow rate. The ES loop
has the following functions:

- To transfer the energy continuously to the
heat sink which is the WHT system. The
WHT loop mimics the Power Conversion
System in DEMO.

- To store about 10 % of the thermal energy
during pulse operation for releasing it dur-
ing dwell operation.

- To maintain the helium temperature of the
PHTS during dwell operation at the outlet
of the He/MS HX constant. The power gen-
eration during dwell is only about 1 % of
the pulse operation, so only a very small
stream of molten salt from the cold tank is
directed through the He/MS HX.

The HELOKA-US facility will also be con-
nected with a pressure nitrogen system for
providing cover gas to the two tanks serving as
pressure control gas in the ES-loop and as sta-
bilization medium of the HITEC chemical.

Figure 2 shows a preliminary Pipe / Instrumen-
tation diagram (PID) of the ES loop and an im-
plied NS system within the two dashed lines
marking the boundary to the PHTS foreseen
on the left side in Phase 1b and to the water
cooling system WHT at the right side.

ES-TK-01

ESVC05

ES-HX-02

BWE 5

ES1P-03 \

ES-PP-02

ESVC-08

Figure 3: Preliminary PID of the ES loop.
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The design power of HELOKA-US is 260 kW
corresponding to ~1/1000 of one of the eight
DEMO HCPB IHTS circuits. The durations of
pulse and dwell are the same as in DEMO
power cycle. The requirement on the MS oper-
ational temperature at the inlet of ES-HE-01
(270 °C) is to represent the MS inlet tempera-
ture of DEMO He/MS HX (IHX in DEMO reac-
tor) for an adequate cooling of He outlet tem-
perature to 290 °C in the IHX. The boundary
conditions of HELOKA-US are summarised in-
Table 1.

Table 1 Boundary conditions of HELOKA-US ES
loop

Pulse Dwell

Power of ES-

HE-o1, kw D | 260 26

Duration, s? 7200 600

ES-HE-01 MS
side in / out
temp. °C 2

270/465 270/299

ES-HX-02 MS
side inlet/out-
let tempera-
ture, °C 2

465/ 270 465 /270

ES-HX-02
water side in-
let/outlet tem-
perature, °C 3
1) Designed power level of HELOKA-US
facility
2) Requirement from DEMO IHTS system
3) Preliminary requirement of WHT system

160/ 220 160 /220

The HELOKA-US molten salt loop shall repre-
sent the DEMO IHTS concept in maximal pos-
sibility in all described operational phases. The
operation of the HELOKA-US ES loop is di-
vided into non-power generation modes and
operational modes. The operational modes in-
clude the pulse and dwell states and the tran-
sients between them (100 sec of each). With
the completion of Phase la-1, HELOKA-US
shall be able to simulate all states and transi-
ents in non-power as well as in power genera-
tion modes. Operational states and transients
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have been defined for Phase 1a-1, Figure 4.
The states are indicated in rectangle, whereas
the transients are indicated by line arrows. Red
line arrows are temperature upward ramps,
whereas blue arrows are temperature down-
ward ramps.

ES loop operation phases

1&C standby & Salt
preparation

Normal power

Cold-standby operation

Hot-standbys

Pcf’m!m
Hot standby I
HL29 (/(L27B4> HLags C/cmo

1&C Standby 20 °C

u
Salt
aratio
AN Cold standy tupto
tandby I
drai
Samy pm —‘ l
Heatup Hot standby |
JM Fa\uve ov
S
HL27D C/CLZm

Figure 4: Operational states and transients in HEL-
OKA-US.

Dwell
HL290 °C/ CL270.
ke

In 2022, the work within the HELOKA-US pro-
ject was mainly concentrated on the following
topics:

- Preparatory works in order to provide the
area for the new platform and to provide
the necessary infrastructure for HELOKA-
US operation such as heating, lighting, ar-
rangement of work areas, compressed-air
supply lines, power supply.

- Construction of a new platform for HEL-
OKA-US in the experimental hall 660 (s.
Figure ).

- Definition of a preliminary PID diagram and
definition of operational states for HEL-
OKA-US.

- Completion of a technical specification for
a tender offer and starting a call for ten-
ders.

In 2023, it is planned to place an order for con-
structing the HELOKA-US test facility as de-
scribed above. The detailed design and engi-
neering phase for HELOKA-US will then be
started together with the contractor.
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Figure 5: Overview of the new platform.
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Construction of the COSMOS-H high-pressure test facility

Stephan Gabriel, Wilson Heiler, Giancarlo Albrecht, Felix Heineken, Nicolas Wefers

In 2022, the activities of the department of mul-
tiphase flows focused on the completion of the
experimental facility COSMOS-H in addition to
further projects. In operation, the high-pres-
sure loop will enable the investigation of ther-
mal-hydraulic topics such as heat transfer dur-
ing flow boiling including to boiling crisis under
1:1 power plant conditions. COSMOS-H con-
sists of a high-pressure water/steam loop with
a thermal power of approx. 1.2 MW, which can
reach an operating pressure of up to 160 bar
and an operating temperature of up to 360°C.
The cooling system consists of two cooling
loops with a thermal output of approx. 2 MW, a
600 kW electrical heating power for the test
section and a comprehensive measurement
and control system. A modular test track sys-
tem was developed for the first series of exper-
iments in the Project McSAFER [1] at COS-
MOS-H. The facility can thus be used to
investigate various issues in thermal energy
technology and its design enables new meas-
urement technology and test setups to be flex-
ibly integrated into the system.

storage tank

i
o el expension Vessel

Figure 1: CAD for piping and steel construction of
the entire COSMOS-H system

Over the past few years, a lot of time has been
invested in the design, optimization and de-
tailed construction of the system. In 2021, the

design was completed with regard to both the
hydraulics and the mechanics of the pipe per-
formance system, the apparatus and the steel
structure, and the proof of function was pro-
vided. This was done on the one hand using
extensive simulations with a system code [2]
and in the dynamic thermo-mechanical CAE
System Rohr2. After around 14 months of con-
struction, the optimized piping construction of
the high-pressure circuit, including the associ-
ated steel structure with over 80 pipe supports,
was completed in spring 2022.

Once the high-pressure circuit had been com-
pleted, the focus was on setting up and com-
missioning all other subsystems of the plant as
well as the measurement and control technol-
ogy. As all the equipment and pipe connec-
tions were now in place, many of the processes
already prepared for setting up the measure-
ment and control technology and other subsys-
tems were be completed.
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Figure 2: Installing the power supply for the test
track

The powerful components of the high-pressure
loop, such as the cooler and steam generator
as well as the steam superheater, which were
procured by COSMOS-H at the start of con-
struction, were maintained and tested on tight-
ness and functionality by the manufacturers to
ensure smooth operation for the commission-
ing and acceptance tests.

As part of the safety concept, the system,
whose test section includes high-pressure
sight glasses, is controlled from a control room
located outside to the building in order to en-
sure that operating personnel do not need to
remain in the danger zone of the heated pres-
sure vessel system during operation. The con-
struction of the control room had already been
initiated in 2021 and made considerable pro-
gress in summer 2022 with the installation of
the container building next to Building 428. The
control system was then relocated from the in-
ternal control room in building 428 to this exter-
nal container building and all the necessary ca-
ble connections were established. Once the
necessary connections had been completed,
the software for the control system and the test

Figure 3: Assembly of the external cooler (top) and the steam generator (bottom) after maintenance
before commissioning
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section control software were installed and the
first cold function tests were carried out.

Figure 4: Construction and completion of the ex-
ternal control room

As the strength test had to be carried out at
ambient temperature, i.e. at 20°C, the system
had to be prepared for a test pressure of 328
bar. This corresponds to the mechanical mate-
rial load at 160 bar and 360°C. The preparation
included the removal of all sensors that could
not withstand this pressure and the application
of two high-pressure pumps connected in se-
ries, which had to apply the test pressure after
filling and closing the high-pressure loop. First,
the high-pressure loop with a volume of ap-
prox. 3.5 m3 was pressurized in steps of 100
bar each and after each step the steady state
and thus the tightness of the system was in-
spected. In addition to the expected smaller
leaks at nozzles and flanges, a larger leak oc-
curred at a pressure of approx. 260 bar at the
lower test section connection, which reduced
the system pressure down to 50 bar again be-
fore the corresponding valves were closed af-
ter approx. 20 seconds. The source of this leak
was a misalignment of the system-side flange

(DN65 PN320) by approx. 8 mm in relation to
the vertical position. This manufacturing defect
was quickly rectified by a specialist company
and the strength test was restarted. On May
16, 2022, the high-pressure circuit reached
329.45 bar at the lowest point of the system
during the official pressure test and withstood
this for over an hour without any leaks. The
strength of the system was thus officially veri-
fied by an inspector. The further tests based on
the design documents were also successfully
completed by fall 2022.

Figure 1: Preparation of the system for the pres-
sure test. Right: High-pressure pump and pres-
sure measurement technology for the applica-
tion of the test pressure, left: Snapshot of the
leak at the lower test section flange at approx.
250 bar
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Figure 2 Top: The top floor of the facility with the top of the test track in the foreground. Below Ground

floor(l) and 1st floor(r) of the COSMOS-H facility

The high-pressure loop was thus completed.
The next step was to attach the sensors and
safety valves that had previously been re-
moved for the pressure test. Most of these had
already been connected to the control system
and calibrated before the pressure test, so the
screw connections had to be tested. Due to the
expected pressures and temperatures, the
screwing was torque-controlled and the rota-
tional angle was monitored and documented
using a hydraulic unit.

By the end of the year, the trace heating of the
high-pressure loop was applied to the system,
followed by the entire thermal insulation of the
system and the test section. At the same time,
the final subsystems, such as the leakage de-
tectors for the oil cooling circuit, were installed.
Then the cold function tests were started. The
housing was closed and all safety systems
were set into operation. By the end of 2022, the
hardware of COSMOS-H was fully completed
and all cold tests had been completed.
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For 2023, however, numerous further steps re-
main before experimental operation, such as
the parameterization of the controller systems
under hot plant conditions and the acceptance
tests of the main safety functions.
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KALLA research in 2022: From heat transfer fundamentals up

to high tech carbon from CO:

Markus Daubner, Benjamin Dietrich, Ines Duran, Frank Fellmoser, Christoph Hofberger, Marta
Kamienowska, Ralf Krumholz, Tim Laube, Karsten Litfin, Martin Lux, Franziska Muller-Trefzer,
Klarissa Niedermeier, Leonid Stoppel, Neele Uhlenbruck, Thomas Wetzel, Kurt Wittemann

Introduction

In 2022 at Karlsruhe Liquid Metal Laboratory
(KALLA) we continued and intensified our ef-
forts in our three strategic focus areas 1)
Thermal fluid dynamics of liquid metals, 2)
Liquid metal based thermal storage and 3)
Liquid metal based process technology. All
our work aims at enabling technologies and
creating new ideas for the energy transition
and for the fight against global warming, with
their challenges not only for the energy sec-
tor, but for chemistry, transport and the soci-
ety as a whole.

The following report will provide a short over-
view of some important steps and results in
our various projects, reaching from extending
fundamental knowledge all the way up to
technological innovations with a clear appli-
cation perspective. And while we remain ded-
icated to our goal of being among the re-
search teams defining the state of the art in
liquid metal technology in our international
environment and community, we know, that
we cannot do anything useful just on our own.
We therefore remain grateful and work ac-
tively for the fruitful and strong partnership
with our research partners across Europe
and worldwide.

We look forward to working with YOU in fu-
ture, 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

The use of liquid metals in solar tower power
plants as a heat transfer medium has been
discussed for some time. In this process, the
concentrated sunlight is transferred to the
heat transfer medium in the so-called re-
ceiver. The receiver typically consists of a
bundle of tubes. The focusing of the sunlight
results in an inhomogeneous distribution of
heat or temperature over the circumference
of the tube. For the thermal dimensioning of
the receiver, so-called Nusselt correlations
are necessary. In order to obtain these on the
basis of experiments, a test facility with a spe-
cial test section was set up at KALLA in the
DFG project (WE 4672/4-1), which allows az-
imuthally homogeneous (full heating) but in
particular also various inhomogeneous
boundary conditions to be realized. For rea-
sons of practicability, GalnSn is used as the
model fluid. The project ended in 2022, but
the continuation application was positively re-
viewed and another 3 years were granted
(WE 4672/4-2). The results of the first phase
of the project have been published in [1]
[2][3][4], the most important aspects are:

1) Nusselt correlations determined for fully
heated, thermally and hydro-dynamically de-
veloped liquid metal tube flows are equally
suitable for calculating circumferentially aver-
aged Nusselt numbers for liquid metal flows
in tubes heated over half of the circumference
of the tube. This can be seen in Figure 1, as
the data in principle follow very well the trend
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of Skupinski's correlation derived for the case
of a homogeneous heated liquid metal tube
flow.
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Figure 1: Comparison of the averaged Nusselt-
number {Nu) of experimental date for an azi-
muthally homogeneous (OH) and inhomogene-
ous (IH) heated tube with the correlation accord-
ing to Skupinski et al [5].

