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Preface to “"Thermal-Hydraulics in Nuclear Fusion
Technology: R&D and Applications”

The perspective of having an almost inexhaustible source of energy has driven worldwide
research initiatives on nuclear fusion technology, which have the main representation with the
construction of the international nuclear fusion research and engineering megaproject (ITER) in
Europe. In this framework, thermal hydraulics is a key discipline which is essential for design
and safety demands. Thermal hydraulics is employed in the design phase of the systems and
components to demonstrate performance, and to ensure their reliability and their efficient and
economical operation. ITER is in charge of investigating the transients of the engineering systems;
this includes safety analysis aimed at demonstrating that the operation is safe and consistent with the
regulatory authority requirements.

In nuclear fusion technology, thermal hydraulics is required for the design and analysis of
cooling and ancillary systems, such as the blanket (i.e., breeding, test or shielding), the divertor, the
cryogenic, and the balance of plant systems, as well as the tritium carrier, extraction and recovery
systems. Thus, the analyses involve different fluids (water, non-condensable gases, liquid metals) in
a broad spectrum of operative conditions (from cryogenic to high temperatures, from vacuum to high
pressures), which make their compatibility with the materials challenging.

Although the knowledge of thermal hydraulics benefits from the tremendous efforts conducted
for the development of nuclear fission technology, it still has remarkable gaps regarding fusion
technology needs. Numerical tools such as well-established system codes suffer, because fluids,
parameter ranges, and a field of applications are outside their development and validation
boundaries. More sophisticated and complex CFD codes are challenged by the geometrical dimension
and complexity of the domains, and by the multi-physics requirements of the analyses. A
considerable amount of resources are devoted at the international level for constructing experimental
infrastructures, and for establishing and conducting experimental programs, in full-scale and
scaled-down facilities, which are aimed at demonstrating the technical feasibility of system and
component designs, as well as at generating reference databases to support code development and
validation.

In view of the above, this Special Issue documents the present scientific and technical
status and recent advances in relation to the “Thermal-hydraulics in Nuclear Fusion”, which
include, but are not limited to: thermal-hydraulic analyses of systems and components, including
magneto-hydrodynamics; safety investigations of systems and components; numerical models and
code development and application; codes coupling methodology; code assessment and validation,
including benchmarks; experimental infrastructures design and operation; experimental campaigns
and investigations; scaling issue in experiments.

The Special Issue collects 20 papers, which are divided into different groups, in order of
appearance: multi-fluid multi-phase thermo-hydraulic phenomena relevant to safety of lithium lead
breeding blankets (four papers); thermo-hydraulic qualification of helium breeding blanket first
wall mock-ups with focus on the surface temperature and its measurement (one paper); thermal
hydraulic analyses in support of the design activities relevant for the water cooled breeding blanket
CFETR of and its water experimental test loop (two papers); system code models development
and CFD applications related to magneto-hydrodynamics for the breeding blankets design (four
papers); thermal hydraulic system code transient analyses of helium and water breeding blankets

xi



Balance of Plant of EU-DEMO (three papers); thermo-hydraulics of Li and related phenomena for
the target of DONES facility (three papers); experimental and theoretical assessment of the hydraulic
performances of the divertor outer vertical target mock-up, with focus on the coolant distribution
and pressure drops (one paper), calibration and validation of a multi-physics model, based on the
coupling of a CFD model with electro-dynamics and thermo-mechanic models for the simulation of
the gyrotrons employed for electron cyclotron heating and current drive of magnetic confinement
fusion machines (one paper); and numerical simulations on pebble bed sizing and porosity with a
focus on heat transfer behavior and thermal-mechanical response of the tritium breeder pebble bed
(one paper).

In conclusion, the scientific and technical contributions from the authors provide the readers
with useful information related to the aforementioned topics and cover past and current R&D
activities dedicated to this Special Issue.
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Abstract: The in-box LOCA (Loss of Coolant Accident) represents a major safety concern to be
addressed in the design of the WCLL-BB (water-cooled lead-lithium breeding blanket). Research
activities are ongoing to master the phenomena and processes that occur during the postulated
accident, to enhance the predictive capability and reliability of numerical tools, and to validate
computer models, codes, and procedures for their applications. Following these objectives, ENEA
designed and built the new separate effects test facility LIFUS5/Mod3. Two experimental campaigns
(Series D and Series E) were executed by injecting water at high pressure into a pool of PbLi in
WCLL-BB-relevant parameter ranges. The obtained experimental data were used to check the
capabilities of the RELAP5 system code to reproduce the pressure transient of a water system,
to validate the chemical model of PbLi/water reactions implemented in the modified version of
SIMMER codes for fusion application, to investigate the dynamic effects of energy release on the
structures, and to provide relevant feedback for the follow-up experimental campaigns. This work
presents the experimental data and the numerical simulations of Test E4.1. The results of the test
are presented and critically discussed. The code simulations highlight that SIMMER code is able to
reproduce the phenomena connected to PbLi/water interaction, and the relevant test parameters
are in agreement with the acquired experimental signals. Moreover, the results obtained by the
first approach to SIMMER-RELAP5 code-coupling demonstrate its capability of and strength for
predicting the transient scenario in complex geometries, considering multiple physical phenomena
and minimizing the computational cost.

Keywords: SIMMER code; RELAP5 code; in-box LOCA; WCLL breeding blanket; LIFUS5/Mod3

1. Introduction

In the framework of the development of the European DEMO nuclear fusion reactor,
Water Cooled Lithium Lead (WCLL) BB is considered a candidate option for the leading
breeding blanket technology [1—4], and has been recently considered in the ITER Test
Blanket Module (TBM) program [5]. The major safety issue for the design of this compo-
nent is the interaction between PbLi and water caused by a tube rupture in the breeding
zone, the so-called in-box LOCA (Loss of Coolant Accident) scenario. This phenomenon
has been investigated in order to obtain robust data for the validation of system code
used in deterministic safety analyses. Indeed, a qualified code is of primary importance
for the evaluation of the accidental consequences and for choosing possible mitigating
countermeasures, besides proposing design solutions to prevent damages to the blanket
box structures.

Energies 2021, 14, 8527. https:/ /doi.org/10.3390/en14248527
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The R&D related to the PbLi/water interaction took several aspects into account.
The first was the implementation of the PbLi/water chemical reaction model in SIMMER
code [6], so the verification and validation activity required the application of a standard
code methodology [7-9] to experimental data with reproducible and defined initial and
boundary conditions [10,11] provided by the new LIFUS5/Mod3 campaigns [12]. The
facility was commissioned and two separate effects test (SET) campaigns were executed:
the first one (Series D) had the main objective of the generation of an experimental database
for the validation of the chemical model in the modified version SIMMER codes; the second
one (Series E) focused on the investigations of interaction phenomena between PbLi and
water, which strictly depends on choked flow instauration and pressure difference as
well as the thermo-hydraulic conditions of the injected water [13]. Meanwhile, numerical
simulation activities were performed [14-16]. The numerical results were compared with
the experimental data, pointing out differences and similarities to analyze capabilities and
limits of the SIMMER codes. The comparison was made by qualitative and quantitative
accuracy evaluations; the former was based on the identification of phenomenological
windows and of the relevant thermo-hydraulic aspects, and the latter was based on a
systematic analysis of the deviation of the predicted target variables with respect to the
corresponding measured values.

Experimental results also constituted a useful database for the support of a new
STH/2D coupling calculation tool (STH—System Thermal Hydraulics codes) [17,18]. The
strength of this tool is the possibility of obtaining high-fidelity calculations in complex
geometries, considering multiple physical phenomena and minimizing the computational
cost. Its development permitted the performance of a preliminary analysis on WCLL TBM
and its ancillary systems, investigating the behavior under an in-box LOCA postulated
event [19,20]. The developed coupling technique can be defined as a “two-way”, “non-
overlapping”, “online” methodology [21], with the SIMMER and RELAP5 computational
domains separated by interfaces and linked by an external script. Through these interfaces,
data are exchanged at each time-step between the two codes in both directions in order
to provide proper boundary conditions for the advancement of the calculations. The
synchronized advancement in the time domain is controlled by means of an implicit
coupling methodology [21].

The present work gives a complete and comprehensive analysis of the experimental
results of Test E4.1 and the numerical simulations performed both with SIMMER-III
standalone, and with the SIMMER-III and RELAP5/Mod3.3 coupling tools. The results
are critically discussed, highlighting the shortcomings and potential of the experimental
procedures as well as the deficiencies and capabilities of the numerical tools.

2. Materials and Methods: LIFUS5/Mod3 Facility

LIFUS5/Mod3 (Figure 1) is a separate effects test facility, designed and constructed
at ENEA CR Brasimone [12]. Its core is composed of two reaction vessels, S1A and S1B,
designed to perform experiments over a wide variety of liquid metals, such as eutectic
lead-lithium, eutectic lead-bismuth, and pure lead. Each vessel of the facility has a different
functionality: S1A has a geometrical capacity of 100 L and was recently used to characterize
the leak detection systems in LBE pool [22], whereas the vessel S1B is smaller, with a
geometrical capacity of 30 L. This latter vessel was employed to study the PbLi-water
interaction, in the framework of the EUROfusion program, with a main objective of investi-
gating the phenomena occurring during the interaction between the two fluids. The data
collected are used mainly to validate the chemical model implemented in the SIMMER
code, together with the following expected outcomes:

the generation of detailed and reliable experimental data;
the investigation of the dynamic effects of energy release, chemical reaction, and
hydrogen production on the structures;

e the broadening of the current knowledge of physicochemical behavior of PbLi eutectic
alloys, and the understanding of relevant phenomena associated with its use;
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e the expansion of the database used for code verification.

INSTRUMENTATION P Vs
ID  Description w . X MTOL v "% 1501
TC  Thermocouple S o I
PT  Fast pressure transducer NV
PC  Absolute pressure transducer o/
LV  Level meter
DP Differential pressure transducer
SG  Strain gauge
MS  Gas analyser
MT Mass flow meter

COMPONENT

ID  Description
RP  Pressure reducer Discharge
VE  Electrovalve - VM3
VM Manual valve VR ¥
VP  Pneumatic valve \ecloy/ varo:
VS Safety Valve s g vsos

VE-03
\rco/

N\ SBL
e\
[ 4

[ ]

MT-01

éél

DP-03

Figure 1. LIFUS5/Mod3 Process and Instrumentation diagram.

2.1. Facility Description

LIFUS5/Mod3 was built by upgrading the previously existing LIFUS5/Mod?2 facil-
ity [23]. The new experimental plant maintains the expansion vessel (S3V) and the old
reaction vessel (S1A), while installing a new vessel, namely, S1B. This new vessel holds a
smaller volume than S1A but can withstand higher pressures of up to 200 bar at a tempera-
ture of 500 °C, being representative of the WCLL operative conditions, and in accordance
with PED directives [24]. The expansion vessel S3V is shared between the old and new
branches and is used to collect gasses or other substances released by the test sections in
case of rupture disk activation. The facility is composed of five main components (see
Table 1):

The main reaction vessel, S1B, where the water-PbLi interaction takes place;
The water tank SBL and the injection line, which is used to bring water to test condi-
tions. This is built out of an enlarged section of pipe, connected by a line to the bottom
of S1B; pressure is maintained inside this tank by the action of an argon cylinder
connected to its top;

e The safety expansion vessel, S3V, connected to S1B by means of two in-series rupture
disks, to avoid damaging the rest of the facility in case of overpressure;

e  The PbLi storage tanks, S4B1 and S4B2, holding, respectively, fresh and exploited al-
loys;

e  The hydrogen extraction and analysis system.
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Table 1. LIFUS5/Mod3 component design features.

Component Parameter Value
Volume (L) 30
Inner diameter (m) 0.28
S1B reaction vessel Height (m) 0.56
Design pressure (bar) 200
Design temperature (°C) 500
Volume (L) 4.05
. Inner diameter (m) 0.04
SBL water pipe Design pressure (bar) 200
Design temperature (°C) 350
Volume (L) 2000
Inner diameter (m) 1
S3V dump vessel Design pressure (bar) 10
Design temperature (°C) 400
Volume (L) 400
. Inner diameter (m) 0.54
S4B1 fresh PbLi Length (m) 156
Design temperature (°C) 450
Volume (L) 400
. Inner diameter (m) 0.54
S4B2 depleted PbLi Length (m) 1.56
Design temperature (°C) 450

Each of these components is equipped with instrumentation to allow for the acqui-
sition of temperature and pressure data and is heated by means of a heat tracing system
surrounded by mineral wool.