2) Inthe case of liquid metal tube flows, larger
temperature differences occur in the tube wall
between the heated and unheated halves
compared to conventional fluids (e.g. water).
This can be explained by the significantly
higher convective heat transfer coefficients in
liquid metal, as well as the greater influence
of the semi-peripheral heating on the local
Nusselt numbers than in conventional fluids.
This finding is in agreement with theoretical
considerations by Flesch [6] and is of high rel-
evance for the design of technical apparatus,
since higher thermomechanical stresses can
accompany these higher temperature differ-
ences. This is a very important aspect, espe-
cially for the intended applications with high
heat flux densities and temperature levels.

The value of the data obtained in the WE
4672/4-1 project is based, among other
things, on the fact that, in contrast to the few
data in the literature, precise knowledge of
the boundary conditions and measurement
uncertainties is available. Thus, a much more
reliable design of technical apparatus will be
possible in the future. Furthermore, the re-
sults support the validation of numerical sim-
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ulations and the further development of tur-
bulence models for liquid metal tube flows
with heat transfer in current work [7][7].

Fuel assembly experiments in Heavy liquid
metal flows

Liquid heavy metal such as an eutectic lead-
bismuth alloy (LBE) is one of the preferred
coolants for the design and operation of mod-
ern nuclear reactors such as the MYRRHA
(Multi-purpose hYbrid Research Reactor for
High-tech Applications) or the Gen-IV reac-
tors. The precise knowledge of the mechani-
cal and thermal properties of the coolant in
the reactor core and the fuel elements is of
great importance for safe and reliable opera-
tion. In addition, the geometry of the fuel as-
semblies can change during operation due to
swelling, creep and mechanical defects and
can influence safety. As part of the EU PA-
TRICIA (Partitioning And Transmuter Re-
search Initiative in a Collaborative Innovation
Action) and PASCAL (Proof of Augmented
Safety Conditions in Advanced Liquid-metal-
cooled systems) projects, two experiments in
LBE and numerical modelling with CFD were
launched at KALLA.

In the first experiment, the influence of a well-
defined porous blockade in a 19-pin wire
spaced rod bundle will be investigated in the
THEADES loop of KALLA. Following the EU
project MAXSIMA [8][9][10][11], in which a
complete blockage of several subchannels
was investigated experimentally and numeri-
cally, a realistic partial blockage will be inves-
tigated in PATRICIA by using a sintered ce-
ramic element with well-defined porosity. The
detailed instrumentation will provide insights
into local hot spots as well as recirculation
patterns that will be used to validate humeri-
cal models.

In a second experimental study, the effect of
deformations in a rod bundle on the local flow
and temperature field in a 7-pin wire spaced
rod bundle is investigated. The rod bundle
contains a rotating central rod and bendable
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outer pins to simulate wire displacements and
bent rods in a rod bundle. This experiment is
performed in the THESYS LBE loop at
KALLA. Another deformation study is being
set up as a water rod bundle experiment at
the Karman Institute for Fluid Dynamics (VKI)
in Brussels as part of the EU PASCAL pro-
ject. The detailed design of the experiment
and blocking is supported by the KALLA team
and the CFD analysis after the experiment is
performed by FPS (see Figure 2).

Figure 2: Longitudinal cut through the planned
rod bundle deformation test section in EU-Project
PATRICIA with the deformation piston in the cen-
ter.

Liquid metal based thermal energy
storage

Filler material screening for packed-bed heat
storage

Liquid metals have been proposed as heat
transfer fluids in high-temperature heat stor-
age systems due to their excellent heat trans-
fer capabilities and large operating tempera-
ture range [12]. In 2020 and 2021, a lab-scale
packed bed heat storage system (VESPA)
has been successfully demonstrated [13][13].
In the lab-scale experiments of VESPA, lead-
bismuth eutectic was used as heat transfer
fluid and zirconium silicate in the form of
spherical ceramic particles as filler material at

temperatures from 180°C to 380°C. The tests
run for one year with 36 cycles in total and the
filler material showed no signs of corrosion
under the electron microscope after the ex-
periments.

In parallel to the VESPA experimental cam-
paign a selection of filler materials was tested
(in collaboration with Institute for Pulsed
Power and Microwave Technology (IHM,
KIT)) in contact with 500°C lead-bismuth eu-
tectic for 4 weeks. The selection was based
desired thermo-physical properties, which
are a high heat capacity, high density and low
thermal conductivity, based on numerical
simulations [14. ]The results showed that the
two glasses investigated (sodium glass und
borosilicate glass) exposed to LBE are not re-
sistant to LBE as can be seen in Figure 1 a)
and b). Under the investigated ceramics, the
amorphous phase of steatite is penetrated
predominantly by lead, as is shown in Figure
1 c). The scanning electron microscope im-
ages of the surfaces of zirconium silicate and
zirconium dioxide do not show any signs of
corrosion attack as can be seen in Figure 1
d) and e).

In 2023, a pilot-scale set-up (DUO-LIM) with
a thermal storage capacity of 100 kWh is
planned to be tested, again using zirconium
silicate as packed bed due to the successful
compatibility in the lab-scale tests.

borosilicate glass, 4 weeks in LBE
(1000x)

sodium glass, 4 weeks in LBE (1500x)

5 LA NN
steatite, 4 weeks in LBE (2500x)

zirconium silicate, 4 weeks in LBE zirconium dioxide, 4 weeks in LBE
(5000x) (1500x)

Figure 1: Different materials exposed to LBE for 4 weeks and LBE is removed. a) sodium glass, b) bo-
rosilicate glass c) steatite, d) zirconium silicate, e) zirconium dioxide
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Set up of a High Temperature Liguid Metal
Loop for Testing Future Process
Engineering Key Components

At the Karlsruhe Liquid Metal Laboratory
(KALLA), a high temperature liquid lead loop
has been designed and is currently in the

EN

and a protection tray are available or cur-
rently under construction (Figure 7). In addi-
tion, hardware like semi-finished products,
pipes, pipe fittings, metal profiles, pipe- and
component hangers, valves, flange connec-
tions, gaskets, lead, heat tracing, instrumen-
tation, measurement- and control technique

Hanger
Support

Hangers

Manufacturing
Dummy

Supporting
Structure

Protection
Tray

——

Figure 7: Top left: CAD model of the high-temperature liquid metal loop of LIMELISA, bottom left:

sump tank, right: Construction of the supporting structure for the liquid metal loop

construction phase. The goal of the BMWK
funded project LIMELISA is to test key com-
ponents for advanced process engineering
like valves and a radial pump provided by the
project coordinator KSB [15]. In 2022, the pip-
ing and instrumentation diagram (P&ID) has
been developed and represents the func-
tional relationship between all components
like vessels, pipes, valves, pumps and the in-
strumentation of the different components of
the test rig. Safety considerations have been
made and loop components like vessels, pip-
ing system and venturi flow meters, and sup-
porting structures, manufacturing dummies

32

as well as vacuum components have been
selected and purchased. Furthermore, elec-
trical cabinets for the power supply of the
trace heating and related fuses and relays
have been designed and assembled.

Liquid metal based process
technology

DECAGASM - Decarbonisation of natural
gas in liguid metal

Hydrogen technology is seen as a major pillar
of a successful energy transition. In June
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2020, the German government adopted the
national hydrogen strategy [16]. While, the
preferred hydrogen production option formu-
lated there is so called green hydrogen, i.e.
such produced by water electrolysis, we work
at KALLA on another production route, the so
called pyrolysis of methane or other hydro-
carbons as raw material, but nevertheless
without producing COz. Since 2012, the work
carried out at KALLA has led to a continu-
ously operable process for direct thermal me-
thane pyrolysis as a viable process to pro-
duce hydrogen and solid carbon from
methane, several gas mixtures such as natu-
ral gas H (standard pipeline gas in Germany)
and — perspectively — biogas. In the process,
the extensive experience with liquid metals,
established 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 temperature [17][18].

Since 2019, together with the industrial part-
ner Wintershall Dea [19] the technique has
been further developed towards the use in an
industrial scale. The basis is the pyrolysis of
methane in a liquid metal bubble column re-
actor (see Figure 8).

In this process, methane gas or mixtures
were passed through liquid tin, heated to a
temperature of 950 °C to 1200 °C. Due to the
temperature conditions, the methane as well
as higher alkanes are split into two compo-
nents, solid powdered carbon and gaseous
hydrogen. Since the solid carbon has a much
lower density than the liquid tin, it accumu-
lates on the surface of the liquid metal and
was discharged during operation of the reac-
tor. The gas phase, containing a mixture of
hydrogen, unreacted methane and other hy-
drocarbons, will be further processed accord-
ing to the requirements of the final applica-
tion. Unreacted methane and other
hydrocarbons can be fed back into the reac-
tor.

Tin melting tank

Carbon separation unit
coarse filter and fine filter

Bubble column

containing tin Product gas

mixture outlet

Electric furnace

Reactor feed
nozzle

Figure 8: Bubble column reaction system for py-
rolysis with carbon separation system.

The extended development of the reactor
since 2019 resulted in carbon discharge in
operation, increased throughput and the py-
rolysis of natural gas H. Additionally the influ-
ence of several admixtures to pure methane
on the hydrogen yield and product gas com-
position was determined.

MTET InnoPool Solar H,

The Innovation Pool project “Clean and Com-
pressed Solar H,“is evaluating the use of so-
lar energy to produce hydrogen by direct ther-
mal pyrolysis of methane based on liquid
metal technology.

In a chemical reactor filled with liquid tin, me-
thane decomposes into hydrogen and solid
carbon. No CO2 is emitted in this process. A
significant degree of CH4 conversion is
achieved at a temperature of around 1000 °C.
For this process to be completely CO2-free,
the energy required for the pyrolysis reaction
must be derived from renewable energy
sources such as solar thermal energy or pho-
tovoltaic.

In 2022 the project carried out an in-depth
theoretical analysis of the influence of CO2 on
methane pyrolysis as a key factor in the use
of biogas (a renewable energy source con-
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sisting mainly of methane and carbon diox-
ide) as a reactant. In this case, according to
available literary sources, hydrogen is mainly
produced simultaneously by two reactions:
dry reforming of methane and pyrolysis of
methane. In addition, other parallel reactions
occur simultaneously, including the reverse

gas shift of water and the Boudoir reaction.

Name Reaction
COzreforming of | CH4 + CO2 2 2CO +
methane 2H>
CHg4 pyrolysis CHa2 C+2H2
Reverse Water
Gas Shift CO2+ H22CO + H20
Boudouard 2C02C02+C
Steam reforming
of methane CH4+ H20 2 CO + 3H2
Steam reforming | CH4 + 2H.O 2 CO2 +
of methane 4H>

CO2 oxidation of
Sn

Sn + 2CO2 2 2CO +
SnO2

CHa reduction of
SnO2

SnO2 + 2CHs4 2 Sn +
4H, + 2CO

Depending on the ratio of CH4 to CO2 feed
and the operating temperature of the pro-
cess, the composition of the product gas
changes. The direct application of biogas in
the reforming process has very significant po-
tential as it eliminates the costly step of sep-
arating carbon dioxide from the input gas mix-
ture.

An important aspect that has the potential to
significantly affect overall system perfor-
mance is the interaction of COz and liquid tin
at operating temperatures. Theoretical analy-
sis has shown that although CO:2 oxidises
metallic tin, at the high temperatures typical
of system operation the resulting tin oxide is
reduced back to Sn in the presence of carbon
and methane. In addition, it is also not ex-
pected that tin carbides or carbonates will be
formed. However, experimental studies are
required to confirm this.

An extensive research review article on all
this in detail and on many more aspects was
written and submitted to a scientific journal for
publication.
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NAMOSYN - Anhydrous formaldehyde
production with sodium vapours as the

catalyst

The BMBF-funded project NAMOSYN (Sus-
tainable Mobility with Synthetic Fuels), involv-
ing 37 partners including BASF, BMW, BP,
DLR and others, aims to develop and test
synthetic fuels for diesel and petrol engines.
Anhydrous formaldehyde can be used as an
intermediate for the synthesis of a promising
alternative to diesel (oligomeric oxymeth-
ylene dimethyl ethers, OMESs) [20]. For this
purpose, the MEDENA (methanol dehydro-
genation with sodium (Na) catalyst) mini-
plant was designed and built at ITES with the
goal of proving that the dehydrogenation of
methanol to anhydrous formaldehyde using
sodium as a catalyst can be carried out on a
mini-plant scale.