2.1.1. Reaction Vessel S1B

The main vessel, S1B, has an internal volume of about 30 L, and during each test, it
is filled with 25 L of PbLi. It is completely isolated from the external environment by a
top flange, and the remaining internal volume is filled with argon cover gas to avoid a
PbLi reaction with moisture and oxygen in the air. The internal geometry of the vessel is
composed of a cylinder with a radius of 0.1285 m, and a lower spherical portion with the
same radius; the overall height of this vessel is 0.555 m. S1B is connected to the rest of the
facility components by a series of penetrations in its top flange, that are shown in the P and
ID of Figure 1, and which are:

A gooseneck seal to allow thermocouples cables passage;

The housing for the fast pressure transducer;

The hydrogen extraction line connection;

The expansion line connecting the vessel to S3V via the rupture disks;

The housing of a differential pressure meter for level-monitoring and a pressure
transducer for absolute pressure-measurement.

Other penetrations are needed on the sides and on the bottom of the vessel to allow
extensive data collection; in particular, three more penetrations, at a 120° angle from each
other, are made on the walls of the vessel (Figure 2a). These house the fast pressure
transducers (PT) for the acquisition of the pressure-wave propagation.

A 2” penetration is placed at the bottom of the vessel to allow for the loading and
unloading of the PbLi alloy, and it also acts as the terminal part of the water injection line.
A complete list of the penetrations and instrumentations mounted on the vessel S1B is
shown in Table 2.
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Figure 2. LIFUS5/Moda3 test section. (a) External surface of vessel S1B; (b) assembly of the test section; (c) test section and

thermocouples detail.

Table 2. Summary of the penetrations and instrumentation installed on the vessel S1B.

Position N° Utilization Component ID
Water injection and PbLi .
A ! charging/discharging system Steel pipe
B 1 Connection to S3V-expansion/dump vessel Steel pipe
C 1 Gooseneck sealing system to TC passage Test section TCs
D 1 Hydrogen measurement system MS-H2M-01
DP-S1B-01
E 1 DP meter and PC pressure transducer PC-S1B-01
F 1 PT fast pressure transducer PT-S1B-04
G-H-I 3 PT on cylindrical shell PT-S1B-01/02/03
L 1 DP meter DP-51B-01
On shell 3 Strain gages (circumferential) SG-S1B-02/03/04
On shell 1 Strain gages (axial) SG-51B-05
On bottom 1 Strain gages (radial) SG-51B-01

2.1.2. Test Section

Figures 2 and 3 show the test section inserted into the vessel S1B. This component
is welded directly on the top flange of S1B and is designed to be axial-symmetric. The
upper holed plate, visible on the left part of Figure 3a, delimits the interaction zone where
the chemical reaction can take place, by breaking down the impinging jet of subcooled
water from the injector. Simultaneously, the holes allow for the passage of water vapor and
hydrogen produced during the tests.

The lateral sides of the test section are, instead, open, to allow for the propagation
of the pressure wave generated during the interaction and its measurement through the
sensors positioned on the sides of the vessel. These sensors include both strain gages
and dynamic pressure transducers to record the vessel deformation and pressure-wave
intensity and shape. A total of 74 0.5 mm K-type thermocouples are installed on the test
section over six different levels ranging in elevation from the injector to the holed plate, and
uniformly distributed in radial directions (Figure 2c). By means of this configuration, the
map of the temperature can be identified as well as the layout of the water jet (symmetry,
width, and height). The exact positioning of the thermocouples is shown in Figure 3b.

5
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2.1.3. Injection Line

Before each test, water is loaded and brought to the necessary pressure and tempera-
ture conditions inside the SBL tank (Figure 1). The water tank is composed of a 11/2” sch.160
vertical pipe, connected at the top to the water charge line and to the argon pressurization
cylinder (Figures 4 and 5a), used to maintain the desired water pressure throughout the
test. This tank is instrumented with two thermocouples and a DP meter used to monitor
the water level during the charging phase and the heating phase.
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Figure 5. Detail of the injection line and device. (a) Upper part of the water injection line connected to argon gas cylinder;
(b) injection line with valves and Coriolis; (c) injection piping and connection to the S1B vessel; (d) injector cover brass cap
with specified notch dimensions.

The water injection line is connected to the bottom of the SBL tank, and it is composed
of a 1/2” Swagelok steel pipe which leads to the S1B vessel, as shown in Figure 5b. This
line is instrumented with a series of thermocouples and pressure transducers, and it is
heated by means of heating wires surrounded by a thick insulation. Such a configuration
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allows for the maintenance of the water at the right conditions throughout the test and the
measurement of its relevant parameters during the injection phase.

The differential pressure meters allow for the measurement of the pressure-drop across
the valves. They are mounted in the following positions (Figure 4b):

In the SBL vertical section to measure the water level before each test;
Across valve VP-SBL-05, named: DP-SBL-02;

Across the Coriolis mass flow meter, named: DP-SBL-03;

Across valve number VP-SBL-06, named: DP-SBL-03.

The valves VP-SBL-05 and VP-SBL-06 are fast-actuated valves that can reach a fully
open position in less than 0.3 s. To achieve this fast actuation time, an independent
compressed air line is implemented in the facility to supply the power needed.

Before each test is performed, the whole injection line is evacuated by means of a
vacuum pump. This ensures that only water is injected into the reaction vessel, and that no
air or argon is present in the system.

The injector device, shown in Figure 5¢, is composed of two coaxial pipes, flanged to
the bottom of vessel S1B. Water enters the reaction vessel via the innermost line, which is
made of 1/2” Swagelok pipe, and is forced directly inside the interaction zone. A brass plug
with a small hole at its center is fixed to the top of this pipe, with the aim of limiting the
amount of water injected during each test. The size of the hole performed on the cap can
be varied from test to test, to simulate different types of breakage in the real system.

To avoid the premature injection of the water during the initial test phase, a brass cap
is placed on top of the plug and soldered to it. This cap, shown in Figure 5d, is built with
a notch, which is engineered to break at the desired test pressure. With this system, the
experimenters can regulate, with precision, both the mass flow rate of the injected water
(by means of the orifice diameter) and the pressure at which the injection occurs, i.e., the
pressure at which the cap ruptures (by means of the notch depth).

The two tanks act, respectively, as a storage tank for unused PbLi and as a dump tank
for depleted PbLi. Prior to each test, the alloy is loaded into the reaction vessel from tank
S4B1, and after each test, the depleted alloy is discharged into tank S4B2 (Figure 6). This
procedure ensures the avoidance of the contamination of fresh PbLi with oxides and other
reaction products. The tanks are instrumented to allow for temperature and level control
of their content.

2.1.4. Expansion Line

The expansion vessel, S3V, acts as a safety volume to collect reaction products such
as water vapor, hydrogen, or PbLi in case of a rupture disk breakage. It has a volume of
2000 L and a design pressure of 10 bar. To protect the facility from overpressure during
the tests, the line connecting S1B and the relief tank, S3V, is equipped with two rupture
disks mounted in series. The first one has a diameter of 2” and is rated for 190 bar at a
temperature of 400 °C. The second one has a diameter of 3” and is rated for 154 bar at
450 °C.

2.1.5. Hydrogen Extraction Line

Following each test, the gas composition inside vessel S1B will change from the
initially pure argon to a mixture of argon, hydrogen, and unreacted water vapor. This
mixture will be extracted from two spillage points and quantitively analyzed by means of
a gas analyzer (labelled MS-H2M-01 on the P and ID of Figure 1).

The instrument working principle is based on the measurement of the thermal con-
ductivity variation of the gas mixture. This procedure is carried on at a pressure of 2 bar
and at a specific mass flow rate, and these conditions are met by using a pressure reducer
and a mass flow meter and controller.

Data from the gas analyzer and from the mass flow meter are acquired using a
dedicated system, which is, in turn, connected to the main control system.
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Figure 6. Storage (54B1) and drain (54B2) tanks, loading and discharge lines.

2.1.6. Instrumentation and Control Units

The Data Acquisition and Control Subsystem (DACS) architecture of this facility is
subdivided into two separate sections: the real-time control and data acquisition, and
the control, interlock, and safety system. The facility is equipped with a wide variety of
sensors to acquire all the relevant thermo-dynamical and mechanical data, such as pressure,
temperature, and strain. These sensors are constantly acquired at 1 Hz during facility
operation, while during each test, thermocouples are acquired at 50 Hz and fast pressure
transducers at 10 kHz.

To control and operate the facility, a series of pressure reducers and manual, pneumatic,
safety, and electro valves are installed in various points. All these components are operated
by the experimenter via the control software.

2.1.7. Test Matrix

The Series-E test matrix is reported in Table 3. This test matrix was designed with the
aim of performing tests at conditions relevant to the WCLL BB design [1-4]. In particular,
during a postulated WCLL-BB in-box LOCA, the phenomena and processes occurring in
the PbLi/water interaction are governed, firstly, by thermodynamic parameters, and then
by chemical reaction. All phenomena strictly depend on the amount of water injected into
the BB box, and are sensitive, besides the design of the water and PbLi loops, to:

e  The pressure difference between the water circuit and the PbLi, which is the driving
parameter of the transient: once pressures in the two systems come into equilibrium,
the injection stops;

e  The size of the break;
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e  Water flow condition: the instauration of choked flow limits the velocity of water
itself, while the void fraction of the jet will affect the actual injected mass.

Table 3. Series-E Test Matrix.

Test Series E D Orifice Water T (°C)  PbLiT (°C)  |mjection Injection
(mm) Time (s) Pressure (bar)
#1 4 295 330 1 155
#2 4 295 430 1 155
#3 1 295 330 05 155
#4 2 295 330 1 155
#5 1 295 330 15 155
#6 4 295 380 1 155
#7 2 295 380 13 155
#3 1 295 380 2 155

In order to investigate these phenomena, the test matrix was based on executed tests
with varying diameters of the injection orifice, injection times, and PbLi temperatures. For
all the tests, the injection pressure in the water line was fixed at 155 bar, and the temperature
set to 295 °C.

2.2. Code Nodalizations

The post-test analyses have been performed with the beta version of SIMMER-III,
modified for fusion application by the University of Pisa, and identified as “SIMMER-III
Ver. 3F Mod. 0.1”. This version derives from SIMMER code Ver.3F [25,26], and the main
difference is the implementation of the chemical reaction between PbLi and Water [6].
The code SIMMER-III was used both in standalone mode and in a coupled mode with
RELAP5/Mod3.3; the coupling technique was created, and is still under development, at
the University of Pisa [17,18].

SIMMER-III is a two-dimensional, multi-velocity field, multi-phase, multi-component,
Eulerian fluid-dynamics code which can be coupled with a structure model (fuel pin) and
a spacetime and energy-dependent neutron kinetics model. The fluid-dynamics portion,
which constitutes about two-thirds of the code, is interfaced with the structure model
through heat and mass transfer at the structure interfaces, while the neutronics portion can
provide nuclear heat sources based on the mass and energy distributions calculated by the
other code elements.

The basic geometric structure of SIMMERC-III is a two-dimensional cylindrical (R-Z)
system. Therefore, all the nodalizations developed through SIMMER-III to model the
LIIFUS/Mod3 main components assume an axially symmetric cylindrical geometry. It is
important to notice that this means losing information on the evolution on the azimuthal
direction.

The facility set-up for the nodalization is shown in Figures 7 and 8. It is constituted by
5 main parts:

e The injection line (blue dashed line in Figures 7 and 8):

O Coupled calculation: fully nodalized with RELAPS5;

O Standalone calculation: reduced to a short vertical section below the S1B;
The reaction vessel S1B (including Test Section);

The expansion line (including the first rupture disk);

The hydrogen extraction line (up to the collecting valve);

The thermocouple supporting passage (gooseneck).

10
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Figure 7. Scheme of coupled codes nodalization. (a) LIFUS5/Mod3 facility and coupling tool interface; (b) S1B modeled by
SIMMER III; and (c) injection line modeled by RELAP5/Mod3.3.