In 2022, the sodium catalyst dosing system
was successfully tested. This setup was able
to provide a uniform distribution of sodium
over time and reproducible results. The cata-
Iytic tests were carried out at temperatures
ranging from 650 °C to 900 °C and with vary-
ing amounts of methanol and sodium in the
stream. The results obtained were compara-
ble to those achieved on a lab-scale in the lit-
erature [21].

In April 2023, the NAMOSYN project will be
completed.
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Figure 1. Sodium evaporation unit and reactor
concept for dosing of sodium vapour in the
MEDENA mini-plant
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NECOC - Negative Emissions by Carbon
Synthesis from Atmospheric CO;,

The BMWK funded project NECOC aims at
creating negative emissions by synthesizing
solid carbon materials from atmospheric CO:2
in a three-step process. In collaboration with
the two start-ups Climeworks Germany
GmbH and INERATEC GmbH, a group of re-
searchers from the Karlsruhe Liquid Metal
Laboratory (KALLA) and the Institute of Ther-
mal Process Engineering (TVT) successfully
demonstrated the process shown below in
December 2022, converting atmospheric
CO: into carbon powder for several days.

Atmospheric CO: is separated from the air via
a direct air capture (DAC) facility developed
by Climeworks. The second process step, op-
erated by INERATEC, is the catalytic
methanation of CO2 using microstructured re-
actor concepts in order to overcome the chal-
lenge of the high thermal stability of the CO2
molecule. In a third step the thermal dissoci-
ation of methane, also known as methane py-
rolysis, takes place in a liquid metal bubble
column reactor developed at KALLA. The in-
novative technology using liquid tin as heat
transport medium prevents the pyrolysis re-
actor from clogging as the solid carbon pro-
duced by methane pyrolysis rises to the liquid
metal surface as a powder due to its lower
density compared to tin.

After extensive preparation and theoretical
work [22], at the end of 2022, carbon was
synthesized successfully via methane pyroly-
sis at two temperature levels, using gas mix-
tures from the methanation of atmospheric
CO: as feedstock. No disruption of the pyrol-
ysis process due to impurities from previous
process steps (Hz, COz, N2, H20, O2) was ob-
served. Currently, the thus obtained carbon
products are analyzed in detail in order to de-
termine their potential for various industrial
applications. According to the process pa-
rameters realized, different types of carbon
formed during methane pyrolysis in the liquid
metal bubble column reactor were found, see
Figure 1.

The successful demonstration of the NECOC
process was met with huge interest, from the
media, industry, individuals and politicis [23].

Figure 1: top: Carbon powder synthesized
from atmospheric CO2 via the NECOC pro-
cess; middle: transmission electron micros-
copy (TEM) picture of soot particles [22]; bot-
tom: TEM picture of graphene-like carbon
sheets mixed with soot particles [22].

References

[1] Laube, T., Emmendorfer, F., Dietrich,
B., Marocco, L., Wetzel T.; Thermophysical
properties of the near eutectic liquid Ga-In-Sn

35



Department: Karlsruhe Liquid metal Laboratory (KALLA)

alloy. Data Article. KITopenData [Online-Da-
tenbank], 2021. doi: 10.5445/IR/
1000140052.

[2] Laube, T., Dietrich, B., Marocco, L.,
Wetzel, T.; Turbulent heat transfer in a liquid
metal tube flow with azimuthally inhomogene-
ous thermal boundary conditions. Int. J. Heat
Mass Transf. 189, 122734, 2022.

[3] Laube, T., Dietrich, B., Marocco, L.,
Wetzel, T.; Heat transfer and pressure drop
data of a turbulent tube flow of water and
GalnSn with azimuthally inhomogeneous
heat flux. Data Article. KITopenData [Online-
Datenbank], 2023. https://

[4] Laube, T., Dietrich, B., Marocco, L.,
Wetzel, T.; Conjugate heat transfer of a tur-
bulent tube flow of water and GalnSn with az-
imuthally inhomogeneous heat flux. Submit-
ted to Int. J. Heat Mass Transf., Februar
2023, Reviews receiced Mai 2023.

[5] Skupinski, E., Tortel, J., Vautrey, L.;
Determination des coefficients de convection
d'un alliage sodium-potassium dans un tube
circu-laire, Int. J. Heat Mass Transf., vol. 8,
no. 6, pp. 937-951, 1965.

[6] Flesch, J.; LBE-cooled tube receiver
performance - Design aspects and high-flux
operation in a solar furnace, Dissertation,
KIT, 2021.

[7] Straub, S., Forooghi, P., Marocco, L.,
Wetzel, T., Frohnapfel, B.; Azimuthally inho-
mogeneous thermal boundary conditions in
turbulent forced convection pipe flow for low
to medium Prandtl numbers, Int J. Heat Fluid
Flow, vol. 77, no. 6, pp. 352-358, 2019.

[8] Pacio, J., Daubner, M., Fellmoser, F.,
Litfin, K., Wetzel, T.; Heat Transfer Experi-
ment in a Partially (Internally) Blocked 19-
Rod Bundle with Wire Spacers Cooled by
LBE, Nuclear Engineering and Design, 330
(2018), 225-240

[9] Pacio, J., Daubner, M., Wetzel, T.; Lo-
cal Blockages in a Rod Bundle with Wire

36

Spacers: Heat Transfer in LBE for the Safety
Assessment of MYRRHA, Advances in Ther-
mal Hydraulics (ATH 2018) 2018 ANS Winter
Meeting, Orlando, Florida, November 11-15,
2018

[10] Batta, A,, Class, A. G.; Thermalhydrau-
lic CFD Validation for Liquid Metal Cooled 19-
Pin Hexagonal Wire Wrapped Rod Bundle,
8th International Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH-18),
Portland, Oregon, USA, August 18-23, 2019

[11] Batta, A., Class, A. G., Pacio, J.; Nu-
merical analysis of a LBE-cooled blocked 19-
pin Hexagonal wire wrapped rod bundle ex-
periment carried out at KIT-KALLA within EC
FP7 Project MAXSIMA, The 8th European
Review Meeting on Severe Accident Re-
search (ERMSAR), Warsaw, Poland, May
16-18, 2017

[12] 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.

[13] Mdller-Trefzer, F., Niedermeier, K.,
Daubner, M., Wetzel, T.; Experimental inves-
tigations on the design of a dual-media ther-
mal energy storage with liquid metal, Applied
Thermal Engineering, 213 (2022), 118619.

[14] Laube, T., Marocco, L., Niedermeier,
K., Pacio, J., Wetzel, T.; Thermodynamic
Analysis of High-Temperature Energy Stor-
age Concepts Based on Liquid Metal Tech-
nology, Energy technology, 8 (3) (2020),
1900908.

[15] Niedermeier, K., Lux, M., Weisen-
burger, A., Wetzel, T.; Design of an Experi-
mental Loop for Testing Key Components for
Thermal Energy Storage with Liquid Lead at
700 °C, 2022. International Renewable
Energy Storage and Systems Conference
(IRES 2022), Dusseldorf, Deutschland, 20.—
22. September 2022.



Department: Karlsruhe Liquid metal Laboratory (KALLA)

[16] Die nationale Wasserstoffstrategie.
BMWi, 2020. https://lwww.bmwi.de/Redak-
tion/DE/Publikationen/Energie/die-nationale-
wasserstoffstrategie.pdf

[17] GeiBler, T.; Methan-Pyrolyse in einem
Flissigmetall-Blasensaulenreaktor. Disserta-
tion. Karlsruher Institut fir Technologie.
2017.

[18] Stoppel, L., Fehling, T., Geiler, T.,
Baake, E., Wetzel, T., Carbon dioxide free
production of hydrogen, IOP Conference Se-
ries: Materials Science and Engineering, 228
(2017), 012016

[19] Presseinformation 141/2019. Wasser-
stoff aus Erdgas ohne CO,-Emissionen.
https://www.kit.edu/kit/pi_2019 wasserstoff-
aus-erdgas-ohne-co2-emissionen.php

[20] Oestreich, D., Lautenschitz, L., Ar-
nold, U., Sauer, J.; Reaction kinetics and
equilibrium parameters for the production of
oxymethylene dimethyl ethers (OME) from
methanol and formaldehyde, Chemical Engi-
neering Science, 163 (2017), 92-104

[21] Ruf, S., May, A., and Emig, G.; Appl.
Catal. A Gen., vol. 213, no. 2, pp. 203-215,
2001

[22] Uhlenbruck, N., Dietrich, B., Hof-
berger, C., Stoppel, L., Wetzel, T. (2022); Me-
thane Pyrolysis in a Liquid Metal Bubble Col-
umn Reactor: A Model Approach Combining
Bubble Dynamics with Byproduct and Soot
Formation. Energy Technol.,, doi.org/
10.1002/ente.202200654

[23] https://www.kit.edu/kit/pi_2022_107_n
eue-anlage-produziert-kohlenstoff-aus-
luft.php

37


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
https://www.kit.edu/kit/pi_2022_107_neue-anlage-produziert-kohlenstoff-aus-luft.php
https://www.kit.edu/kit/pi_2022_107_neue-anlage-produziert-kohlenstoff-aus-luft.php
https://www.kit.edu/kit/pi_2022_107_neue-anlage-produziert-kohlenstoff-aus-luft.php




Department: Resilient and Smart Infrastructure Systems (RESIS)

Key Advancements in the Research Area of Energy System
Resilience, Nuclear Safety, and Decision Support in 2022

S. S. Ottenburger, D. Trybushnyi, N. Chavan, T. Makumbi, T. Schichtel, T. Mdller, W. Raskob

Introduction

RESIS conducts research in the area of smart
resilience engineering and risk mitigation tech-
nology. Is active in two Helmholtz programs,
namely Energy System Design (ESD) and Nu-
clear Waste Management, Safety and Radia-
tion Research (NUSAFE), and contributing to
the EuroFusion program. In general, RESIS
combines the use of simulations, artificial intel-
ligence and mathematics to develop solutions
that improve the resilience of critical socio-
technical systems [1]. The challenges of the
energy transition as well as the management
of potential nuclear hazards are part of the
RESIS topic portfolio. We are working on a bet-
ter understanding of risks, which on the one
hand can be dispersion-based and e.g. radio-
logical in nature or relate to complex net-
worked infrastructure systems, which are more
systemic in nature. An in-depth analysis of
(systemic) risks and uncertainties provides a
basis for developing different approaches to
resilience-enhancing measures. This report
outlines some of our key activities in 2022.

Planning and Managing Complex
Networked Systems

FRAMESS (Framework for Systemic Risk
Analysis and Exploration of Sustainable Solu-
tions) is a platform approach for advanced sim-
ulation, resilience studies and decision support
and it employs various techniques, including
graph- and multi-agent-based simulation, to fa-
cilitate comprehensive risk analysis and valida-
tion of resilience concepts. It offers robust sus-
tainable modeling and a software engineering

architecture that is adaptable to various con-
texts, such as energy, transport, and urban en-
vironments. Moreover, it seamlessly integrates
multi-criteria decision analysis (MCDA), mak-
ing it a powerful tool for informed decision-
making. This platform also caters to the de-
mands of Al-driven network optimization and
management. An initial version of FRAMESS
was officially introduced at the 2022 Hannover
Fair, and it has been extensively applied in the
SimPaTrans project as the foundational tech-
nology for a Decision Support System, serving
the German Federal Agency for Civil Protec-
tion and Disaster Relief (BBK). This collabora-
tion has yielded significant advancements in
the field. FRAMESS is not just a stand-alone
tool; it forms a potential basis for a wide array
of resilience planning and crisis management
projects, to bolster preparedness and re-
sponse capabilities.

High dams and hydropower: Neural
networks and risk forecast

In the project DAMAST, studying the safety of
the large Enguri dam and its hydropower plant
in Georgia, our main research topic was di-
rected onto the search for approaches to com-
pute dam displacement as well as the induced
seismicity. No physical models to represent
these quantities as a function of observable
meteorological and hydrological variables
were known, so an alternative way of creating
a good approximation was suggested: a usage
of artificial intelligence algorithms. The last
decade has brought a deep understanding and
robust implementations of the Al tools and
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frameworks, particularly the Deep Neural Net-
works (DNNs). Nowadays, a Python developer
with some data science background can pre-
pare the data to study, clean it up, define the
model input and output and start an automated
search for the best DNN to fit the data (see Au-
tokeras [2]). In the project the following rela-
tions were studied: ‘induced seismicity - water
level, net solar radiation, air temperature, at-
mospheric surface Pressure’, ‘dam displace-
ment - water level, net solar radiation, air tem-
perature, atmospheric surface pressure,
with/without seismicity’. The automated ap-
proach has brought up an observation that the
net solar radiation helps a DNN to essentially
reduce the error on the validation data subset.
In other words, the net solar radiation is in high
correlation with the induced seismicity and the
dam displacement. A physically based open
source model WRF-Hydro[3] was preliminarily
tuned up to calculate the relation ‘precipitation
- water level’. For the other two variables - in-
duced seismicity and dam displacement - a
corresponding DNN with a good approximation
was found. As it is possible to freely get good
quality meteo forecasts for the whole world
(Global Forecast System model [4], NOMADS
meteo provider [5]), the WRF-hydro model to-
gether with the two DNNSs can calculate a fore-
cast of the induced seismicity and the dam dis-
placement. Further work on converting these
parameters into the risk forecast is planned.

Fusion reactor accidents and tritium

Our task in the EuroFusion program to perform
dose assessments to the population from hy-
pothetical accidents of the next step fusion re-
actor named DEMO. As fusion reactors differ
from nuclear power plants, in particular as the
radionuclide tritium is an important component
of the inventory, special assessment models
have to be applied. Furthermore, as the site of
DEMO is not known at present, probabilistic
studies for a generic site have to be performed.
To be in line with former studies for ITER (In-
ternational Thermonuclear Experimental Re-
actor), similar boundary conditions were used.
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The two probabilistic assessment codes CO-
SYMA [6] for activation products and UFOTRI
[7] for tritium were applied. In 2022, the focus
of the work was related to screening for unit re-
leases of tritium, activated corrosion products
(ACPs) and tungsten dust. Deterministic calcu-
lations with different meteorological parame-
ters, representing typical worst-case release
conditions were compared with the 95% per-
centile of the probabilistic release scenarios.
The highest doses in the vicinity of the site
were similar for the worst-case deterministic
scenario and the 95% percentile. This assured,
that the 95% percentile that is used in our as-
sessments did not underestimate the conse-
quences to the population.

As the two assessment models COSYMA and
UFOTRI were developed some 30-40 years
ago, in particular the atmospheric dispersion
models of the two codes are no longer state of
the art. To overcome that issue, a new task
was setup in 2021 to integrate the tritium spe-
cific functionalities of UFOTRI into the decision
support system JRODOS (JAVA based real-
time online decison support) with state-of-the-
art simulation models [8]. Besides this integra-
tion of tritium specific features, probabilistic
functionalities will be also added. This would
allow to perform similar assessments with just
one code JRODOS as was so far done with
two, COSYMA and UFOTRI. Work in 2022
concentrated on the extraction of routines from
UFOTRI.

JRODOS: Activities for the Ukraine

The year 2022 brought new challenges to the
world, and this had a reflection on the RESIS
group activities [9]. Due to the war in Ukraine
the risks of a nuclear accident on one or sev-
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Figure 1 A potential heavy release scenario at Zaporischschja NPP, total gamma dose rate, 24h after

the release.

eral Ukrainian nuclear power stations have in-
creased dramatically. To build up the prepar-
edness and be ready to estimate the potential
consequences of such cases a close contact
to the State Nuclear Regulatory Inspectorate of
Ukraine, Ukrainian Hydromet and other
Ukrainian authorities has been established in
March 2022. Several detailed heavy accident
scenarios have been given to the group by the
Inspectorate. Since April 2022 there are JRO-
DOS atmospheric dispersion calculations for
all the four Ukrainian nuclear power stations
performed hourly in an automatic manner. The
resulted concentration and dose rate maps are
then exchanged with the Japanese partners to
compare the calculations with the Japanese at-
mospheric dispersion model SPEEDY. In all
the different weather situations observed with-
in the 8 months the comparison between JRO-
DOS and SPEEDY was consistent. This fact
brings an additional assurance that the data
processing and the computational models us-
ed in JRODOS correctly represent the reality.

Towards the new JRODOS Module for
Nuclear Explosions

The JRODOS module ‘Nuclear Explosion’ is
developed to serve for the quantitative risk as-
sessment based on fallout predictions for land
surface bursts of nuclear weapons. The La-
grangian atmospheric dispersion models LA-
SAT and FLEXPART are utilized in the module
‘Nuclear Explosion”. The range of validity of
LASAT concerning the horizontal extent is lo-
cal to regional range (up to source distances of
about 200 km), that of FLEXPART up to global
range. The application of LASAT has to be val-
idated carefully because of the limited vertical
extent.

The fallout pattern from particles of visible size
is established within about 24 hours after the
burst. This is referred to as ‘early’ fallout, also
sometimes called ‘local’ or ‘close-in’ fallout. In
addition, there is the deposition of very small
particles which descend very slowly over large
areas of the earth's surface. This is the ‘de-
layed’ (or ‘worldwide’) fallout, to which residues
from nuclear explosions of various types — air,
high-altitude, surface, and shallow subsurface
— may contribute.
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Figure 4 Cloud arrival time contour plot together with total effective gamma dose rate

Figures 2-4 show the results of a simulation run
for a nuclear explosion of 60kt explosive yield.
JRODOS was equipped to handle aerosols.
The particle size distribution is a characteristic
of the nuclear explosion and therefore part of
the module setup. In 2022 the focus of the work
was the improved modelling of the inhalation
dose. Particles with a diameter of more than
10um will not contribute to the inhalation dose.
Although the model rule for this realization is
simple the code realization in JRODOS is very
expensive.

Multi-criteria decision analysis and
different application contexts

Two main aspects have driven the activities of
the RESIS department in the field of MCDA
during 2022: The project MAESTRI and the co-
ordinated Helmholtz efforts regarding MCDA.

MAESTRI (Management Systems Supporting
Environmental Remediation) is a project of the
IAEA (International Atomic Energy Agency)
and addresses the environmental remediation

of radiologically contaminated sites like e.g.
the vicinity of former nuclear power plants. The
challenge in this task is to find a justifiable bal-
ance between the restoration of the original
state in between ‘as much as possible” and ‘as
much as needed”, taking various stakeholder
interests into account in the decision making.

RESIS is part of the MAESTRI core group act-
ing as MCDA expert and advisor in the ongoing
project. The task of the core group is to estab-
lish MCDA as the method of choice addressing
the before mentioned objective, providing best
practice guidelines and a gold standard for an
effective approach, coaching the selection of
appropriate methods and last but not least to
train the according people of the IAEA member
states to operatively apply MCDA in the end.

So far, these activities have resulted in an offi-
cial document summarizing the method, justifi-
cation by selected historic examples and sug-
gestions how to approach the objective. Also,
during 2022 RESIS has actively contributed in
organising two workshops in February and Oc-
tober for dissemination and spreading of the
MAESTRI project. In addition to the supervised
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exercises during this workshop the MCDA tool
of ITES was presented as a teaching and train-
ing utility for the MCDA method in general and
in particular for the environmental remediation.

The coordinated Helmholtz efforts regarding
MCDA aim for spreading and awareness of the
usefulness of the MCDA methodology in the
area of energy system design [10] and sustain-
ability. Started in 2021 by KIT (ITES, ITAS),
DLR, and FZ Julich the members of the group
regularly meet either virtual or in person to co-
ordinate their activities in this area. In 2022 a
workshop was organised in Fulda with external
experts also joining the meeting, resulting in
published report with an overview of MCDA ac-
tivities in Helmholtz so far and suggestions for
best practises. Again, the MCDA tool of ITES
was presented on several occasions is now
considered as core component for a common
Helmholtz MCDA tool to be supported used by
the participating institutions. Especially the co-
operation between ITAS and ITES lead to sev-
eral publications and a significant improvement
of the MCDA tool in respect to the desired pur-
pose in HGF, enhancing it by several important
algorithms (e.g. PROMETHEE) used in the
MCDA community.

Assessment of Uncertainties Affecting
Dosimetric Calculation for Intake of
Radon and NORM

Inhalation of radon gas and progeny is one of
the leading causes of lung cancer among un-
derground miners and indoor workers [11]. The
inhaled radon progeny deposit in the respira-
tory airways of the lung and because of their
relatively short half-lives, decay mainly in the
lung before being cleared either by absorption
to blood or by particle transport to the alimen-
tary tract [12].

The Human Respiratory Tract Model (HRTM)
was used to calculate the absorbed doses to
regions of the lung. Uncertainty of calculated
doses to regions of the lungs needed to be as-
sessed by performing a parameter uncertainty
analysis to derive a frequency distribution of
the equivalent doses per unit exposure for a
miner.

INTDOSKIT in-house software developed at
KIT that calculates internal doses was ex-
tended to perform a Monte Carlo simulation.
Probability distributions for parameter values
were chosen to represent variations in expo-
sure conditions and variability among miners.
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Figure 5. The MCDA tool as it was used in the MAESTRI workshop. Evaluation of criteria and stakeholder
preferences leads to an ranking of alternatives as a suggestion for decision makers.
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A total of 1000 runs were performed and a
dose distribution obtained. Figure 6 depicts the
Monte Carlo simulation technique.

Uncertainty analysis

Normal Biokinetic
t model

|~

...... Y Dosimetric
$ _ Nucieer model

Decay
w—p Data Data

INPUT MODELLING OUTPUT
1 1

Sensitivity analysis

Figure 6: Monte Carlo simulation for uncertainty
and sensitivity analysis [3]

Simulation results showed that the equivalent
dose to the lung followed a normal distribution
with a mean value of 24.57 mSv/mJhm-3 and
a standard deviation of 0.33 as shown in Fig-
ure 7.
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Figure 7: Distribution of lung dose

Modeling the biokinetic behavior of
americium in the human body with and
without the presence of decorating
agents

This work is part of the German Ministry for Ed-
ucation and Research (BMBF) funded project

RADEKOR. it aims to improve the understand-
ing and model the behavior of radioactive ma-
terials in the human body.

The assessment of radiation dose is important
after the internal exposure of Americium to es-
timate risks, minimize exposure, and adhere to
regulations. To estimate the intake, both in vivo
and in vitro measurements are employed,
complemented by biokinetic modelling. The
widely accepted biokinetic models provided by
the International Commission for Radiation
Protection (ICRP) are commonly utilized. local-
ized contamination is reduced by administrat-
ing chelating agents such as Ca-DTPA or Zn-
DTPA to the patients. It accelerates the urinary
and faecal excretion of Americium. Chelating
agents form complexes with Americium and re-
duce its effect on metabolic processes and re-
move them from body. However, the precise
chelation sites within the human body remain
unknown. As part of our ongoing project, we
aspire to identify this chelation mechanism in
the liver and model the kinetics of the chelation
process within the human body.

Due to the scarcity of data and knowledge
available we are actively interacting with peo-
ple on various platforms such as European Ra-
diation Dosimetry Group (EURADOS), Health
Physics Society (HPS). This year we have vis-
ited Los Alamos National Laboratory (LANL)
and United States Transuranium Registries
(USTUR) for possible collaborations. In 2 trips
to USTUR, the human case data of interest is
identified. This data is being used to under-
stand the biokinetics of Am in the presence of
chelating agent and Development of pharma-
cokinetically realistic model for Americium.
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Design study of the MONIKA-ORC-Turbine and comparison

with experimental results

Cristian Leonardo Nifio Avella, 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 its conversion into
electrical energy via a thermodynamic cycle
process. Electricity generation for these low
temperature cycles is today usually realized
via an Organic Rankine Cycle (ORC) process.

Varying the boundary conditions and the work-
ing fluids used has a large impact on the net
power yield and thus the economics of a waste
heat application.

The approach taken by the ITES-EVT group is
to maximize electrical power production by se-
lecting a heat transfer fluid suitable for the site-
specific boundary conditions in Europe and a
supercritical live steam pressure. In previous
studies ORC [1], [2],[3] Vetter et al. have
shown that significant performance improve-
ments are possible under supercritical condi-
tions.

Environmental and operational criteria such as
high thermal conductivity, low specific volume,
high chemical stability, low corrosiveness, low
flammaubility, toxicity, low ozone depletion po-
tential (ODP) and global warming potential
(GWP) were considered in the selection of the
working fluid [4].

To optimize and validate this simulation model,
we built a supercritical ORC (MoNiKa) (Fig
1,2). This also offers the possibility to analyze
individual components in detail.

The following report focuses on the investiga-
tion of the ORC turbine.

The MoNiKa power plant

The MoNiKa (Modular low-temperature cy-
cle Karlsruhe) is a small power plant with the
following components:

e Turbine
e Propane Tank
e Pumps

¢ Heat exchanger
e Condenser

Fig. 1: MoNiKa -ORC power plant

In the master thesis of C. L. Nifio Avella [5] we
mainly study the experimental results of the
turbine operation with a focus on the load
range between 40 and 100%.

Main Pump  Suppert pump

Propane Tank

Fig.2: Scheme of the power plant MoNiKa
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Component’s description

The pumping system consists of two pumps. A
Grundfos circulation pump and a LEWA triplex
M514US G3G main pump. This is a membrane
piston pump with a maximum mass flow of 3.6
kg/s and a design pressure of 6.5 MPa.