The SIMMER-III geometrical domain is obtained by 50 radial and 77 axial mesh cells
(Figure 8a). In Figures 7 and 8, the colors distinguish the different fluids and structure
materials, as set at the beginning of the transient (t = 0 s). Therefore, the PbLi is represented
inred, the water in blue, the argon cover gas (and the hydrogen produced by the reaction) in
white, the non-calculation zones are highlighted by a green mesh fence, and SS316 in black
as the structural material. The correspondence of the main dimensions of LIFUS5/Mod3
and the SIMMER-III reference model is reported in Table 4.

Table 4. SIMMER-III reference model and LIFUS5/Mod3 facility: main dimensions.

Region Dimension SIII L5/M3 Facility SIII Cells
H (m) 0.575 0.555 22-52
S1B D (m) 0.2614 0.257 1-50
V(L) 26.575 26.590 -
Free gas H (m) - —0.04 NN-52
(in S1B) V(L) 3.4 3.554 -
H (m) 0.02 0.02 22
Inj-device D (m) 0.0094 0.0094 1-3
Dorifice (m) 0.002 0.002 1
H (m) (variable) ~6.8 1-22
Inj-line D (m) 0.0094 0.0094 1-3
D (m) 0.0094 1-3

The reference mesh cells for the temperature analysis inside the S1B and for the
pressure measuring, representing the position of installed thermocouples and pressure
sensors in S1B, are listed in Table 5.

11
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Table 5. Location of the TCs and PTs on the SIMMER-III reference model.

Installed (TCs), Inside S1B

Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 Ring 6
(12,28) (26,28) (28,28) (35,28)
Level 1 . . TC-R31-L1 ~ TC-R34-L1 . -
?gggﬁ TC-R32L1  TC-R35-L1 TC-R53-L1
TC-R33-L1 TC-R36-L1
(12,31) (19,31) (28,31) (31,31)
Level 2 TCRILL2  fopo s TC.R32L2 TC-R41-L2 ; i
TC-R12-L2 TC-R22-L2 TC-R33-L2 TC-R42-L2
TC-R13-L2 TC-R43-L2
(12,34) (26,34) (31,34) (41,34)
Level 3 TC-R12-L3 . TC-R31-L3 TCRAI-LS . TC-ROI-L3
TC-R13-13 TC-R33-L3 TC-R42-L3 TC-R62-L3
TC-R43-L3 TC-R63-L3
(19,36) (28,36) (31,36) (37,36)
Level 4 - TC-R21-L4 TC-R31-L4 TC-R41-L4 . -
TC-R22-L4 TC-R32-L4 TC-R42-L4 ?g_ﬁgg}j
TC-R23-L4 TC-R33-L4 TC-R43-L4
(12,38) (26,38) (31,38) (41,38)
Level 5 TC-R11-L5 . TCRIILS TC-R41-L5 i TCROI'LS
TC-R13-L5 TC-R32-L5 TC-R43-L5 TC-R62-L5
TC-R33-L5 TC-R63-L5
(12,40) - (26,40) (28,40) - - (41,40)
Level 6 TC-R11-L6 TCR31Le  JCRILE TCR6ILS
TC-R12-L6 TC-R33-L6 TC-R35-L6 TC-R62-L6
TC-R36-L6 TC-R63-L6
Installed (TC, PTs)
Location Cell
Injection line—vacuum part, TC-SBL-05 (1-3,17)
Injection line—pressurized part, TC-SBL-01, @ temperature BC (1-3,1)
Injection line—pressurized part, PC-SBL-01, @ pressure BC (1-3,1)
Injection line—vacuum part, PT-SBL-02 (3,17)
Expansion line, rupture disk, PT-51B-04 (30,52)
Reaction vessel (S1B), PT-S1B-01/03 (50,33)
Reaction vessel (51B), PC-S1B-01 (47,53)

The standalone and coupled version of the SIMMER-III nodalization are essentially
the same, the only difference being the vertical length of the cells reproducing the injection
line; in the coupled version, this region is reduced to only 30 cm in order to minimize the
influence of SIMMER in the simulation of the pressurization, and therefore, fully exploit
the capability of RELAPS in simulating 1-D pipelines.

2.2.1. Reaction Vessel S1B

The reaction vessel, S1B, is modeled by two separate regions; at initial conditions,
the primary region includes only liquid PbLi (I = 1-50, ] = 45-NN). The second region is
related to argon as the cover gas at the top and dominated by the cells (I = 6-50, ] = NN);
see Figure 8a. NN depends upon the initial conditions of PbLi level. The hemispherical
part of the vessel is modeled by adding 6 non-calculation regions as well.

13
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2.2.2. Test Section

The test section is installed to support the instrumentation inside the S1B vessel,
specifically for the thermocouples. The test section is divided into two different parts, the
upper holed disk-shape part, which is considered as 3 different regions with steel as the
cladding material at ] = 65 (S-1II), and the second part, which contains 6 sets of rods with
different lengths for each, plus the spacer rings. The whole test section is represented in
6 different levels by 10 vertical rods and 6 horizontal rings. In Figure 8a, the black cells
without green fences show the test parts for the SIMMER reference model.

2.2.3. Injection Line

The injection line configuration consists of 4 horizontal and 2 vertical parts, and it is
too complex to be modeled with a full domain as a SIMMER-III nodalization; therefore,
it was decided to cut it and consider it as an integrated vertical pipe which is connected
from the top to the reaction vessel and from the bottom to the boundary cell. With this
assumption, all of the bends and relevant losses are translated into orifice coefficients and
transferred to the new positions in the vertical direction. In the SIMMERC-III nodalization,
the injection line started from cell I = 1-3, radially, and J = 1-13, axially. In the standalone
version, it contained 3 different regions, starting from valves VP-SBL-06, and including
VP-SBL-07 and 2 pipes; see Figure 8a. The upstream part to the water region was cut and
excluded from the reference nodalization, and the acquired data from PC-SBL-01 was used
as the boundary condition for post-test calculations.

In the RELAPS5 nodalization, the injection line is fully nodalized, reproducing all the
main features of the line, including the Coriolis section (Figure 8b). The nodalization
consists of volume elements, with a specified area and length. The different volume
elements and their properties are listed in Table 6 and shown in Figure 8b. The volume
elements are connected to each other using junctions, to which a pressure-drop coefficient
can be assigned. The junctions are used here to reproduce the change of orientation of
the pipes. The properties of these junctions can be found in Table 6. The injection line
starts with SBL, which is modeled as a pipe with 28 volume elements. The water tank is
pressurized by a time dependent volume, representing the argon tank. They are connected
together by a single junction. The bottom of SBL is connected via a single junction to a
smaller pipe containing 10 volume elements. This pipe is connected to a motor valve,
representing VP-SBL-05. The valve can be opened or closed, and it is also possible to assign
the timing of action. A valve is only a junction, so the volume elements of this valve are
incorporated in the next and previous pipes. After other four pipes, two motor valves,
representing VP-SBL-06 and VP-SBL-07, and a junction, the line is connected to a trip valve.

2.2.4. Expansion Line

The pipe connecting S1B to S3V (expansion tube) is modeled by an annular tube
with an equivalent diameter of 0.0428 m, approximately, at a similar distance from the
central Z axis to preserve the flow area. This toroidal tube is located at I = 30-31, ] = 76-97.
The rupture disk was specified by adding a virtual walls. However, during post-test
calculations, the virtual wall remained closed since no signal was recorded in the expansion
line during Series D Tests, which means the rupture disk kept closed during the transient.
Since the S3V volume does not take an action during the tests, the S3V expansion vessel
was not considered in the post-test analysis.

2.2.5. Hydrogen Extraction Line

The hydrogen line is supposed to collect the produced H2 gas from S1B and conduct
it through the hydrogen-analyzer system. In the present models, this part is not completely
modeled, but its first part, up to the collecting valve, is considered. The cells (43,76-77)
represent the volume as an equivalent region for the reference model.

14
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Table 6. Characteristics of RELAP5/Mod3.3 nodalization.

Component Hydrodynamic Length

Number Component Description (m) Area (m?)
100 Time-dependent volume Argon tank ) )
200 Pipe SBL 2.8 9.069 x 104
205 Single junction -)
206 Pipe 1.096 6.936 x 1075
207 Motor valve VP-SBL-05 ©) 6.93 x 1075
208 Pipe Normal section 2.094 6.936 x 1075
Coriolis section 1.48 6.12 x 1074
213 Motor valve VP-SBL-06 ©) 6.93 x 1075
214 Pipe 1.742 6.936 x 1075
215 Motor valve VP-SBL-07 ) 6.93 x 1075
216 Pipe 0.518 6.936 x 1075
217 Single junction )
216 Pipe 14 6.936 x 1075
260 Time-dependent volume  Coupling interface -) )

2.2.6. Boundary and Initial Conditions (BIC)

The reference calculation starts at t = 0 s, which represents the valve VP-SBL-06
opening. The injector cap rupture is simulated by disappearance of the virtual wall at cell
I=1,] =22, which recreates the 2-mm orifice. The time at which the injector breaks up
is obtained from the specific test experimental data. Since the closest PT to the injector
cap is PT-SBL-02, the injection pressure trend is assumed to be the pressure recorded by
PT-SBL-02, applied in cells (1-3,1); on the other hand, since, in the coupled calculation, the
whole line is simulated, the BC set-up pressure and temperature, obtained from PC-SBL-01
and TC-SBL-01, is imposed at TMPVOL 100. Moreover, the boundary condition of the
continuous inflow of injected water is applied in the same mesh cells. The initial conditions
of pressure, temperature, filling level of lithium-lead in 51B, and the amount of water are
set coherently with the experimental data reported in Table 7.

After setting all BICs, the compiled executive file of SIMMER code was used to, firstly,
run the reference model, and later, the other cases, for sensitivity analysis. The calculations
lasted for 3 s.

3. Results

In the following, the experimental data of Test E4.1 are reported, together with a
critical analysis of the results, as well as the numerical post-test simulations obtained in
SIMMERC-III standalone and RELAP5/SIMMER-III coupled configurations.

3.1. Test E4.1 Experimental Results

The test E4.1 was executed on 4 November 2020 at 11:23:42. It corresponded to Test #4
of the test matrix proposed in the framework of EUROfusion project (Table 3). The injection
procedure (see P&ID in Figure 1) is foreseen to open the valves connecting the argon
cylinder to the SBL water line (VM-SBL-09 and VE-SBL-01); thus, the system is pressurized
and maintained in this condition to reach the thermal equilibrium. Then, valve VP-SBL-
05 is opened to permit the filling of the line up to the injection valve VP-SBL-06. The
acquisition system is in stand-by, waiting for the injection signal. This signal is activated by
the operator when all parameters are correctly checked. Then, the fast acquisition system
starts to record the data, and the valve VP-SBL-06 is opened up to the closing signal. The
closure of valve VP-SBL-06 is automatically activated after 1 s. The water injection in S1B
lasts for 0.93 s (from cap rupture to VP-SBL-06 fully closed). Once the pressure inside
injector reaches rupture limit, the injector breaks and the water starts to flow into reaction
vessel S1B and the transient starts. The pressure from the argon cylinder is kept for the
whole transient. A valve called VP-SBL-07 is installed to protect VP-SBL-06 from the PbLi
drop. The acquisition system continues to record data (pressures, temperatures, levels, and
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so on) up to the end of the test. The acquisition system worked properly. The strain gages
and pressure transducers signals were acquired at 10 kHz, and the thermocouple signals at

50 Hz.

1.

From the phenomenological point of view, the test can be divided into four different
phases:

Pressurization of water injection line (0 ms to 229.4 ms), from the pressure rise in
the injection line (valve VP-SBL-06 starts to open, start of test) to the rupture cap
occurrence (start of injection).

Water-PbLi interaction (229.4 ms to 1156.8 ms), from the cap rupture occurrence to
the full closure of valve VP-SBL-06 (end of injection). This phase can be divided into
three different sub-phases:

a.

b.

Flashing of injected water (229.4 ms to 245 ms), from cap rupture occurrence to
the ending of the first pressure peaks.

Pressurization dominated by the two-phase thermodynamic interaction (245 ms
to 420 ms), from the ending of the first pressure peaks to the pressure slope
change.

Pressurization dominated by the single-phase thermodynamic interaction (420 ms
to 1156.8 ms), from the pressure slope change to valve VP-SBL-06 fully closed.