The heat exchanger manufactured by

Gesmey, 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 installed thermal design
power is 1000 kW for full load operation.

Fig. 3: Propane tank und Condenser

The condenser Fig.3 manufactured by KUHL-
TURMKARLSRUHE is located between the
outlet of the turbine (or throttle valve) and the
propane tank. In addition, the condenser is
prepared for operation with water spray. The
condenser is equipped with three vertical fans
(impeller and diffusor) of 2.5m diameter. The
power consumption of each motor is max. 13
kW at 322 RPM and a maximum flow rate of 44
m3/s each and a total of 39 kW - 132 m3/s.

The last component of the circuit is the turbine
GT 120 - 4 Fig.4.
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Fig. 4: Turbine with gearbox and generator

Fig.5 shows a cross-section of the axial four-
stage propane turbine with constant stage
pressure (impulse design) with a nominal rota-
tional speed of 9996 1/min. It is a welded con-
struction made by M+M TURBINE-TECHNIK

[8]

n=0 n=1 n=2 n=3 n=4 np=5 n=6 n=7 n=8

Fig. 5: M+M Turbine interior view

The thrust bearing is located in the steam inlet.
It is sealed to the outside by carbon seals. The
steam inlet area (face side) is closed and has
a leakage gas discharge which is directed to
the exhaust steam. In the area of the shaft pas-
sage 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 vented behind the second
seal. Behind the third seal, atmospheric condi-
tions prevail.
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A gearbox is connected to the 150 MVA syn-
chronous generator.

The MarelliMotori generator use a DEIF control
system. We are measuring the generator
power with this system.

Instrumentation

The sensor technology installed in MoNiKa ful-
fills two requirements: first, to control and op-
erate the power plant, and second, as a plat-
form for scientific studies conducted in the
plant. For this reason, the plant is much more
extensively instrumented than a normal power
plant. For balancing purposes, temperature
and pressure sensors are installed along the
entire cycle, i.e., at the inlet and outlet of each
component.

The mass flow and density of the working fluid
is measured between the outlet of the main
pump and the inlet of the heat exchanger using
an E+H Promass 83F sensor.

A WIKA TR34 Class A-PT100 is used to meas-
ure temperatures at all points in the system.

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.

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 senor
is installed in each chamber of the condenser.

Calculation of the turbine

In order to develop the analysis of the MONIKA
ORC-Turbine, the study was made on each
cross section of it. The variable n represents
the cross section in which the calculation is be-
ing made as presented in Figure 5.

If the total pressure ratio PR is given as in
Equation 1, each stage will have the same
pressure ratio as an initial assumption.

m=1,..4
P,
pR =10 [kPa] (2)
Pg
P Py [kPa] (2)
2m-1 — PR1/4

For the case of an ideal impulse turbine:

[kPa] (3)

Pom = Py

As the MONIKA turbine is an impulse turbine,
in the initial distribution, | supposed that the
pressure at the outlet of the vanes is the same
as the pressure at the outlet of the blades for
the same stage.

Calculation of blade velocity

The MONIKA turbine is an axial impulse tur-
bine, i.e., the fluid moves in the axial direction
and the blades move only in the circumferential
direction, i.e., their velocity depends only on
the angular velocity and the mean radius of the
blade as given in equation 5. As mentioned be-
fore, the mean radius of the blades and vanes
remains constant, and therefore the circumfer-
ential velocity of the blades remains constant
through the entire turbine.

Ugxn =0 [m/s] (4)

[m/s] ©)

Uyn = Rpmnw

As can be seen in Figure 5, the outlet of the
vanes is represented by the odd numbers of n,
the outlet of the blades is represented by the
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even numbers, and the inlet section is indi-
cated by 0. This nomenclature is used in the
mean line analysis to go through the different
cross sections of the turbine.

Calculation for the vane stage

The calculation for the vane part of the stages,
the values for n are 1,3,5,7. This means that
the procedure presented below is repeated for
each outlet of the vanes.

The first step is to find the isentropic enthalpy
using the entropy for the previous stage and
the given pressure for this stage. In the case
where n=1, the entropy used corresponds to
the inlet entropy s_0 of the turbine.

hs,n = h(Py, Sn-1) [J/kg] (6)

Once the isentropic enthalpy was determined,
| used Soderberg's correlation to determine the
losses and gain and overall efficiency for each
vane stage [9, p.97].

= NEATE W)
' = 0.04+0.06 (100)

&n = Ap — Ap—q [rad] (8)
ln=(1+)* (0.993 +0.021 )
ca, 1

i M) B

The efficiency of the vane stage can be ex-
pressed as a function of the losses, therefore
(10 p. 164):

=1-0, (10)

Once the stage efficiency is defined, the value
for the real enthalpy after the vane stage can
be found with equation 11.
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hy = hy_ 1 = Np(hn_y [kPa] (11)

- hs,n)

Now that we have the enthalpy and the pres-
sure in the cross-section n, we can find the
properties of the fluid, thus

Sy = s(hy, B [J/kgK]
pn = p(hn, Br) [ka/m3]
T, = T(hy,, P,) [K]

Xn = X(hn, By)

From the energy balance, it is possible to write
the change in enthalpy as a function of the
change in kinetic energy, as shown in equation
12.

[J/kg] 12)

Vol Vo’
2

The mass flow is directly related to the velocity
and density of the fluid as shown in equation
5.13:

2
Vn-1

= - an
prAn,sina, 2
Mv,

[O/kg] (13)

v: o My,
2

pn—lAnn—lsinan—l

Since the mass flow is constant at the inlet and
outlet of the vane, it can be written using the
enthalpy vs. velocity relation for the vane stage
as in Equation 14.

Mv, = (21* (hn-1— hy)

[ka/s] (14)

* (ﬁ
(pnAn,sina,)

1
— @
(pn—lAnn—15in“n—1)2))
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Once the mass flow through the vanes has
been determined, the velocity can be calcu-
lated.

U,
fon = pnAZn and v, , [m/s] (15)
_ Vax,n
" tana,
[m/s] (16)

As mentioned above, the mass flow Mv corre-
sponds only to the amount of fluid flowing
through the vanes; to find a more accurate es-
timation, the leakage mass flow through the
labyrinth tips is considered as M, it depends
on the geometry configuration of the rotor, the
density of the fluid and the pressure difference
before and after the labyrinth tips [11].

Mmi1, [ka/s] (17)
=08x*m* DL+ HL *x \/p,_1Pp_1
By [kg/s] (18)
1-— n
Ml, = ML1,, * — Pl

z1+1n (%)
n

Therefore, the total mass flow for the vane
stage is estimated as follows

M, = Mv, + ML, [kg/s] (19)

Calculation for the blade stage

Once the mass flow is determined for the vane,
it is possible to continue the calculation for the
blades, which means the value of n=2,4,6,8.

The density remains constant as a first approx-
imation for the inlet of the blades:

Pn = Pn-1 (kg/m3] (20)

This value for the density is calculated again in
function of enthalpy and pression and then it

will be given as inlet value and calculated over
and over again until it converges. In order to
make this, it is necessary to find the enthalpy
and pressure after the blade stage.

The relative velocity at the inlet of the turbine
can be calculated as:

—

Wn—l = ]_/)n—l - Un—l [m/S] (21)

The mass flow is considered constant as a sec-
ond consideration.

My, = My, (kg/s] (22)

In order to determine the losses in the blade,
the Soderberg’s correlation has been used
again, the expression in the case of the blades
is slightly different to the one used for the
vanes [9], being:

Brn-1 [rad] (23)
(Wax n—l)
= atan | ———— | and B, (measured)
Wu,n—l
r_ &n \? ° (24)
Z,' = 0.04 + 0.06 (100)

&n = PBn — Bn-1 [rad] (25)
T=(1+3,) * (0.975 +0.075 (26)
Can)

i)

Now with the Soderberg loss coefficient, the ef-
ficiency for the blade was determined as in
equation 27 (11 p. 164).

nm=1-0 - (27)
M, [m/s] (28)
Wax,n - pnATLn_l and M/u,n

axn

" tan B,
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-

V,=W,+U, [m/s] (29)

The change of cross-section between the out-
let of the blade and the inlet of the next blade
must be considered, since this will change the
velocity of the fluid. It is assumed that the den-
sity remains constant during this step, so the
velocity will only change depending on how the
area expands.

- o An,_, [m/s] (30)
V, =V, «+—=1
n n An,,
S rad]  (3D)
" Vin
W = ,W 2 Ly 2 [m/s] (32)
n axn un
[Wh_1l [m/s]  (33)
= \/Wax,n—lz + M/u,n—l2
[m/s] (34)

Vol = "Vax,nz + Vu,n2

With the velocities and the efficiency of the
blade fully determined, the isentropic enthalpy
for the outlet at this stage is calculated using
Equation 35 (11 p. 165).

hsn [J/kg]

[Wal?
- hn—l - < 277n

1
+ E(|Wn—1|2 - |Un—1|2
+1Un1%)

(39)

The ventilation losses have been considered in
the calculation; these losses can be defined as
an energy dissipation process due to the un-
steady flow process at the tip of the blade sec-
tor. The ventilation power PV can be repre-
sented with sufficient accuracy as in equation
36 [10, p.420]:

PV, W]
= T[Cn(l - Fn—l)pHZRm,nhb

3
* Uu,n

(36)
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The ventilation coefficient C depends on the
structural arrangement and whether the ring of
blades rotates forward or backward; for the

MONIKA turbine, the expression is for
wreathed, forward flow:
Cn = 0.0095 + 0.55 - (37)
*(0.125
hb, \*
+25)

With the ventilation power and the mass flow,
it is now possible to find the energy losses due
to the ventilation process.

Pl Wikg] (38)

an=Mn

This calculation also takes into account the
losses caused by the partial inlet, these are
caused near the edges of the active arcs due
to the flow from the inlet into the blocked sec-
tion, this process is known as emptying, and
from the rotor leaving the blocked section (fill-
ing), these emptying and filling losses are pro-
portional to the circumferential blade speed
Uy [13].

This method was developed for partial admis-
sion in a steam turbine. However, it was not
designed for partial admission within stages,
which could lead to deviations in the results.

qFE,

0.21canUyp\fhn_q1 — hsn

Fn12Rmn

[J/kg] (39)

The real enthalpy at the outlet of the vane
stage was calculated using the values of the
relative velocity, the circumferential velocity of
the vane, and the previous enthalpy as shown
in equation 40 [10].

hy [J/kg] (40)
=hy_y
_ (an|2 - |Wn—1|2 + |Un—1|2 - |Un|2)

2
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The ventilation losses and filling and emptying
losses must be added to the calculated value
of real enthalpy.

h, = h, + qV, + qFE, [J/kg] (41)

As the enthalpy increases, the power produced
by each blade stage decreases, therefore the
ventilation losses and the filing and empty
losses reduce the power of the turbine as ex-
pected.

To find all the fluid properties at the outlet of
this stage, it is still missing the pressure at this
point, to determine this value it is used the is-
entropic enthalpy and the previously calculated
enthalpy, using these two values and a secant
method along with REFPROP, the outlet pres-
sure can be determined [6].

B, = P(sp-1, hs,n) [kPa] (42)

With enthalpy and pressure, it is now possible
to determine fluid properties with direct func-
tions in REFPROP.

s, =s(hy, B [J/kgK]
pn = p(hn, By) [kg/m3]
T, = T(hn, B) [K]

X = X(hy, B)

This density value is used as the input for the
next iteration until the blade calculation con-
verges.

Convergence of the method

The procedure described for the vane and
blade stages is repeated for all stages of the
turbine until the fluid properties are calculated

for each cross section. The calculation ap-
proach | have chosen, is to iterate the mass
flow and provide as input a pressure distribu-
tion for each cross section. In the previous
steps, the mass flow was determined for each
stage, then a pressure correction must be
made depending on the relative mass flow dif-
ference for each cross section, which means
that a pressure array from n=1 to n=number of
cross sections is created. The relative mass
flow differences are given by

M,

M, =2n_q [ka/s] (43)
M,

M, =M, [ka/s] (44)

The pressure correction is calculated based on
the relative mass flow for the next vane stage,
except for the measured outlet pressure, then
the correction is made for the first three stages
only, leaving the pressure values for the cross-
sections 7 and 8 unchanged.

dP, = —P, * dM,,,, where [kPa] (45)

dM,,, is the derivative for the next vane

Then the new pressure distribution is:

P, = P, + dP, * RF [kPa]  (46)

The relaxation factor RF must be considered in
the calculation to avoid negative pressure val-
ues and therefore complex enthalpy values.
Once the new pressure distribution is set, the
next iteration must be performed again for all
turbine cross sections.

The iteration process is controlled by the mass
error (Merror), which is the maximum value of
the array dM, as soon as this mass error is
lower than a previously defined error, it is as-
sumed that the state points of the turbine have
been found.
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When all the values converge, the total turbine
power Pturb, the total efficiency n, . and the
mass flow can be calculated.

The mass flow M is equal to the converging
mass flow from above.

Pturb = M(ho — hycs) W] (47)

To calculate the global efficiency of the turbine,
the specific power produced by the turbine is
divided by the isentropic change in enthalpy
between the inlet and outlet of the tur-
bomachine.

hs,outlet = h(Pncs' SO) [VV]

(48)

hO - hncs -

7]turb - hO —h

s,outlet

At the end of the calculation, the fluid velocity
must be compared with the local sound veloc-
ity of the fluid to analyze if the supersonic flow
is reached in the different cross sections.
When this happens, the cascade can be said
to be "choked". This choking limit is relevant to
mass flow because it limits the mass flow of the
turbine [13].

if Ma = 1 Supersonic flux
else Ma < 1 Subsonic flux

The results obtained with the previous proce-
dure, must fulfil a verification and validation
based on the design parameters and on the
measured data.

Verification with design values

The comparison of the calculated power and
mass flow with the designed values shows a
deviation of 1% for power and 2% for mass
flow.
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Validation with experimental data

The comparison of the experimental data from
8.11.21 and 9.11.21 include in the Master the-
sis of J. Mardon Pérez [7] shows an error in
power of max. + 4% and in mass flow of max.
8%.

Calculation Results

Using the measured turbine data from the
8.11.21 and 9.11.21 test runs, a mean line
analysis is performed with a relaxation factor of
FR=0.5. In the next figures, the graphs for en-
thalpy-entropy (h-s), and pressure-specific (P-
V) volume are shown.

«10° h-s diagram for measured data
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The above diagrams 6,7 show the evolution of
the thermodynamic properties of the working
fluid in the different stages of the turbine. It is
also noticeable that the behavior of the en-
thalpy is consistent with an impulse turbine,
where the enthalpy drop occurs in the vanes
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and slightly increases in the rotor blades. Sim-
ilarly, the pressure in the rotating stages of the
turbine remains constant.

In all cases, the fluid is in the two-phase zone
shortly after entering the first stage of the
vanes, and the fluid vapor quality remains
above 0.85.

The comparison between the velocity of the
fluid and the velocity of sound is shown in Fig-
ure 8. It can be seen that all values are below
Mach number one, therefore the fluid does not
reach the supersonic condition in any of the
cross sections.
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Fig. 9 Mass flow and power of the turbine

Figure 9 shows the impact on both power and
mass flow of the fact that the inlet properties
are not at supercritical levels, as shown for day
08.11.21, where the inlet properties did not
reach this state, reducing the amount of power
produced by up to 20 kW.

The calculated turbine power results in values
of 83,7 to 96 kW for the inlet values of 8.11.21
and 102,1 to 104,4 kW for the 9.11.21.

The efficiency reaches values up to 78% which
was not expected for such a small turbine with
partial admission in all stages.

Taking into account all the deviations, it can be
concluded that the deviations of the results ob-
tained by the implemented calculation method
compared to the measured data are in the
range of 4% to -4% for the power produced and
4% to 8% for the mass flow. Therefore, they
can be considered accurate enough to be vali-
dated and used to predict the operation of the
turbine under different operating conditions.

Conclusion

In conclusion, the approach used in the mean
line analysis showed that it is possible to deter-
mine the properties of the fluid inside the exist-
ing turbine from its geometric characteristics
and thermodynamic properties at the inlet and
outlet of the turbomachine, and that it is possi-
ble to verify and validate this method for the
ORC turbine of the MONIKA plant, thus pre-
dicting its operation under different load condi-
tions.

A better approximation in the calculation can
be done by CFD analysis. The results of these
calculations then replace the previously used
loss correlations in the mean line analysis for
each of the load cases.
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Introduction

The Hydrogen Department continued to de-
velop models and in-house specialized reac-
tive CFD codes (GASFLOW and COM3D) and
conducted an extensive experimental program
to deepen the understanding of the behavior of
hydrogen in postulated accident. Recently ac-
cidental behaviour of cryogenic hydrogen be-
came the focus of this research work. How-
ever, the team members also intensified
transferring their insights and expertise into
standardization, academic education and pub-
lic consultation services.

Thus, this yearly report highlights ome re-
search work related to the safety of liquid hy-
drogen cryostats and the development of hy-
drogen pilot projects for the Fessenheim
innovation region. Then it summarises some
extraordinary events.

Safe Liquid Hydrogen Storage

Liquid hydrogen is stored in cryostats at tem-
peratures around -250°C. Despite vacuum in-
sulation and radiation heat shielding there is al-
ways some heat transferred from the relatively
“hot” environment into this cryogenic inventory.
So, the containers have to limit temperature
and pressure increase by venting the so-called
boil-off.

If the vacuum is broken in a Loss Of Vacuum
Accident (LOVA) the heat transfer increases

seriously. The safety valve which will be acti-
vated then has to account for remaining heat
insulation. To improve the understanding of the
complex processes of air ingressing into and
condensating in the gap between vacuum and
pressure vessel cryogenic the special test fa-
cility PICARD (Pressure Increase in Cryostats
and Analysis of Relief Devices) has been refur-
bished to accommodate liquid hydrogen and a
corresponding modelling effort was started in
2022.

Setting Up the Experimental
Infrastructure

The PICARD facility was originally designed
and constructed by the Institute of Technical
Physics (ITEP) at KIT. The facility mainly con-
sists of a vacuume-insulated cryogenic vessel
whose vacuum shield can be broken rapidly by
opening a ball valve with customable inlet ori-
fices. The cryogenic vessel is connected to a
release branch with a safety valve, in which the
volume flow of evaporated cryogenic liquid can
be determined via a Venturi tube, before the
flow is conducted to a collecting line via an ex-
haust pipe. In its original configuration the PI-
CARD facility was used to measure the perfor-
mance of safety valves for vacuum insulated
tanks. In these experiments, the cryogenic fluid
was liquid helium (LHe) that was collected after
evaporation and re-used. After the end of this
experimental series the PICARD facility was
provided to the Hydrogen Department of ITES,
where it is used to perform vacuum break tests
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for liquid hydrogen (LH2) cryostats developed
for aviation.

In the tests the efficiency of different superin-
sulation layer thicknesses, that shields the cry-
ogenic vessel against radiation, will be investi-
gated. During the experiments, LH2
evaporates to form gaseous hydrogen (GH2),
which is different than helium highly flammable
and easily forms explosive mixtures with air.
Furthermore, the evaporated hydrogen will not
be collected and re-used but released into the
ambience during the experiments.

Due to these changes in the test conditions
from helium to hydrogen, several modifications
became inevitably for safety reasons. First of
all, the facility had to be transferred to an open-
air test site, where all evaporating hydrogen
can be vented through a stack to the ambience
without generating any hazards to the environ-
ment. Due to the large mass of gaseous hydro-
gen that has to be released from the facility in
an experiment, the initially planned location for
the modified PICARD facility behind KIT-HYKA

| "

| ,Chimney“

I (release of GH2
to ambience)

’ :
‘PlCARD fa |hty‘
o ! {lconcealed) ‘

‘\‘GNZ-bun‘a'fe

(Inertization)

had to be abandoned, since air intake open-
ings of a new neighboring building were found
to be too close in this configuration.

After the facility had been transferred to the
free-field test site in Hochstetten, where no ad-
jacent inhabited buildings exist, additionally a
stack with a height of 12 m was erected and
connected to the exhaust line of the PICARD
facility for a safe disposal of the expected boil-
offs.

The later described pre-calculations of the re-
lease behavior from the facility after a vacuum
break revealed that the Venturi-tube for meas-
uring the release volume flow might be over-
sized to measure the most important parame-
ter of the experiments with the desired
accuracy. So already during the relocation of
the facility, a suitable Coriolis flow meter was
ordered, but unfortunately this device had a
long delivery time of more than 6 months. To
minimize project delays it was decided to start
with reference experiments without superinsu-
lation, for which the highest boil-off rates and
thus volume flows were expected. With the first
delivery of LH2 two reference experiments

Figure 1. Overall view of the modified PICARD facility on the free field test site in Hochstetten (left) and

details of the facility (right).
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were performed after which the integration of
the Coriolis flow meter was begun. Due to the
smaller pipe diameter of the Coriolis flow me-
ter, large parts of the release branch and its
connection to the exhaust pipe had to be re-
worked. In first tests after its integration, it was
discovered that the new device measures
faulty and irreproducible values and a system-
atic investigation showed that the faulty signals
originate from stresses in the thin probe that
are caused by its connection to the heavy ex-
haust pipe. Although these stresses can be
eliminated by precisely aligning the pipes at
ambient temperature, it is to be expected that
these faults can never be completely elimi-
nated, as there will be immense temperature
fluctuations in the exhaust pipe in every exper-
iment. To overcome this problem one compen-
sator and a flexible hose for the two connec-
tions of the release branch to the exhaust
system were ordered and installed. In the new
design the Coriolis flow meter worked properly,
but by the time the facility could be put into op-
eration again, the LH2 supplier had stopped
the service and no substitute LH2-supplier
could be found.

Modelling LOVA

To support the proper set-up of the experi-
ments with the PICARD facility, to extrapolate
the results of the planned experiments with re-
gard to the behaviour of the radiation shield in
different tank designs and to provide basic
data for a proper safety valve design a model-
ling activity has been started at the hydrogen
department.

Figure 2 provides a simplified scheme of the
PICARD facility during a test, or in general a
LH2 cryostat under air-sided vacuum break
conditions.

As shown in figure 2, the LH2 cryostat consists
mainly of the cryogenic inner “pressure” vessel
and the outer vacuum vessel. The inner vessel
contains liquid hydrogen in 80 % of the total
volume and gaseous hydrogen in 20 % at the

saturation state with a pressure of 4 bar and
temperature of 26 K. On the top of the cryostat
there is a valve to vent the boil-off, which rep-
resents in a conventional LH2 cryostat the
safety valve. The outer vessel isolates the stor-
age tank from the environment and forms the
vacuum space together with the cryogenic ves-
sel. To improve the thermal insulation, a multi-
layer-insulation (MLI) system is wrapped
loosely around the cryogenic vessel, which is
made of up to 50 layers of very thin aluminum
foils separated by spacers made of microfi-
bers.

H, discharge

Figure 2. Scheme of the test facility of the LH2
cryostat in a LOVA

Important assumptions are made as follows for
the following modelling work.

e Initiation of LOVA is assumed a break on
the vacuum vessel wall (air ingress)

e Ingressing gas is assumed pure nitrogen
for lack of suitable data of air at these con-
ditions (error estimated < 10%).

The ingressing nitrogen gas experiences
phase changes, condensation and freezing,
due to the cryogenic condition on the steel wall
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of cryogenic vessel or even in some inner lay-
ers of the MLI. This phase changes release
considerable latent heat. As the temperature is
mostly below the triple point of nitrogen, de-
sublimation may occur while gas molecules
deposit on the solid surfaces. The loose struc-
ture of the MLI is not gas tight at all. Therefore,
nitrogen condensation and freezing might hap-
pen there also.

The dynamic process of the heat and mass
transfers in the LOVA scenario is studied then
by simplifying the above scheme further to a
axissymmetrisch one-dimensional problem
along the radius, reaching from the inner LH2
to the outer vacuum vessel. The problem is
then discretised into concentric shells, where
especially the inner cryogenic wall and the MLI
are represented with a reative large number of
cells — the MLI got 1 cell per layer and the cry-
ogenic vessel wall was divided into 10 cells, re-
spectively nodes. Then energy and mass are
balanced in each cell and heat transfer and
phase transitions are modelled with estab-
lished engineering correlations.

The resulting lumped parameter model has
been applied to the PICARD experiments with
typical initial conditions. A part of the simula-
tion results highlighting the transients of solid
nitrogen deposition and radiative and convec-
tive fluxes are depicted in Figure 3. The results
were further used to design suitable measure-
ment devices mainly for pressure evolution
and boil-off mass and volume flow for the ac-
tual experiments.