Pressurization dominated by the chemical reaction (1156.8 ms to ~20,000 ms), from
the full closure of valve VP-SBL-06 to the S1B pressure stabilization.

Ending phase (~20,000 ms to the End of Test), from the S1B pressure stabilization to
the End of Test.

In each of these phenomenological phases, the main parameter trends, such as the
pressure in the water line (Figure 9), the pressure (Figure 10) and the strain in the re-
action vessel (Figure 11), and the temperatures in the test section (Figure 12), showed
different behaviors.
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Figure 9. Pressure time trends in SBL injection line and valve position. (a) zoom on [0-3] s, (b) zoom on [0-30] s.
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Figure 10. Pressure time trends in S1B reaction vessel and valve position. (a) zoom on [0-3] s, (b) zoom on [0-30] s.
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Figure 12. Temperature time trends in S1B at different rings (from Ring 1 to Ring 6, see Figure 3b).

3.1.1. Pressure Time Trends

Two fast pressure transducers acquired the pressure trend in the injection line PT-
SBL-01, positioned in the water tank, and PT-SBL-02, positioned just below the injector.
Moreover, two different absolute-pressure transducers, PC-SBL-01 and PC-SBL-03, are
installed (Figure 9). The former is able to follow the fast pressure change during the
first phase of the test; meanwhile, the latter is not, even if it can be installed at a high
temperature. The sensor PC-SBL-02 recorded the pressure in the argon cylinder. In the first
phase of the transient, the PT-SBL-02 sensor recorded a pressurization rate of 633.3 bar/s.
Once valve VP-SBL-06 was fully opened, the water filled the injection line between valve
VP-SBL-06 and the injector cap inside S1Buntil cap rupture, which occurred at a pressure of
146.3 bar. As soon as the cap broke, the second phase started, and water was injected in the
reaction vessel and the pressure in the injection line decreased rapidly. PT-SBL-02 recorded
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a decrease from 146.3 bar to about 100 bar, due to the instantaneous increase of volume;
then, its decrease was stopped, remaining constant for few tenths of a millisecond, probably
due to the two-phase water injection. The pressure in the injection line rose again, up to
the constant value of about 125 bar, equal to the pressure recorded by PT-SBL-01 in the SBL
tank, until the valve closure instant. After that, the third phase started. The water tank,
SBL, and the reaction vessel, S1B, were isolated; therefore. The pressure in SBL increased
due to the connection with the upstream argon cylinder, and PT-SBL-02 measured a sudden
pressure decrease as a consequence of a disconnected pressurization system. The pressure
equalization between S1B and the injection line downstream VP-SBL-06 occurred after the
valve closure at about f =3 s.

Concerning the pressure inside S1B reaction vessel (Figure 10), during the first phase,
the initial relative pressure after PbLi filling was about 0.7 bar. Once the injector cap broke
(the second phenomenological phase), the pressurization of S1B was characterized by
several peaks, lasting for about 15 ms, due to the water-flashing inside the tank, followed
by steam and gas expansion through the perforated top plate of the test section and
towards the gas plenum (decrease of pressure), and a new water-flashing. For each peak,
different signals were recorded by the fast pressure transducers, reflecting the pressure-
wave propagation inside the reaction vessel. The PT set in S1B cover gas (PT-51B-04)
showed a delayed pressure increase, due to the gas expansion towards the upper part of
the S1B reaction vessel. Additionally, the sensor was partially plugged by PbLi splashes;
indeed, a difference of about 20 bar was recorded in respect of the other PTs. Up to about
420 ms, the pressure recorded a monotonous increase to almost 20 bar, dominated by
the two-phase water interaction, the water evaporation, and partially by the hydrogen
generation. Then, the pressure started to increase, again, up to 53 bar at the closure of valve
VP-SBL-06. This phase was dominated by the pressurization due to single-phase water
interaction, and by hydrogen production and temperature increases due to the exothermic
chemical reaction between PbLi and water. Then, during phase 3, the S1B reaction vessel
and the injector were in connection, the pressure in the system continued to increase due to
the chemical reaction between PbLi and the injected water, and the hydrogen generation
increased, from 53 bar to almost 90 bar.

3.1.2. Strain Time Trends

The strain time trends, measured on the outer surface of S1B, are depicted in Figure 11.
It is possible to highlight several peaks due to pressure waves propagated in the liquid alloy
as a result of cap-breaking and water-flashing. SG-51B-01, positioned in radial direction
on the bottom part of the reaction tank, was defective. On the contrary, the other strain
gages positioned on the cylindrical shell of S1B recorded different peaks. The higher values
of the first peaks was recorded by SG, positioned in circumferential direction, whilst the
axially positioned SG-51B-05 measured lower values. The SGs showed deformation trends
that perfectly overlapped with the pressure trends behavior recorded by PT. At valve
closure, the SGs measured values in the range of —26.8 to —68.1 um/m. Then, during
phase 4, the SG recorded a monotonous increase of the deformation rate, until the strains
reached an almost-stationary condition. The sensors showed a residual strain at the End
of Test (EoT) that could be ascribed to the different working temperature, in respect to
the initial one, and to the pressurization of S1B. The SGs set on a circumferential position
measured their maximum strain value (respectively, —173.1, —217.6, and —191.4 um/m
for SG-S51B-02/03/04). The strain gage positioned in an axial position on the cylindrical
shell of the vessel measured a lower strain of about —160.2 pm/m.

3.1.3. Temperature Time Trends

The initial temperature of the PbLi in S1B was about 333.9 °C. During the experimental
campaigns, an unexpected phenomenon was observed. Indeed, after each test, a variable
number of thermocouples modified their readout behavior, providing unreliable data. It
is noted that the involved thermocouples tended to give readouts of temperatures that
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were lower than the expected and differed substantially from the average readout of the
thermocouple bundle mounted in the test section. This readout degradation follows a
unique behavior, and considering the harsh environment in which these sensors must
operate, its cause has been hypothesized to lie in a phenomenon commonly known as
“green rot” [27], the common name for referring to the oxidation of the chromium in K-type
thermocouples, which typically occurs in high-temperature and reducing environments.
K-type thermocouples are partially made of a Ni-Cr alloy, which is normally protected
from oxidation by a thin layer of oxide that forms over its surface. However, the presence
of a reducing agent (such as hydrogen, generated by the PbLi-water interaction) and the
high temperature environment can substantially accelerate the corrosion of the sensing tip.

Due to these considerations, during the tests performed on the LIFUS5/Mod3 facility,
an extensive phenomenon of green rot occurred on the thermocouples of the test section,
which were exposed to a high-temperature and hydrogen-rich environment. Moreover,
the small size of the thermocouples themselves (0.5 mm in diameter), and the mechan-
ical stress due to the pressure waves generated by the tests, might have accelerated the
degradation. Nevertheless, in the subsequent data analysis, anomalous thermocouples
have been individuated, and their data discarded, to avoid the degradation of the results.
The classification of anomalous thermocouples was performed by carefully analyzing the
signal provided during the PbLi charging phase, when the test section was in thermal
equilibrium with the PbLi. In this condition, in fact, the high thermal conductivity of the
alloy caused all of the thermocouples at the same depth to read the same temperature
values and allowed for the individuation of the broken ones.

The temperature time trends measured by all the TCs set on the levels and rings of the
test section are shown in Figure 12. The nomenclature TC-RXX-LY defined the position of
the thermocouples in the ring and in the level, i.e., the code TC-R31-L2 specifies the first TC
(starting from the established position shown in Figure 2b, in counterclockwise direction)
positioned in Ring 3 and Level 2. Each figure reports the temperature time trends of TCs
installed in the same ring. Ring 1 and Level 1 are the closest to the injector, Ring 6 and Level
6 are the farthest from it. In test E4.1, the effect of the thermodynamic interaction between
PbLi and water, characterized by the cooling of the melt due to the water jet expansion, did
not appear, which is clear evidence that the jet was almost spread in S1B. On the contrary,
at the interface between two fluids, the chemical reaction occurs, generating hydrogen
and heat. Indeed, the temperatures increased, as recorded by all the TCs installed in the
test section. The temperature trends showed that the chemical reaction prevailed in the
middle levels (Level 3, Level 4, and Level 5) and was almost spread in a radial direction;
indeed, not-significant peaks are recorded (the highest value of 439.67 °C was reached
by TC-R61-L3 at 16.54 s), but the heat generated by the chemical reaction led to a general
increase of temperature in the whole system with an average difference of about 20 °C (up
to valve closure). Additionally, after the valve closure, the temperatures in the reaction
zone increased again as a result of the continuous chemical reaction between the water
already injected and the PbLi.

3.1.4. Hydrogen Production

Finally, concerning the measurement of the hydrogen produced by the reaction, it
was necessary to obtain the amount of injected water during the test in order to verify the
reliability of the hydrogen gas analyzer. This amount is evaluated a posteriori, considering
the integration of the mass flow rate evaluated by the Coriolis mass flow meter (Figure 13a).
The mass flow meter recorded a delayed measure, which was not fully able to follow the
fast dynamic of the injection. Indeed, the instrument continued to measure once the
injecting valve was already closed. However, the amount of injecting water was evaluated
considering the following rationale:

e At SoT, the facility condition was: valve VP-SBL-05 opened, and valve VP-SBL-06
closed; DP-SBL-01 (Figure 13b) measured 90.8 mbar, which corresponded to an amount
of water in the SBL line equal to 944 g;
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e During the injection, DP-SBL-01 measured 0.0 bar; therefore, all the water was injected
through the line;

e At the end of the test, a part of the water that remained trapped in all the injection
lines was collected and weighted, with a result of 750 g;

e  This result, considering the differential pressure sensor measurement, permitted the
obtaining of the injected water, with a result of 944 — 750 g = 194 g;
The Coriolis mass flow meter measured an integral value of 395 g;
Some of the water remained trapped between valve VP-SBL-06 and valve VP-SBL-07.
The volume of this section of the line is equal to 0.14 L, which corresponds to a mass
of 111 g (at 250 °C, temperature effectively recorded);

e The amount of injected water, considering the Coriolis mass flow meter measure,
permitted the obtaining of the injected water, with a result of 395 — 111 =284 g;

e  Considering the double-check of the injected water, the estimation gave a range
between 194 and 284 g.

Mass Flow Rate [kg/s]
°
El

°

T T 51
MT-SBL-0T Integral-H20

DP-SBL-01 VP-SBL-06

L
)
®

o
=]
2
ey

Integral mass of water [kg]

=)
©

o
=1
S
—

1
1=
>
L

)

>

!
=)
S
L

=)
=

o
9
=

o
N
°
L
o
o

Differential Pressure [bar]
o
°
2
_
Valve injection position On/Off

S
1)
9
5]

Flow Rate [Niimin]

Time [s]

T
MT-H2M-01*

L
o

15 2 25 3 0 05 1 15 2 25 3
Time [s]

(@ (b)

MS-H2M-01-E - —

Hydrogen [%]
Cumulated Hydrogen [g]
~—

Time

hours] Time [hours]

(© (d)

Figure 13. (a) Injected water mass flow rate and integral value; (b) differential pressure measured in the SBL tank; (c) gas
mass flow rate (MT-H2M-01) and hydrogen concentration percentage (MS-H2M-01) time trends; (d) cumulated hydrogen

time trend.

Since, in test E4.1, the rupture disk did not fail, the hydrogen measurement proceeded
from the extraction line, opening the valve VE-S1B-01, and then moved towards the
hydrogen-measurement system by opening VP-S1B-02 and VP-51B-07 (see P and ID in
Figure 1). The analysis of the gas proceeded for 24 h, injecting argon gas in reaction
vessel S1B once the pressure decreased, to try of remove all the hydrogen produced by
the chemical reaction. Since the gas-flow controller was calibrated to a gas mixture of 50%
Ar and 50% Hj, the mass flow rate recorded by MT-H2M-01 was corrected a posteriori
by a conversion factor based on FLUIDAT® Bronkhorst database, and on the basis of the
amount of volume concentration calculated by the analyzer (the symbol * in Figure 13¢c
highlights the correction). The maximum value of recorded concentration was 93.4%, and
the maximum mass flow rate was 1.8 nl/min. Considering that, a total of 510.6 nl of gas
passed through the flow meter, containing 22.9 g of hydrogen (Figure 13d). This result
is in the foreseen range and was calculated by the stoichiometry. Indeed, for a range of
194-284 g of injected water, the hydrogen produced by the reaction shall be in the range
between 10.8 and 31.6 g, according to the predominant reaction between PbLi and water.
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3.2. Numerical Results in Standalone and Coupled Configurations

This section summarizes and discusses the major results obtained with the numerical
simulations of test E4.1, comparing the results of the two configurations of the codes
(standalone and coupled) with the experimental data and trends. Table 7 provides an
overview of the main conditions of the experiment and simulations.