The lump parameter model on heat and mass
transfers are able to predict reasonably well
the thermal load on the LH2 contained in the
PICARD cryostat during a loss of vacuum ac-
cidental (LOVA) scenario. The model accounts
for the characteristics of the multi-layer insula-
tion, accounts for the freezing of nitrogen, the
convection in the vacuum enclosure and the
pool boiling heat transfer in the cryogenic ves-
sel. The simulations show that the nitrogen, re-
spectively air deposition dominates the contri-
butions to the thermal loads to the LH2. The
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convection and thermal radiation play signifi-
cantly less roles.
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Figure 3. Transient parameter evolutions in the
PICARD LH2 cryostat in the first 30 s of a
LOVA, thickness of nitrogen deposition (top), ra-
diative and convective heat flux (bottom)

So, this model may predict the accidental be-
haviour of the MLI in a LOVA and therefore al-
lows proper safety valve design for any cryo-
genic vessel resembling the generic design
used for PICARD. However, some adaptations
might be needed for horizontally installed or
form-free cryostats and for new construction
materials, in particular non-metallic compound
materials. Furthermore, the effect of oxygen
and humidity in the ingressing gas mixtures
has to be studied.

Hydrogen Pilot Projects for
Fessenheim

As part of the feasibility study, a concept for the
Innovative Region and, based on this concept,
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different lines of action for Franco-German
demonstration projects for the Fessenheim In-
novative Region have been developed. The
overall objective is to develop a sustainable
and forward-looking CO2-neutral economic re-
gion. The transformation of society and the
economy towards a renewable energy supply
and a sustainable use of resources, combined
with the creation of future-oriented jobs, will be
strongly promoted by implementing hydrogen
as an energy carrier. Green hydrogen allows
almost immediate replacing of fossil fuel based
hydrogen in industrial processes, seasonal
storage of renewable electricity and allows to
couple different energy sectors in a flexible and
efficient way.

The hydrogen department represented by its
head Thomas Jordan was coordinating the de-
velopment of the specially adapted pilot pro-
jects, forming the basis of a regional hydrogen
hub. Key hydrogen technologies shall be
demonstrated in an integrated way, coupled
with the smart electricity grid, battery technolo-
gies and storage and infrastructural also with
the other innovative energy technologies. The
pilot projects cover the whole value chain from
production, storage, transportation and use of
“green” hydrogen. The projects themselves
and the selection of applied technologies ac-
count for the specific characteristics and as-
sets of the concerned region and introduce the
most promising and realistic sequence for their
adoption. The initial large industrial use of hy-
drogen will provide the required scale for cost
reduction and prepare the ground for a more
distributed use. The diverse regional opportu-
nities for green hydrogen production via elec-
trolysis and from biomass are addressed. As
importing and exporting hydrogen will be an
economic necessity, appropriate transport
schemes via pipelines and batch transport on
roads and on the river Rhine are suggested.
Multi-modal transport will be accomplished
with a fleet of hydrogen driven heavy duty
trucks. Finally, the transformation of agriculture
into a green hydrogen producing and using,
self-sustained economic sector will be demon-
strated with appropriate and mature ap-
proaches.

Besides the demonstration of technologies
with high maturity the hydrogen hub should
also provide opportunities for research and de-
velopment, testing of new innovative solutions,
sub-systems or components under most real-
istic conditions.

Anyway, key success factor will be the viability
of a business case for the first private up-tak-
ers and the commitment of the public to sup-
port the development of the required infrastruc-
ture, all on a robust and targeted regulatory
framework.

Special Activities and Events

HySafe RPW2022

The HySafe Research Priorities Workshop
(RPW) takes place every even year. The 2022
edition was held in Quebec City, Quebec on
November 21 — 23, 2022. RPW addresses the
pre-normative research tackled by the mem-
bers. Presented within the report are the ex-
tended abstracts provided by the attendees.
Participants asked to prioritize the topics and
subtopics. These data clearly show the level of
importance for the different categories ad-
dressed in the workshop.

1. Accident physics of liquid / cryogenic be-
havior is on top followed closely by Mitiga-
tion Sensors, Hazards prevention and
Risk.

2. A sharp drop in the priority for Integrated
Tools probably represents the fact that
many such tools currently exist for use by
the industry.

3. While there is still much to be understood
about hydrogen effects on materials, the
group ranked that about in the middle with
a score of 5.5.

4. Accident physics for the Gas Phase
ranked pretty low. This is a topic that the
pre-normative effort has been spending
significant effort on over the past many
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years. The ranking clearly mirrors that the
topic is reasonably well understood.

5. Applications followed by storage and gen-
eral aspects of Safety make up the bottom
three levels.

This workshop was excellent in bring out the
gaps and directions the research community
feels are important.

State Advisory Board Hydrogen Technology

Thomas Jordan member of the state advisory
board for Hydrogen Technology and its safety.
In a so-called "seven-point plan”, the advisory
board presents concrete recommendations for
action for the upcoming update of the Baden-
Wirttemberg hydrogen roadmap.

Kick-Off Meeting GreenSkills4H2

The ERASMUS+ Project GreenSkills4H2 took
place in Brussels July 2022. The project will get
carried out by 34 partners and associated part-
ners from industry. The focus of the project is
to support skills and education facing hydrogen
technology and safety. In these light objectives
are to identify the demands (manly industry), to
develop specific educational materials and
course curricula and to provide and execute
seminars and schools facing thematic priorities
identified. KIT demands and aspect to develop
hydrogen technology courses further included.
Overall Coordinator of the project Olaf Jedicke.
The project duration is 48 months and will last
until 2026.

Partner
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62

References

[1] Morawska, L., et al., “How can airborne
transmission of COVID-19 indoors be mini-
mised?”, Environ. Int., vol. 142, no. April, 2020.

[1] Lowen, A.C., etal., “Influenza virus trans-
mission is dependent on relative humidity and
temperature”, PLoS Pathog., vol. 3, no. 10, pp.
1470-1476, 2007.

[2] Morawska, L,.et al., “It Is Time to Address
Airborne Transmission of Coronavirus Disease
2019 (COVID-19)", Clin. Infect. Dis., vol. 2019,
no. 9, pp. 2311-2313, 2020.

[3] Xiao, J., et al., GASFLOW-MPI: A Scala-
ble Computational Fluid Dynamics Code, VOL-
UME 1: Theory and Computational Model, Re-
vision 1.0, KIT Scientific Report Nr. 7710, KIT
Scientific  Publishing, Karlsruhe, ISBN:
9783731504481, April, 2016.

[5] Innovationspool-Projekt 2021-2023 des
FB Energie — Programm MTET Zukunftsthema
LS0larer Wasserstoff — hochrein und kompri-
miert (Solarer Wasserstoff), FB Energie — In-
novationspool 2021 — 2023: Zukunftsthema
~oolarer Wasserstoff®, 15th, May, 2020.

[6] Geildler, T., Abanades, A., Heinzel, A,
Mehravaran, K., Mdller, G., Rathnam, R.K,,
Rubbia, C., Salmieri, D., Stoppel, L., Stlickrad,
S. and Weisenburger, A., 2016. Hydrogen pro-
duction via methane pyrolysis in a liquid metal

bubble column reactor with a packed
bed. Chemical Engineering  Journal, 299,
pp.192-200.

[7] Ohi, J.M., Vanderborgh, N., Consultants,
G.V., Ahmed, S. and Kumar, R., 2016. Hydro-
gen fuel quality specifications for polymer elec-
trolyte fuel cells in road vehicles. Office of En-
ergy Efficiency and Renewable Energy:
Washington, DC, USA.

[8] Xiao, J., Breitung, W., Kuznetsov, M.,
Zhang, H., Travis, J.R., Redlinger, R. and Jor-
dan, T., 2017. GASFLOW-MPI: A new 3-D par-
allel all-speed CFD code for turbulent disper-
sion and combustion simulations: Part I



Department: Hydrogen

Models, verification and validation. Interna-
tional journal of hydrogen energy, 42(12),
pp.8346-8368.

Links

[1] https://hysafe.info/wp-content/up-
loads/2023/09/RPW_2022 Final Report.pdf

[2] https://lum.baden-wuerttem-
berg.de/de/energie/energiewende/wasser-
stoffwirtschaft/beirat-wasserstoff-roadmap-bw

[3] https://greenskillsforhydrogen.eu/

63


https://hysafe.info/wp-content/uploads/2023/09/RPW_2022_Final_Report.pdf
https://hysafe.info/wp-content/uploads/2023/09/RPW_2022_Final_Report.pdf
https://um.baden-wuerttemberg.de/de/energie/energiewende/wasserstoffwirtschaft/beirat-wasserstoff-roadmap-bw
https://um.baden-wuerttemberg.de/de/energie/energiewende/wasserstoffwirtschaft/beirat-wasserstoff-roadmap-bw
https://um.baden-wuerttemberg.de/de/energie/energiewende/wasserstoffwirtschaft/beirat-wasserstoff-roadmap-bw
https://greenskillsforhydrogen.eu/

Department: Framatome Professional School

CFD Validation Of Forced And Natural Convection For The
Open Phase Of IAEA Benchmark CRP - 131038

Abdalla Batta, Andreas Class

Abstract

The goal of the IAEA Coordinated Research
Project “Benchmark of Transition from Forced
to Natural Circulation Experiment with Heavy
Liquid Metal Loop” (CRP - 131038) is to de-
velop Member State advanced fast reactor an-
alytical capabilities for simulation and design
using system, CFD, and subchannel analysis
codes. Here we present CFD validation em-
ploying the commercial CFD code Star CCM+
applied to the fuel pin simulator for forced and
natural convection cases in the open phase
where experimental data is provided in the
benchmark specification provided by ENEA
(Italian National Agency for New Technologies,
Energy and Sustainable Economic Develop-
ment) for the NACIE-Up facility (NAtural Clrcu-
lation Experiment-UPgrade). Considered is the
fuel pin simulator with 19 pins, each consisting
of a preheated lower section and heated upper
sections, respectively. Three configurations (i)
all pins heated, (ii) inner 7 pins heated and (iii)
asymmetric heating are studied. For each
heating configuration data for forced and natu-
ral convection are provided. Here case (i) is
studied. Temperatures at three planes are
measured near the inlet, in the middle and near
the end of the heated section, respectively. In
addition, the axial temperature along the wall
of one fuel pin simulator (in second row) is
measured so that in total 67 thermocouples
measure fluid and wall temperatures for valida-
tion purposes.

Our validation confirms that the thermohydrau-
lic inside the fuel pin simulator can be simu-
lated with a good accuracy. Applied is a poly-
hedral mesh with 2 prism layers, the k-omega
SST model with all all-wall treatment and order
unity y+ values. Moreover, we performed a
grid-sensitivity study and analysed the im-
portance of conjugate heat transfer inside the
fuel-pin simulators and the wrapper. Our stud-
ies indicate that it is possible to implement fur-
ther simplifications without corrupting the accu-
racy of the simulation to reduce computational
effort

Keywords: CFD, Liquid metal thermal hydrau-
lic, Turbulence flow, Wire-wrapped bundle flow

Introduction

Benchmark studies are an essential tool to ob-
tain confidence in simulation capabilities when
large thermal loads occur. In particular, for nu-
clear applications, where failure can be accom-
panied with hazards to the public, maximum
temperatures must be limited, and yet compact
solutions must be achieved.The ENEA
Brasimone Research Centre (ltaly) proposed
for a benchmark exercise intended for system-
alone, CFD/TH system code coupled simula-
tions and stand-alone CFD simulations based
on experimental results obtained from the
2017 campaign performed with the NACIE-UP
(NAtural Clrculation Experiment- UPgraded)
facility, [1], Fig. 1 shows the schematic repre-
sentation of the NACIE-UP facility consists in a

1 Paper held at SCOPE — Saudi International Conference on Nuclear Power Engineering, November 13 —

15, 2023 — KFUPM, Paper 23031

64



Department: Framatome Professional School

rectangular loop. It consists of two vertical
pipes with an inner diameter of 62,68mm. The
working fluid is Lead Bismuth Eutectic (LBE), a
fluid proposed for liquid metal cooled fast reac-
tors. The experiments allow operation in the re-
gimes of forced and mixed convection by com-
bining a gas-lift pumping and buoyancy.

Inside the loop a fuel pin simulator (FPS) sim-
ulating a 19-pin fuel bundle is installed. Each
pin-simulator contains an ohmic heater which
can be activated individually, resulting in a
maximum total heating power of 250 kW. The
heated pins are arranged in 3 ranks with a tri-
angular pitch (P) and with an active length Lac-
tve = 600 mm. The pins have a diameter Dpin =
6.55 mm and maximum wall heat flux close to
1 MW/m2. The wire diameter dwire=1.75 mm.
The pins are placed on a hexagonal lattice by
a suitable wrapper, while spacer grids will be
avoided thanks to the adoption of the wire
spacer. The primary loop is insulated to ensure
well-defined adiabatic experimental condi-
tions.

gas
injection

expansion
vessel

HX
low power

HX
high power

riser

downcomer

heat surce
[FPS]

Heat
source

(FPS)

Fig. 1: Schematic representation of the NACIE-UP
primary loop [1].