Figures 14-18 show the evolution of the pressures and temperatures in the injection
line and in the S1B vessel, as predicted by the codes in the standalone and coupled
configurations (SIMMER-III and SIMMER-III/RELAPS, respectively). The simulated time
spans from the starting of the transient (time 0, opening of valve VP-SBL-06) to 3 s. It is
important to notice that the whole experiment lasts much longer (60 s). However, this part
of the numerical work was focused on the simulation of the injection transient; therefore, a

time duration up to 3 s was considered sufficient for the evaluation of the performances of
the codes.
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Figure 14. Standalone simulation—pressure evolution in the injection line and in S1B, compared with experimental

data (PT).
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Figure 15. Coupled simulation—pressure evolution in the injection line and in S1B, compared with experimental data (PT).
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Figure 16. Coupled simulation—pressure evolution in the injection line and in S1B, compared with experimental data at

different reaction rates.
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Figure 17. Temperature evolution in S1B for standalone simulations at different radial and axial positions (refer to Table 5).
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Figure 18. Temperature evolution in S1B for coupled simulations at different radial and axial positions (refer to Table 5).

3.2.1. Pressure Evolution

The evolution of the pressure is presented in Figures 14 and 15, compared with
experimental data. Regarding the first transient period (i.e., the pressurization of the line,
from 0 to 0.2 s), the pressure increase rate was well-captured only for the very first moments;
afterwards, for up to 0.2 s, both the configurations show a significant overprediction of the
pressure inside the line.

For the standalone configuration, the possibility of analysis remains very limited,
with the only “tunable” parameter being the so-called orifice coefficients, which affect
the pressure-drops through the numerical cells; furthermore, the significant discrepancies
between the standalone nodalization and the real geometry of the line make it quite difficult
to understand the causes of this overprediction. For instance, since SIMMER standalone
simulates the whole injection line as a vertical pipe, it is difficult to perform analyses
on the effect of water position and the water quality in the line. However, the critical
point identified is the absence of any kind of delay regulation of the opening time of the
injection valve in SIMMER: the valve VP-SBL-06 is only represented by a virtual wall, which
instantaneously disappears at the valve-rupture time, without simulating opening-time
intervals; this might lead to a not-sufficiently precise simulation of the pressurization.

On the other hand, in the coupled configuration, exploiting RELAP5 features, several
attempts were carried out to improve the quality of the pressurization, through sensitivity
analyses (not shown here) of the pressure-drop coefficients of the junctions and valves, the
position and quality of the water inside the line, and the opening rate of the VP-SBL-06
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valve. However, it was not possible to correct the overprediction of the pressure increase
rate and, as a conclusion of the sensitivity analysis, it is presumed that the most probable
cause is the opening law of the valve, which is modeled linearly by default in RELAP5.
Actually, it is possible to impose a customized opening law on RELAPS5, but this study of
the real opening law was deemed beyond the scope of this work for the time being. It will
certainly be considered for further investigation.

For all these reasons, it was chosen to simulate the rupture of the cap at the time
in which the pressure in the SIMMER injection line reached a value close to both the
experimental rupture pressure and time.

Atatime around 0.2 s, the virtual wall (SIMMER) and the valve (RELAP5) representing
the cap in the simulations are set to open and the injection starts; the water continues to
flow for about 1 s, and then the injection is stopped by closing valve VP-SBL-06 (t = 1.2 s).

As can be seen from Figures 14 and 15, the pressurization rate of the injection line
(PT-SBL-02) is well-captured for both the configurations for the whole interval; however,
the two simulations differ in the prediction of the absolute values of the pressure: the
standalone one shows a remarkable underprediction of about 20 bars all along the transient,
whilst the coupled configuration perfectly matches the value of the experimental pressure.
Compared against the experimental data, the coupled RELAP5 was also able to capture the
oscillations of the pressure in the line caused by the abrupt rupture of the cap, and it also
matched the damping time (~0.4 s). As stated above, the error in the standalone case is due
to the limited capability of SIMMER in reproducing the geometry of the injection line and,
consequently, the behavior of the injected water. At the end of the injection (~1.2 s) the
pressure drops sharply in the standalone configuration, while it decreases slowly—more
similar to the experimental data—in the coupled configuration.

The continuous green line shown in Figures 14 and 15 represents the pressurization of
the vessel S1B, as captured, during the experiment, by the pressure transducer PT-51B-01;
the dashed black line, instead, is the pressure calculated by SIMMER during the simulation.
It is clear, comparing the two lines, that both the configurations correctly predict this slow
increase in the pressure, with a slightly better match for the coupled codes towards the end
of the transient. Indeed, the larger and most critical difference with the experimental data
is seen at the very beginning of the pressurization, immediately after the rupture. In the
experiment, an extremely fast and high-pressure peak was detected, but this peak was not
predicted in either of the two simulations; instead, a much smaller peak is seen—almost
10-times smaller. Since both the signals (experimental and numerical) are recorded at the
same frequency (10* Hz), this error cannot be attributed to a difference in the sampling time.
This might indicate that the fast pressure peaks in the experiment could derive from the
interaction of the solid material (steel components) with the liquid metal, which SIMMER
cannot simulate.

Comparing the pressure, one last important observation can be drawn from the
numerical work, given the final scope of the whole analysis, since the main objective is the
study of the chemical interaction between PbLi and water. The kinetic of this reaction is
still scarcely understood, and the experimental and numerical campaign of Lifus5/Mod3
I's also aimed at a better understanding the real impact of this parameter. The chemical
module in SIMMER does not provide a direct control for the kinetic of the reaction, but it is
possible to use a parameter which limits the amount of hydrogen produced by the reaction
in each time-step, thereby effectively adjusting the velocity of the reaction. During this
work, it was found that relatively high velocities of the reaction would bring about a slower
pressurization and significant underpredictions of the pressure inside the S1Bs; this might
sound counterintuitive, since a faster reaction should cause a faster increase of the pressure.
However, the effect of the chemical reaction is to cause high pressure peaks only locally,
where the reaction takes place, and especially close to the injection point, consequently
slowing down the flow of the water and the pressurization of the vessel. Figure 16 provides
an example of this behavior: the blue and red lines are the results of two simulations with
different reaction velocities (FKCR coefficient, as explained above). The velocity of the
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reaction does not have any significant impact on the pressure in the injection line, but it
strongly affects the pressure inside the S1B vessel, with the lower rate (blue line, FKCR
107°) leading to a higher pressure during the whole transient. Overall, the simulation
seems to suggest that the chemical reaction can be assumed relatively slow and as having a
small impact on the first seconds of the transient.

3.2.2. Temperature Evolution

Figures 17 and 18 collect the temperature trends simulated by the standalone and
coupled simulations, respectively, plotted against the experimental data. The trends are
collected by ring location and level (i.e., radial and axial position); the reader can refer
to Table 5 for a better understanding of the positions. It is important to notice that, as
already stated above, this part of the numerical work was focused on the initial seconds
of the experiment, chiefly on the transients related to the injection of the water and the
pressurization of the S1B vessel, whilst it is clear from the conclusion of this work that a
much longer time interval is needed to have a comprehensive evaluation of the codes for
what concerns the temperatures. However, some important observations can be drawn
from these results.

First of all, it is evident from the comparison with the experimental data that both the
configurations of the codes predict a significantly more chaotic behavior for the transients
in all the analyzed locations. Indeed, in the experiment, the temperatures at all the positions
showed a relatively slow and smooth increase, which never presented significant peaks
and never reached beyond 100 °C above the start temperatures; the simulation in both
the configurations revealed many fast peaks, especially in the radial positions close to the
injection cap, with the coupled simulations showing an interesting behavior with a regular
oscillation frequency. Furthermore, it is interesting to notice that SIMMER simulations
show a significant drop in the temperatures close to the injection point immediately after
the cap rupture: this trend is not observed in the experimental data.

These behaviors are still under investigation, but they might be related to a balance
between the evaporation (through flashing) of the water injected in the vessel and the
energy released by the chemical reaction.

A certain degree of uncertainty remains regarding the choice of the temperature to be
compared with experimental data, since SIMMER is able to provide the temperatures of
the different liquids and the temperature of the gas, but it is not fully clear what would be
the proper comparison with experimental thermocouples measuring in a multiphase envi-
ronment.

However, as a general conclusion, the coupled configuration seems to provide a
substantially better estimation of the evolution of the temperatures, both in terms of the
quality of the transients and in terms of the absolute values. Given the difference between
the two configurations, this is most likely due to an improved control of the behavior of
the water in the injection line.

3.2.3. Mass Flow Rate and Hydrogen Production

Figures 19-21 show, respectively, the liquid water flow rate, the total amount of water
injected, and the total mass of hydrogen generated inside the S1B vessel; the last two values
are also compared against the estimation obtained through the experimental data.

The mass flow rate of injected water is significantly higher in the standalone simu-
lation, with two abrupt changes shown at the instants in which the cap rupture and the
closing of valve VP-SBL-06 occur. This behavior is quite unphysical, and it corroborates
once again the shortcomings of SIMMER in properly simulating long pipelines and valve
actions. However, the total mass of water injected during the whole transient remains
inside the estimated experimental value, as shown in Figure 20.
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Figure 19. Standalone and Coupled simulations—liquid water mass flow rate in the injection line.
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Figure 21. Standalone and Coupled simulations—total mass of generated hydrogen.

Regarding the amount of hydrogen produced (Figure 21), the two simulations showed
different results, with higher values predicted by the standalone configuration: this was,
nonetheless, expected, since the final hydrogen production depends on the total mass of
injected water. Furthermore, both the simulations showed that the hydrogen generation
did not reach an entirely steady state value, with the chemical reaction still active after
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3 s of simulation; however, the hydrogen production seemed to nearly reach a plateau,
with the final level close to the experimental one, especially for the coupled configuration.
Even though this predicted time evolution is useful for supporting the necessity of further
analysis with longer transients, it is important to stress that these results cannot be used to
validate a specific hydrogen production rate and, consequently, provide an estimation of
the kinetic of the reaction, since the experimental value was calculated a posteriori, and no
experimental time trends are available concerning the hydrogen generation.

Table 7. Test E4.1, main parameters.

# LIFUS5/Mod3 Test E4.1
Parameter ID Unit Experiment Standalone Coupled
SYSTEM S1B
S1-1 P @SoT PC-S1B-01 bar 0.7 1.00 1.28
S1-2 TppLi @ SoT average °C 333.9 337.00 337.00
S1-3 PbLi LVL (from S1B top flange) TC-S1B-L1/L2 mm —50 —50 —50
S1-4 Vol. gas - 1 4.073 4.6 41
S1-5 First P peak at the injector cap rupture PT-S1B-03 bar 217.7 19.84 14.76
S1-6 Second delayed P peak PT-S1B-01 bar 74.2 16.04 9.40
S1-7 Ratio betwee:*n-Ppeakl and Pjpjection_line _ B 1.49 015 011
at the injector cap rupture
51-8 Ratio between Ppeak2 and Pinjection_line B B 051 012 0.07
at the injector cap rupture
S1-9 P at EoT PT-S1B-01/03 bar 94.0 4433 62.43
51-10 Rupture disk open time PC-BYP-01 s - - 0.00
S1-11 Min Tpp; - °C - 508.00 235.00
S1-12 Max Tpp; TC-R61-L3 °C 439.67 1210.42 1709.87
51-13 Tppr; at EoT (Level 6) TC-RXY-L6 °C 345-384 750.61 527.29
SYSTEM SBL
52-1 P in gas line at SoT PC-SBL-02 bar 158.8 158.70 158.70
52-2 P at SoT PC-SBL-01 bar 158.7 158.70 158.70
52-3 T at SoT TC-SBL-04 °C 274.7 304.78 302.51
52-4 Min. P during injection PT-SBL-01 bar 115.73 117.01 110.00
52-5 P at EoT PC-SBL-01 bar 163.5 155.00 155.00
52-6 T at EoT TC-SBL-01/05 °C 263.0 319.72 277.02
52-7 Mass of water injected MT-SBL-01 g 194-285 300 202.08
INJECTION SYSTEM
I-1 Start of injection (valve opening instant) - s 0 0 0
12 Injection time (from cap rupture) - s 0.9274 0.92 0.93
1-3 Injector cap rupture instant - s 0.2294 0.23 0.22
1-4 Pressure of cap rupture PT-SBL-02 bar 146.3 132.03 134.98
I-5 Pressurization rate PT-SBL-02 bar/s 633.3 571.18 698.51
I-6 Injection valve fully closed instant - s 1.1568 1.148 1.150
SYSTEM H2
H-1 H2 generated - g 2291 30.73 15.05
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4. Discussion and Conclusions

The objective of the Test E4.1 was successfully achieved and the acquired measure-
ments contributed to the enlargement of existing databases and the increasing of the
comprehension of the phenomena occurring during PbLi/water interactions, as well as
provided experimental data with defined initial and boundary conditions. The transient
can be divided into four phases, according to the pressure trend.