The 19 wire-spaced electrical pins are ar-
ranged in a triangular lattice by the hexagonal
wrapper. The pitch to diameter ratio (P/D) is
1.2824. The total length, which includes the
non-active length and the electrical connect-
ors, is 2000 mm. The dimensions of the FPS
are summarized in table |

Table | : FPS design parameters [1]

Parameter Value
Dyin 6.55 mm

P 8.4 mm

P/D 1.2824 mm

dwire 1.75 mm
Pwire 262 mm
Ligtal 2000 mm
L. ctive 600 mm
DY nom 3.84 mm

In the open phase of the benchmark two sym-
metric heating configurations are studied. Test
ADP10 corresponds to the activation of heat-
ing of all pins, while in the case ADPO06 only the
central and the second inner row are activated.
The goal of the open phase is to set-up first
simulations and choice of suitable models and
computational parameters. In phase two a
complex situation corresponding to asymmet-
rical heating is to be studied. Researchers do
not receive any experimental data during the
blind phase. The aim is to demonstrate that
computational methods allow predictions once
the researchers could validate their implemen-
tation for a small number of cases.

Note that each FPS heating configuration is
experimentally investigated for a transient. The
starting point of operation is a stationary forced
convection state which is followed by a pump
down-ramping resulting in a stationary natural-
convection operation. Thus, each of the test
cases ADP10, ADP 06 and ADPO7 shown
schematically in Fig. 2 acquired data for two
steady states. In the current study we consider
the case ADP10 for both forced and natural
convection. Note that Fig.2 also indicates the
numbering of rods and subchannels. In Fig. 3
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details and dimensions of the vertical FPS are
shown. The flow enters at the bottom of the test
section to flow through an unheated precondi-
tioner section located within the lower half of
the vertical arrangement. The heated section
follows the preconditioner section beginning at
height z=Omm, as shown in the figure.

909
0000
0000

\ S* 852

ADP10

ADPO6

In Fig. 4 positions of the thermocouples in the
experimental setup are depicted. The experi-
ment is equipped with three measurement
planes (A,B and C) at heights 38mm, 300mm
and 562 mm where both wall temperatures (i.e.
red dots in the right figure) and subchannel
temperatures (i.e. blue dots in the right figure)
are collected.

S38 S40 S42
/sar $39 S41 $43

/ . 11 @120 13
s15, (S17, . S44

S14 S16 s18 S45

".10.3.4.14

s13 s19 $46
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S6 s21 S48/

1 S22 s49.
: ” 16 ’/'
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\ /
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ADPO7

Fig. 2 Bundle cross section, benchmark test cases ADP10, ADP06 and ADPQ7, active pins (in red) dur-

ing test.

165 1330
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(222772
N T
i o

Heated length

origin, z=0mm

e

Flow direction

Fig. 3 CAD drawing of the test section and origin of the used coordinate system [1].

QPin n

G 562 mm
- Active region
= L, =600 mm
B 300 mm
A 38 mm

(b)

18,31,44
1,6,11

A,B, C
19,32,45
2,712

21,34,47
26,39,52

A24 28 42716 23 3

B 37 41 94029 36 8
C 50 54 14 53 42 49 13

Fig. 4 (a) Location of planes for TC measurements in the test section (A at 38mm, B at 300mm and C at
562mm) (b) location and names of thermocouples in measurements planes.
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In addition, rod 3 is equipped with 10 (plus 3 in
the measurement planes) thermocouples to
measure the axial surface temperature, TC
number from 55 to 67, see Fig. 4. The 13 ther-
mocouples on pin 3 are arranged inline. The
temperature data at the thermocouples along
with integral operational data serves as the
benchmark data. The reader is referred to
benchmark specifications in [1] for more de-
tails.

Table Il contains the integral operational con-
ditions of the steady state conditions 1 and 2,
corresponding to forced and natural convec-
tion, respectively, case APD10. The table also
includes error estimates for the integral param-
eters. As forced convection is provided by the
gas-lift pumping the LBE mass flow shows an
error of up to 11%, this uncertainty with other
ones are relevant for later assessment of pre-
diction capabilities. Moreover, the heating is
not fully restricted to the heating section as the
fuel pin simulators also show some heating in
the preconditioning section. Consequently, the
effective heating in the heated section Qest and
the Qpre in the preconditioning will be consid-
ered in the simulations. The Qim is the power
supplied for thermos-flow meter upstream of
the test section. Qim need not to be considered
in the simulation. All simulations should have
temperature at the FPS inlet ( Tinrps) of the
value tabulated in table II. This temperature is
the average temperature at z=0.0, the start of
heating zone.

Table Il Integral parameters of the test ADP10. [1]

Test ADP10 Steady state 1 Steady state 2
Parameter Data o g[%] Data o a[%)]

n'lg_,s(Nl/min) 10 0.5 5 0 0 0
m,z-(kg/s) 256 | 028 | 11 1.31 | 0.14 | 11

Tivres [°C] 2313 | 1.5 2195 | 1.5

ATgps [°C] 72 0.7 | 09 | 1406 | 03 | 0.2
Quom [W] 30000 | 50 0.2 | 30000 44 0.1
Qur [W] 27000 | 1053 = 3.9 | 27000 1010 3.7
Qpre [W] 2236 | 403 18 | 2339 | 217 | 9.3
Qufm [W] 1915 3 02 | 1644 4 0.3

In [1] the details of the geometric setup of the
fuel pins and recommended physical proper-
ties of materials are presented. These data are

taken from the OECD handbook [2]. Note, that
the fuel pin simulators are composed of multi-
ple layers. The outer stainless teal cladding
(AISI316L with physical properties in [3]) is fol-
lowed by an electrical insulating Bohrium Ni-
tride layer [4]. Inside this heat conducting BNi-
layer are three more layers corresponding to
an Inconel600 (very thin layer, properties for
steel are used for Inconel) pipe and an inner
copper rod separated by another BNi layer,
properties are found in [4]. Time resolved ex-
perimental data of all thermocouples is pro-
vided in separate excel files not included in the
benchmark specification.

Numerical Model and results

For the simulation of the benchmark defined
above, the previous experience gained at KIT
is employed, see [5-8]. In these validation
cases experiments for liquid-metal cooled rod
bundles are considered

Fig. 5 shows the used computational domain.
It depicts the extent of the fluid domain and the
domains for simulation of heater and wrapper.
An adiabatic condition is applied thus neglect-
ing heat losses to the environment. Two trials
for the simulation of the heater have been un-
dertaken. In the first run a heat flux is imposed
on the inner side of the cladding. This repre-
sents a simplified model for a short heater, i.e.,
excluding preheating in the preconditioning
zone. In the second trial full details of the
heater layers are simulated as shown in Fig. 5
(right). The fluid domain includes the full pre-
conditioning section. Solid structures repre-
senting the rods in the preheat zone are ex-
cluded. Conjugate heat transfer to the rods and
wrapper is accounted for. The mesh for the
short heater case is composed of 49 M (Million)
fluid cells and 13 M solid cells (mesh 1). The
mesh for the long heater case uses 96 M fluid
cells and 29 M solid cells for the heater and
wrapper (mesh Il). See Fig. 6 for cross sections
of the used meshes.
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(z,y.x)
(0,0,0)

Fig. 5 Computational domain with short, simplified
heater (left) and detailed simulated long heater

(right).

In this study the flow conditions correspond to
the two steady state phases of ADP 10 pre-
sented in table Il are used. The Star CCM+
CFD code is used. The SST turbulence model
with all y+ wall treatment is selected. Material
properties according to the benchmark specifi-
cations are used, see upper sections. The
gravity effect was accounted for in all the cal-
culations. Temperature dependent physical
properties are applied. The inlet condition was
set according to table Il. For the short heater
case the preheating was not considered. Con-
sequently, at the inlet of the computational do-
main the temperature of the FPS inlet temper-
ature according to table Il was set. For the
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longer heater case the preheating is consid-
ered. Accordingly, the inlet temperature was
set such that FPS inlet temperature becomes
equal to the specified value in table II. For the
forced convection case short and long heater
tests with their corresponding meshes were
tested. For the natural convection case only
mesh Il and the long heater are considered.

Fig. 6. Cross section of meshes used in simulation.
Upper is mesh | and lower is mesh II.

Fig.7 shows the resulting Y+ values for the
steady state case 1 using mesh Il. Near similar
Y+ values are preserved for the simulation with
mesh | by adjusting the cell size near the walls.
The assigned values are suitable for SST and
the used wall function treatment.
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Wall Y+
4.69

2.35

Fig. 7 Y+ values, mesh Il, ADP 10 case steady
statel.

Fig. 8 shows temperature contours at the
heater fluid interface in the heated region
(z=0.0to .0.6 m) for ADP10 case steady statel
and mesh Il. The temperature field exhibits a
strong temperature gradient in all special direc-
tions. Note that the FPS inlet temperature is
nonuniform due to the preheating. Thus, near
the wrapper wall lower temperatures than av-
erage are obtained. The average inlet temper-
ature  of the heated  section is

231.3C=503.45K. The scale in Fig. 8 starts
from 499 K which is the lowest local tempera-
ture in the selected domain.

Fig. 8 Temperature contours at heater fluid inter-
face in the heated region, z=0.0 to .06 m. ADP 10
case steady statel, mesh Il.

Fig. 9 shows some streamlines originating
from a line in the x-y plane (measurement sec-
tion A, z=0.038m). It highlights strong mixing
induced by the wire-wraps. The streamlines
are colored by the temperature in their posi-
tions.

Local temperature comparisons between
benchmark experimental results and simula-
tions are presented in Fig. 10 (forced convec-
tion) and Fig. 11 (natural convection). In Fig.
10 and 11 the TC numbers employ the num-
bering indicated in Fig. 4. TC 1-5, 6-10, and 11-
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15 measuring fluid temperatures in the sub-
channels are located in measurement planes
A, B, and C, respectively. Similarly, TC 16-28,
29-41, and 42-54 measuring wall temperatures
are installed in the planes A,B, and C, respec-
tively. Finally, TC 55-67 represent the wall tem-
perature measurements along pin 3. They are
equally distributed with an axial pitch of 43.7
mm starting from z=38 mm.

> 608

554

<499

Fig.9 Streamlines originating from a line in x-y
plane just downstream of the start of the heated
zone, z=.0.038m, case ADP 10 steady statel,
mesh II.

Fig. 10 shows the numerical results obtain
with the different heater models compared
to experiential data. The experimental
data have been published and discussed
in conference and international journal
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[9][10][11]. Fig. 10 shows the correspond-
ing experimental results for the steady
state case 1 The broken TC number 9 is
excluded from the benchmark. The com-
parison indicates a minimal effect on the
numerical results obtained for the short
and long cases and even for the more de-
tailed geometry and mesh refinement.
Moreover, it proofs a very weak effect
when doubling the mesh size. Accordingly,
based on the gained experience in the
forced convection case, the study of the
natural convection case employs mesh Il
and the long heater geometry. The refined
mesh was selected in natural convection
simulation for better simulation of the grav-
itational term, which needs more cells near
heated surfaces than for the forced con-
vection. In Fig. 11 results for the natural
convection case are compared to the ex-
perimental benchmark results.

Even though, deviations are noticeable at all
TCs and between the applied models the devi-
ations are rated as acceptable. This is in par-
ticular the case, considering the experimental
uncertainties in table II.

In measurement plane A the relative error ap-
pears to be quite large. Note, that at this plane
the effect of the preconditioning is rather large.
Therefore, the actual inlet conditions to the
heated section exhibit a large experimental un-
certainty. Due to the mixing within the rod bun-
dle this uncertainty becomes less important
along the bundle.
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T (°C) ADP 10 state 1, forced circulation
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Fig.10 Forced circulation results mesh | with short heater, mesh Il with long heater.
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Fig.11 Natural circulation results mesh Il with preheating is considered, long heater.

Conclusions

In the open phase of the NACIE -UP bench-
mark, we were able to test various modelling
methodologies. Moreover, we could show less
sensitivity of results to mesh refinement. Con-
sidering the good quality of our simulations at
a relatively low cost, we recommend using the

finer mesh and more details in the heater
model. When looking at the small differences
between the simulations and experiments for
the more complex modelling strategy we can
still observe slightly better qualitative agree-
ment. This is the main reason, why the more
demanding mesh should be employed in the
simulations of the blind phase.

We tried various hypothesis to explain system-
atic deviations between simulation and experi-
ments, including asymmetries and heat losses.
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None of these could be confirmed by a trend in
the data, so that we believe that statistical de-
viations are dominant and further improve-
ments by more complex models cannot be ex-
pected. In regions with high temperatures the
uncertainty due to heating power, benchmark
specification, and modelling (physical parame-
ters, turbulence models) is dominant. In the in-
let region with low temperatures the uncer-
tainty becomes larger as the uncertainty of the
boundary conditions becomes more promi-
nent.
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