The test confirmed the dynamic of the PbLi/water interaction, where the thermody-
namic interaction is the predominant process occurring in the first hundreds of milliseconds
after the cap rupture, followed by the secondary process, involving the chemical reaction,
which generates hydrogen and an increase in temperature. During the injection of water
into the reaction vessel S1B, the pressure sensors recorded several initial narrow peaks,
lasting for a few milliseconds, due to the instantaneous flashing of the injected water,
followed by the expansion of steam and gas through the perforated top plate of the test
section towards the gas plenum. The maximum pressure peak, due to the flashing of water,
was 217.7 bar. Moreover, the pressure data overlapped with the strain data permitted the
recognition of the pressure-wave propagation and the investigation of the dynamic effects
of energy release on the structures.

Concerning the temperature behavior, in test E4.1, the cooling effect due to the flashing
of water and its expansion disappeared. This is due to the shape of the water jet, which
was almost spread when it was injected into the melt. Moreover, the spread of the jet
led to a general increase of temperature in the whole system, due to the heat generated
by the chemical reaction occurring at the interface between fluids, without significant
temperature peaks.

Regarding the quantification of the hydrogen, which is one of the crucial data to be
used in the code validation activity, the experimental result (22.91 g) was in the foreseen
range and was calculated by the stoichiometry, according to the predominant reaction
between PbLi and water, and considering the evaluation of the injecting water (194-284 g).

Finally, the experimental results of test E4.1 permitted the obtaining of reliable data to
be used for the validation of the modified-version SIMMER-III code for fusion applications,
and of the coupled RELAP5/SIMMER approach.

As for the numerical viewpoint, the experimental test E4.1 was simulated using
two different methodologies. In the first case, SIMMER-III was used in a standalone
configuration to simulate the S1B vessel and a rough geometrical approximation of the
whole injection line of the LIFUS5/Mod3 facility; in the second case, SIMMER-III was
kept for the simulation of the S1B, but it was also coupled with the code RELAP5 (version
3.3), which allowed for the creation of a nodalization which was significantly closer to the
real geometry of the injection line. The numerical results were then compared with the
experimental data in order to provide a better understanding of the performance of the two
methodologies, and a first evaluation of the capability of SIMMER-III code in simulating
the transients characterizing the Series E.

The numerical results presented here show that the code SIMMER-III is capable of
correctly capturing the main phenomena involved in the experiments, providing good
estimations, especially for the long pressure transients in the S1B vessel. Furthermore, the
coupled technique worked smoothly, and outperformed the standalone simulation, with
a significantly superior prediction of the pressurization in the injection line, allowing for
more flexibility on the handling of the behavior of the valves and the imposition of the
boundary conditions.

Regarding the chemical reaction, and considering the final hydrogen generation, the
code results seem satisfactory and coherent with the experimental results and the stoi-
chiometric calculations; nevertheless, more work is needed to improve the quantitative
prediction of the temperatures, even though the coupled technique already shows a sub-
stantial improvement. Another important conclusion for the chemical reaction is an early
indication that the reaction appears to have a much stronger impact on long transients
and a lesser effect at the early stages of the experiment; while further investigation is
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certainly necessary to confirm this trend, this might be an important advancement in a
comprehensive definition of the kinetic of the reaction.

The achievements reached during the experimental activities performed under FP8
EUROfusion Horizon 2020 will be the starting point of the new R&D plan in the framework
of FP9 EUROfusion Horizon Europe. A new LIFUS5/Mod4 Integral Test Facility (ITF) has
been designed and will be installed at ENEA CR Brasimone. The facility is a full-scale
representative of the WCLL TBM PbLi loop and it will be coupled with the Water Loop
facility, a full-scale representative of the WCLL TBM Water Cooling System. The objective
of the experimental campaign is to investigate the phenomenology, the behavior, and the
response of the WCLL Test Blanket Systems under in-box LOCA at integral levels and in
relevant operative conditions. Moreover, the facility will be able to reproduce and assess
the effectiveness of the safety functions and procedures implemented in such scenarios.
This involves continuing the validation activity on the code-coupling and the procedure
for its application, together with the validation of SIMMER against ITF experiments.
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Abstract: In-box LOCA was identified as one of the worst accidental scenarios for the HCLL TBS (He-
lium Cooled Lithium-Lead Test Blanket System). Aiming to experimentally analyze the consequences
of this transient, ENEA designed and built THALLIUM (Test HAmmer in Lead LIthiUM), a facility
that reproduces the LiPb loop of the HCLL TBS. Two experimental campaigns were carried out by
simulating the rupture of a stiffening plate and the related helium injection in the LiPb loop. The
obtained experimental data were used to check the capabilities of RELAP5 system code to reproduce
the pressure wave propagation that follows this accident. The first simulations were made with
RELAP5-3D using LBE (Lead-Bismuth Eutectic) as a system fluid, as the thermophysical properties
of LiPb are tabulated only up to a maximum value of 40 bar in this version of the code. Then, LiPb
properties were implemented in RELAP5/mod3.3, after selecting the proper correlations from a
literature review. This work summarizes the numerical simulations of the second experimental
campaign, which was simulated with both versions of the code. The simulations highlight that the
code is able to accurately reproduce the experimental results and that RELAP5-3D is slightly more
precise than RELAP5/mod3.3 in predicting the pressure trends.
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This work reports the numerical simulations with RELAP5 system code (Idaho Na-
Received: 27 April 2021 tional Laboratoriy, Idaho, USA), in the 3D [1] and mod3.3 [2] versions, of the second
Accepted: 25 July 2021 experimental campaign performed in THALLIUM (Test HAmmer in Lead LIthiUM). THAL-
Published: 27 July 2021 LIUM is a facility operated at ENEA R.C. Brasimone that accurately reproduces the LiPb

(Lead-Lithium Eutectic) loop of the HCLL TBS (Helium Cooled Lithium-Lead Test Blanket
Publisher’s Note: MDPI stays neutral  Gygtem) [3,4]. The LiPb loop allows the circulation of the liquid breeder through the Test
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fations. products and other impurities (cold trap). THALLIUM was designed and built in 2015-2016

within the framework of the agreement FAE-FPA-372, which dealt with experimental tests
in support of the preliminary design of the European TBS.

Y. The main purpose of THALLIUM is to study the pressure wave propagation that
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distributed under the terms and gy herimental Reactor) classification system [3]. The preliminary safety report of the HCLL
TBS [5] lists the In-box LOCA among the six accidents which were considered as the
reference ones “because they have the highest expected consequences—i.e., those that
establish the system safety design requirements, or because they present some peculiarities
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from the design point of view”. In particular, the In-box LOCA is considered in this group
of six reference accidents because it can lead to consequential leaks into the Vacuum Vessel.

THALLIUM, described in detail in [6], was used to perform two experimental cam-
paigns, whose results are reported in [7] and in [8]. The rupture of a stiffening plate of
the HCLL TBS and the resulting injection of helium at high pressure were simulated. Two
injection valves with different flow area and opening times were used in the experimental
campaigns. Helium for the injection was supplied by the facility HeFUS3 (Helium for
FUSion 3, [9,10]), at 400 °C and up to 80 bar, while LiPb was loaded in THALLIUM by
means of the IELLLO (Integrated European Lead Lithium LOop, [11,12]) facility.

The two experimental campaigns in THALLIUM produced the first results on In-box
LOCA for HCLL TBS, while few numerical analyses were found from a literature review on
HCLL TBS and on other helium-cooled liquid Breeding Blanket concepts ([4,13]). Instead,
a lot of efforts have been recently devoted to experimentally and numerically investigating
the In-box LOCA transient for the WCLL (Water Cooled Lithium-Lead) Breeding Blanket
e.g., [14-16]. The simulations with RELAP5-3D of the THALLIUM first experimental
campaign are described in [17].

RELAP5 is a thermo-hydraulic system code based on a non-homogenous
non-equilibrium six-equation model for two-phase systems, solved by a semi-implicit
numerical scheme for transient analysis. The idea behind the development of RELAP5,
carried out by the Idaho National Laboratory, is to have a code that is able to predict at a
system level how operational and accidental transients evolve. Parametric and sensitivity
analyses are also possible with this code. The code has been extensively validated for light
water nuclear reactors, and it can also work with several system fluids (e.g., Heavy Liquid
Metals, helium, heavy water, etc.). The code includes specific models, often coming from
experimental observations that allow for simulating complex phenomena and also models
of components that are common in power plants (e.g., pumps, valves, etc.).

The work presented in this paper aims to assess the capability of RELAPS5 to be used for
LiPb/helium systems, as almost no previous activities with this code have been found from
a literature review. In particular, the possibility to accurately simulate the consequences
of an In-box LOCA transient is demonstrated by showing the good agreement between
numerical and experimental pressure trends in different parts of the THALLIUM facility
on the six injections whose results are reported in [8]. This outcome might be useful for
the design or the safety of Breeding Blankets that use a combination of helium and LiPb
(besides the HCLL, there are the American Dual-Coolant Lithium Lead and the Chinese
Dual-functional Lithium Lead). Generally, the availability of a system code that is accurate
in reproducing the behavior of LiPb systems might prove to be useful for many Breeding
Blankets and /or Test Blanket Systems.

2. Brief Description of the Facility and of the Tests

This section gives a general overview of the facility layout, aiming to give enough
details to make the following analyses understandable without the need to read the previ-
ous activities on THALLIUM. However, a full description of the facility and its systems is
shown in the paper [6] or in the ENEA internal report [18].

Figure 1 shows the main components, the valves, and the instruments of THALLIUM
(the pressure transducers are indicated in red). THALLIUM aims to mimic the LiPb loop of
the HCLL TBS, in the 2014 configuration [3].

The main components of THALLIUM are:

o the TBM (Test Blanket Module) mock-up: a steel box which reproduces 1:1 a breeding
unit of the HCLL TBM. It is internally divided by a horizontal plate with a hole that
connects the lower chamber to the upper one. The plate simulates the stiffening plate
that breaks giving rise to the accident.

e an expansion tank: a reduced mock-up of the storage/recirculation tank of the HCLL
TBS, without the pumping system. A relief valve (VS205) is installed on a branch
above the expansion tank. The valve is controlled by a pre-loaded spring.
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e upper and lower leg: these pipes reproduce the pipe forest of the HCLL TBS, with
the same dimensions and the same geometry, with the aim to simulate as precisely as
possible the pressure wave propagation. The two legs are almost symmetrical, apart
from the final part, in which the upper leg bifurcates.

e the bypass line: one of the ends of the upper leg. The bypass line is composed of
two segments, divided by a rupture disc. The segment upstream of the rupture disc
is initially filled with LiPb, while helium initially fills the segment connected to the
gas dome of the expansion tank. When the pressure wave breaks the disc, part of the
energy of the pressure wave is dissipated. LiPb starts to flow from the bypass to the
gas dome of the expansion tank.

e two isolation valves (IV): valves with closing time lower than 0.2 s are installed on
both legs.

e the injection line: this line supplies helium to the facility. A Venturi flow meter allows
for monitoring the injected flow rate, while the injection pressure is measured by a
pressure transducer. A fast opening valve has the task to start the injection. This valve
has been kept as close as possible to the TBM mock-up (about 26 cm), so that the
possibility of LiPb plugs in the line is minimum, while the injection also does not lose
too much energy before reaching the mock-up.

: Venturi flow
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Connection I Bypass line
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Figure 1. Sketch of the facility.

With respect to the first experimental campaign, THALLIUM was equipped with a
bigger injection valve with the idea of analyzing the consequences of a transient with larger
injected flow rates (in the range 60-300 g/s). The orifice of this valve has a flow area of
9.503-107° m?.

Six tests were performed in the second experimental campaign (Table 1). Each test
begins with the opening of the injection valve: high pressure helium is put into contact
with low pressure LiPb. In the first part of the transient, LiPb is still practically stagnant,
while a single-phase pressure wave propagates at about 1.1 km/s [6] in the facility. Then,
helium forces LiPb to move towards the expansion tank by passing through the lower and
upper legs, as well as through the bypass line after having broken the rupture disc. The
relief valve opens at about 9 bar, discharging helium into a dedicated tank. The transient
ends when the injection valve closes. The isolation valves were kept open during the six
tests of the second experimental campaign.

The results of the first five experiments showed that the transient ends in less than
15 s. For this reason, this was chosen to be the duration of the experiments of the second
campaign. However, tests #9 and #10 have different durations. An issue with the injection
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valve caused test #9 to be halted after 9 s. Instead, the idea behind the different duration of
test #10 was to investigate the different transient behavior with shorter timescales.

Table 1. Main parameters used in the second experimental campaign.

Test Number Injection Time [s] He Pressure [bar]
6 15 50
7 15 60
8 15 70
9 9 50
10 15 60
11 15 60

As the five tests of the first experimental campaign were performed with a helium
pressure of 80 bar, the injection pressure was varied in this second campaign with the aim
to have some data on the impact of helium pressure on the transient evolution. This was
further motivated by the fact that the helium pressure could be lower than 80 bar in some
operational transients foreseen for the HCLL TBS.

A total of seven absolute pressure transducers measure the propagation of the pressure
wave throughout the facility. The total measuring error of these instruments has been
evaluated to be about 1.1 bar, with the exception of the transducer in the gas dome of
the expansion tank. This transducer is different from the other six as it works in gas. Its
measuring error has been evaluated to be about 0.65 bar. Including the error bars in the
following figures would completely jeopardize their readability and thus error bars were
not shown in the plots. The six transducers and their use in LiPb are better presented
in [11]. Details on the experimental results, including an evaluation of the experimental
uncertainties, are described in [8].

3. RELAP5 Nodalization

This section briefly describes the nodalization used in the simulations, as its full
description has been already reported in [17]. The nodalization (Figure 2) is composed of
269 nodes, each measuring between 0.1 and 0.2 m. This length is a compromise between a
detailed representation of the system and a reasonable calculation time. Heat structures
were not included in the inputs, as the transient is fast enough to make neglecting heat
transfers acceptable.

Time steps of 107> s were necessary in the first part of the transient (first 5 s of the
injection); however, even smaller time steps (down to 10~ s) were needed for some critical
parts of the transient. The plot frequencies were set to a value that, multiplied by the time
step of the corresponding time period, would have given a time resolution of 1 ms, the
same given by the pressure transducers used in the experimental campaign.

The key difference between the input files used for RELAP5-3D and for
RELAP5/mod3.3 is the working fluid. Indeed, the fact that the thermodynamic tables
are limited to 40 bar for LiPb in RELAP5-3D forced to adopt LBE (Lead-Bismuth Eutectic)
as working fluid. Instead, LiPb could be used as system fluid in RELAP5/mod3.3 as
its properties were implemented in the code [19] to make possible a comparison of the
simulations with the two versions. A brief comparison of the properties of LBE and LiPb
that have the biggest impact on the In-box LOCA transient (density and speed of sound) is
reported in the following paragraph.

The non-condensable gas model was used to simulate the injected He. The pressure
at the beginning of the transient was set to 3 bar for the liquid metal and to a pressure
corresponding to the experimental one for helium. The temperature of the entire system
was 400 °C at the beginning of the transient.

The valves and the rupture disc were simulated through motor valves. The opening
time of the injection valve was checked with the experimental one test by test (thanks to
micro-switches installed on the valve). The relief valve is opened when the pressure in the
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pipe 154 exceeds 9 bar. A difference of 9 bar in the pressures of the two volumes across the
rupture disc was the input for its opening.

The handbook by Idelchik [20] was used to derive the coefficients for the pressure
losses of common geometries. The values of the coefficients can be found in [17].
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Figure 2. RELAP5 nodalization adopted for the simulations.

4. Modification of RELAP5/Mod3.3 and Discussion over the Expected Differences
with RELAP5-3D

The property library for LiPb in RELAP5-3D has a limited range of pressures, with
an upper threshold of 40 bar. Moreover, discrepancies were found between the properties
implemented in the code and correlations available in literature, including some properties
of particular importance for the In-box LOCA transient (density and speed of sound). For
this reason, a literature review of the LiPb thermophysical properties was carried out in
order to select a correlation for each property among the many proposed by different
authors. RELAP5/mod3.3 was then modified at the University of Pisa by implementing
the chosen LiPb properties, as described in [19]. The literature review is described in
detail in [21].

As density and speed of sound are the two properties that primarily affect the results
of these calculations, it is interesting to assess how much they differ for LiPb and LBE in
the thermodynamic conditions typical of the injections (400 °C, ~room pressure). Among
the many correlations for density as a function of temperature available in literature, the
ones chosen for this comparison are:

oLipb (kg/m3) =10,520.35 — 1.19051-T (508 < T[K] < 880) Q)

OLBE (kg/m3) =10,981.7 — 1.1369-T (410 < T[K] < 726). @)
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These correlations, plotted in Figure 3, were found in the work by Stankus et al. [22] for
LiPb and in the OECD-NEA Handbook [23] for LBE. From these, it is possible to evaluate
the relative difference:

diffdensity = (PLiPib —PLBE ) =5% 3)
T=400 °C

PLiPb

T T T
400°C
10216 kg/m®

—— LiPb Stankus corr.
——LBE OECD corr.

400°C
9719 kg/m®

Density [kg/m3]
o
8

0.96

0.95

0.94 1 1 1 1 1 1 1
250 300 350 400 450 500 550 600 650
Temperature [°C]

Figure 3. Density of LiPb and LBE as a function of temperature.

As far as the speed of sound is concerned, only one reference was found for LiPb (in
the work by Ueki et al. [24]), while the correlation suggested in the work by Sobolev [25]
was chosen for LBE:

crre(m/s) = 1876 — 0.306-T (513 < T[K] < 783) )

cLpe(m/s) = 1855 — 0.212.T (433 < T[K] < 1073) (5)

The two correlations are plotted in Figure 4 in the range 250-650 °C. The relative
difference for speed of sound is:

. CLLE — CLBE ~ o,
dif fsound = (T) 00 C =25% (6)

As a consequence of the results of Equations (3) and (6), a large discrepancy in the
results of the simulations is not expected because of the use of a different system fluid (LiPb
or LBE).

However, to further assess the differences in the results caused by the use of different
lead alloys, two simulations were performed with initial He pressure of 35 bar, in order to
be able to use both LiPb and LBE with the same version of the code. Figure 5 presents some
of the results of these simulations, showing the pressure trend in the TBM mock-up and in
the expansion tank. The difference due to the use of LBE or LiPb is practically negligible
and in accordance with the results of Equations (3) and (6).

Moreover, as shown in the next paragraphs, the average difference of the numerical
simulations performed using LBE in RELAP5-3D and using LiPb in RELAP5/mod3.3 is
lower than 1 bar, much smaller than the difference between the numerical and experimental
results. Indeed, as shown in the next section, the pressures predicted by RELAP5-3D had
an average discrepancy of about 3 bar with respect to the experimental values, while
RELAP5/mod3.3 was slightly less accurate, with an average discrepancy of about 4 bar.
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Figure 4. Speed of sound of LiPb and LBE as a function of temperature.
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Figure 5. Pressure trends in the TBM mock-up (a) and in the expansion tank (b) with LBE and LiPb as system fluids.

Hence, the use of LBE to simulate this transient proved to introduce a discrepancy
which is, at worst, similar to the experimental error of measurement (i.e., about 1 bar) and,
thus, it can be considered acceptable.

5. Numerical Simulation of the Second Experimental Campaign of THALLIUM

The same nodalization, time steps, and boundary conditions were used to perform the
simulations with RELAP5-3D and RELAP5/mod3.3. The only difference was the system
fluid used in the two versions of the code.

The plots shown from Figures 6-30 highlight that RELAPS is able to simulate the In-
box LOCA transient, presenting a general good agreement with the experimental data. In
particular, the average discrepancy between RELAP5-3D and the experimental data turned
out to be about 3.2 bar, considering the six injections and all the transducers, except PT10
in the injection #10 because of its malfunctioning in that particular test. Instead, the same
evaluation for RELAP5/mod3.3 resulted in an average discrepancy of about 4.0 bar with
the experimental data. The percentage difference between these two values is about 21.0%,
taking RELAP5/mod3.3 as a reference. Considering the maximum pressure measured in
these injections, which is about 65 bar by pressure transducer PT12 in test#8, the percentage
discrepancy is 4.9% for RELAP5-3D and 6.2% for RELAP5/mod3.3. The data reported
from Tables 2—7 show the rounded-up average discrepancies between RELAP5-3D and the
experimental data and between the two versions of the code for each point of measurement.
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However, RELAPS fails to simulate the pressure peaks which appear during the
final pressure increase. These peaks, positive in the trends measured by the transducers
upstream of the isolation valves and negative downstream of the isolation valves, are less
evident in the trends of the second experimental campaign, but still present in several
injections.

The two discrepancies highlighted in simulating the first experimental campaign
between the qualitative trends of RELAP5-3D and the experimental data are still relevant
in these simulations with both versions of the code:

(1) the numerical simulations show a delay in the phenomena that follow the opening
of the relief valve. The effect of the relief valve is observed at about 5 s in the
experimental trends and consists of a depressurization for the transducers located
before the isolation valves or in a pressurization downstream of the isolation valves.
These effects are also present in the simulations, but they happen with almost 1 s
delay. This delay can be motivated by two events: the pressure which causes the valve
to open is reached later in the simulations than in the experiments or the numerical
opening time of the relief valve is too long. Unfortunately, both parameters are
uncertain as there are no pressure meters close to the relief valve, and the opening
time is also not monitored with micro-switches. However, a sensitivity has been
performed on the opening time, showing that this parameter has little impact on the
delay. For this reason, it is deemed that the delay in the simulation of the relief valve
effect is caused by a slow pressure increase in the piping that connects the expansion
tank to the valve itself.

(2) the second experimental peak is not present in the numerical results. This peak has an
unclear origin, but it was linked with the propagation of a pressure wave produced
by the elasticity of the piping or of the expansion tank. Of course, RELAP5 cannot
simulate such a phenomenon.

Moreover, a third difference between experimental and numerical results is new
to the simulations of the second experimental campaign: RELAP5-3D, and in part also
RELAP5/mod3.3, tends to underestimate the minimum following the opening of the relief
valve (i.e., the minimum before the final pressure increase).

The particular behaviors in the simulation of each injection are showed and described
in the following sections. Moreover, particular discrepancies in some pressure peaks,
usually the first peak in the locations of PT11 and PT14, are highlighted.

5.1. Test VI

Figures 6, 9 and 10 show the comparison between the experimental pressure trends
and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #6. The
simulations qualitatively agree with the experimental trends, even though the codes tend
to generally overestimate the pressure in the whole transient, with an average discrepancy
of less than 2.5 bar. Table 2 shows the rounded-up average discrepancies between RELAP5-
3D and the experimental data and between the two versions of the code for each point
of measurement. The value of the first peak in the TBM mock-up, the most important
value for the design team, is about the same in the comparison between the experimental
value and the value calculated by RELAP5-3D (about 29 bar). Instead, the difference is
about 3.5 bar in the comparison between the experimental value (29 bar) and the value
calculated by RELAP5/mod3.3 (25.5 bar). This difference corresponds to about the 12% of
the experimental value. It is impossible to distinguish the first peak from Figure 6; thus,
Figure 7 shows a zoom of the very first phase of the injection.
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Table 2. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental
data (test #6).

RELAP5-3D vs. Exp. [bar] RELAP5-3D vs. RELAP5/mod3.3 [bar]

Transducer
PT10 2.0 1.3
PT21 2.6 1.3
PT11 1.6 1.1
PT12 18 12
PT15 1.6 0.8
PT13 1.5 1.2
PT14 1.8 1.0
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Figure 6. Experimental pressure trends in the TBM mock-up (a) and in the expansion tank (b),
compared with results from RELAP5-3D and RELAP5/mod3.3 (test #6). The green ellipse and
rectangle highlight the zoomed portions of the plot that are shown in Figure 7a,b, respectively.
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Figure 7. Zooms of the first peak (a) and of the first seconds following the peak (b) in the TBM

mock-up (test #6).

Figure 8 shows the time evolution of the difference between experimental and numeri-
cal values for four transducers. The behavior in the locations of the other three transducers
is very similar and they are not plotted here for the sake of brevity. In the simulations of
the first experimental campaign, the two general differences mentioned in Section 5 (the
one-second delay on the effect of the relief valve and the absence of the second experi-
mental peak) were the biggest contributors to the value of the average discrepancy [17].
Here, these two contributions are flanked by a third one related to the pressurization in the
very first part of the transient: indeed, the codes move slightly up the first pressurization,

causing the behavior shown in Figure 8.
The largest average discrepancy shown by RELAP5/mod3.3 with respect to RELAP5-

3D is motivated by the large hump exhibited between 5 and 9 s.

39



Energies 2021, 14, 4544

Similar considerations also apply to tests from #7 to #11. The discrepancy vs. time
plots for those tests were omitted to not burden the readability of the paper.
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Figure 8. Time evolution of the discrepancy between the experimental pressure trends in four
locations of the facility and the corresponding numerical trends with RELAP5-3D (blue curve)
and with RELAP5/mod3.3 (red curve). (a) TBM mock-up—PT10; (b) upper leg—PT12; (c) lower

leg—PT15; (d) expansion tank—PT21.
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valves measured by PT11 (a), PT12 (b), and PT15 (c), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #6).
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The first peaks in two locations highlight high discrepancies. The first peak in the lo-

cation of PT11 is about 30.5 bar in the experimental measurement, about 26 bar simulations
by RELAP5-3D (—15% of the experimental value) and about 24 bar in the simulation by
RELAP5/mod3.3 (—21%). Instead, in the location of PT14, the experimental value is about

13 bar, while the value calculated by RELAP5-3D is about 10 bar (—23% of the experimental
value) and the one calculated by RELAP5/mod3.3 is about 9.5 bar (—27%).
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Figure 10. Experimental pressure trends in the upper and lower legs downstream of the isola-
tion valves measured by PT13 (a) and PT14 (b), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #6).

5.2. Test VII
Figures 11, 13 and 14 show the comparison between the experimental pressure trends

and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #7.
Even in this test, the codes tend to generally overestimate the pressure trends, with an
average discrepancy of slightly more than 4.5 bar, the largest among the tests of the second

experimental campaign.
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Figure 11. Experimental pressure trends in the TBM mock-up (a) and in the expansion tank (b),

compared with results from RELAP5-3D and RELAP5/mod3.3 (test #5).

The experimental value of the first peak in the TBM mock-up is about 37 bar. The
values calculated by the two versions of RELAPS5 are about 31 bar for RELAP5-3D (—16% of
the experimental value) and about 29 bar for RELAP5/mod3.3 (—21.5%). As it is impossible
to distinguish, the first peak from Figures 11 and 12 shows a zoom of the very first phase

of the injection.
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Figure 12. Zoom of the first peak in the TBM mock-up (test #7).

Table 3 shows the rounded-up average discrepancies between RELAP5-3D and the
experimental data and between the two versions of the code for each point of measurement.

The discrepancy between the experimental and numerical values for the first peaks
in PT11 and PT14 proved to be relatively high also in test #7. The first peak measured
by PT11 is about 37 bar, RELAP5-3D predicted about 27 bar (—27% of the experimental
value), and RELAP5/mod3.3 about 26 bar (—30%). Instead, in the location of PT14, the
experimental value is about 16 bar, while the value calculated by RELAP5-3D is about
11 bar (—31% of the experimental value), and the one calculated by RELAP5/mod3.3 is

about 10 bar (—37.5%).
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Figure 13. Experimental pressure trends in the upper and lower legs upstream of the isolation
valves measured by PT11 (a), PT12 (b), and PT15 (c), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #7).
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data (test #7).

Table 3. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental

RELAP5-3D vs. Exp. [bar] RELAP5-3D vs. RELAP5/mod3.3 [bar]

Transducer
PT10 29 0.8
PT21 5.3 1.3
PT11 39 1.7
PT12 42 1.8
PT15 34 1.5
PT13 4.1 1.5
PT14 3.6 14
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Figure 14. Experimental pressure trends in the upper and lower legs downstream of the isola-
tion valves measured by PT13 (a) and PT14 (b), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #7).

5.3. Test VIII
Figures 15, 17 and 18 show the comparison between the experimental pressure trends

and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #8. Even
in this test, the codes tend to generally overestimate the pressure trends, with an average

discrepancy of about 4 bar.
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Figure 15. Experimental pressure trends in the TBM mock-up (a) and in the expansion tank (b),

compared with results from RELAP5-3D and RELAP5/mod3.3 (test #8).
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The experimental value of the first peak in the TBM mock-up is about 38 bar. The
values calculated by the two versions of RELAPS5 are about 34 bar for RELAP5-3D (—10%
of the experimental value) and about 30.5 bar for RELAP5/mod3.3 (—19.5%). Moreover,
the two codes predict the first peak at about 2.6 s, approximately the same time of tests #6
and #7. Instead, the experimental peak occurs at about 2.9 s, likely because of a slightly
slower opening of the injection valve. As it is impossible to distinguish the first peak from
Figures 15 and 16 shows a zoom of the very first phase of the injection.

Table 4 shows the rounded-up average discrepancies between RELAP5-3D and the
experimental data and between the two versions of the code for each point of measurement.
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Figure 16. Zoom of the first peak in the TBM mock-up (test #8).

Table 4. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental data
(test #8).

Transducer RELAP5-3D vs. Exp. [bar] RELAP5-3D vs. RELAP5/mod3.3 [bar]
PT10 4.6 0.7
PT21 45 0.4
PT11 3.6 0.5
PT12 3.7 -0.3
PT15 4.0 0.1
PT13 33 0.6
PT14 35 0.5

As far as the first peaks in the other parts of the loop are concerned, in test #8, the codes
predict lower first peaks in PT14, while higher values in PT11. The first peak measured by
PT11 is about 11 bar, while RELAP5-3D predicted about 30 bar (+172% of the experimental
value) and RELAP5/mod3.3 about 28 bar (+154%). The low experimental value and
the discrepancies being so much higher than the average ones raises doubts about the
correct measurement of this particular peak. The experimental value measured by PT14
is about 16 bar, while the value calculated by RELAP5-3D is about 10 bar (—37.5% of the
experimental value) and the one calculated by RELAP5/mod3.3 is about 11 bar (—31%).
Moreover, in the case of PT12, the pressurization happens earlier in the codes with respect
to the experiment. The experimental trend seems to lack of the first peak, reaching directly
the pressure typical of the second peak, almost 50 bar. This anomalous behavior makes
useless a comparison with the codes on the value of the first peak.
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Figure 17. Experimental pressure trends in the upper and lower legs upstream of the isolation
valves measured by PT11 (a), PT12 (b), and PT15 (c), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #8).
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Figure 18. Experimental pressure trends in the upper and lower legs downstream of the isola-
tion valves measured by PT13 (a) and PT14 (b), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #8).

5.4. Test IX

Figures 19, 21 and 22 show the comparison between the experimental pressure trends

and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #9. Even
in this test, the codes tend to generally overestimate the pressure trends, with an average

discrepancy of less than 4 bar.
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Figure 19. Experimental pressure trends in the TBM mock-up (a) and in the expansion tank (b),

compared with results from RELAP5-3D and RELAP5/mod3.3 (test #9).

The experimental value of the first peak in the TBM mock-up is about 30 bar. The
values calculated by the two versions of RELAP5 are about 29 bar for RELAP5-3D (—3%
of the experimental value) and about 25.5 bar for RELAP5/mod3.3 (—15%). Even in
this injection, the two codes predict the first peak earlier than in the experimental trend.
The reason is likely the same: the slightly slower opening of the injection valve. As it is
impossible to distinguish the first peak from Figures 19 and 20 shows a zoom of the very
first phase of the injection.

Table 5 shows the rounded-up average discrepancies between RELAP5-3D and the
experimental data and between the two versions of the code for each point of measurement.
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Figure 20. Zoom of the first peak in the TBM mock-up (test #9).
Table 5. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental

data (test #9).

RELAP5-3D vs. RELAP5/mod3.3 [bar]

Transducer RELAP5-3D vs. Exp. [bar]
PT10 4.0 0.6
PT21 5.0 -0.1
PT11 3.5 0.4
PT12 3.3 0.6
PT15 3.5 0.4
PT13 3.5 0.4
PT14 3.4 0.5
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Figure 21. Experimental pressure trends in the upper and lower legs upstream of the isolation
valves measured by PT11 (a), PT12 (b) and PT15 (c), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #9).

As far as the first peaks in the other parts of the loop are concerned, in test #9, the codes
predict lower first peaks in PT14, while higher values in PT11. The first peak measured by
PT11 is about 19 bar, while RELAP5-3D predicted about 25.5 bar (+34% of the experimental
value) and RELAP5/mod3.3 about 23 bar (+154%). The low experimental value and the
discrepancies being so much higher than the average ones raises doubts to the correct
measurement of this particular peak. The experimental value measured by PT14 is about
13 bar, while the value calculated by RELAP5-3D is about 10 bar (—23% of the experimental
value) and the one calculated by RELAP5/mod3.3 is about 8 bar (—38%).
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Figure 22. Experimental pressure trends in the upper and lower legs downstream of the isola-
tion valves measured by PT13 (a) and PT14 (b), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #9).
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5.5. Test X
Figures 23, 25 and 26 show the comparison between the experimental pressure trends

and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #10.
Even in this test, the codes tend to generally overestimate the pressure trends, with an
average discrepancy of about 2.5 bar. An error in the Data Acquisition and Control System
prevented measuring the pressure trend in the mock-up; for this reason, Figure 23a shows
only the pressure trends computed by the two versions of RELAP5.
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Figure 23. Numerical pressure trend in the TBM mock-up (a) and experimental pressure trend in the
expansion tank (b), compared with results from RELAP5-3D and RELAP5/mod3.3 (test #10).

The values of the first peak calculated by the two versions of RELAP5 are about
30.5 bar for RELAP5-3D and about 28 bar for RELAP5/mod3.3, with a discrepancy of
about 8% using RELAP5-3D as a reference. Figure 24 shows a zoom of the very first phase
of the injection.

As far as the first peaks in the other parts of the loop are concerned, also in test #10,
the codes predict lower first peaks in PT14, while higher values in PT11. The first peak
measured by PT11 is about 22 bar, while RELAP5-3D predicted about 27 bar (+23% of
the experimental value) and RELAP5/mod3.3 about 26 bar (+18%). The experimental
value measured by PT14 is about 12 bar, while the value calculated by RELAP5-3D is

about 9 bar (—13% of the experimental value), and the one calculated by RELAP5/mod3.3
is about 10 bar (—9%). Table 6 shows the rounded-up average discrepancies between
RELAPS5-3D and the experimental data and between the two versions of the code for each

point of measurement.
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Figure 24. Zoom of the first peak in the TBM mock-up (test #10).
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Table 6. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental

data (test #10).
Transducer RELAP5-3D vs. Exp. [bar]  RELAP5-3D vs. RELAP5/mod3.3 [bar]
PT10 - —-0.4
PT21 1.6 0.6
PT11 3.3 -0.1
PT12 3.8 -0.7
PT15 3.6 —-0.4
PT13 24 —0.2
PT14 1.1 0.8
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Figure 25. Experimental pressure trends in the upper and lower legs upstream of the isolation
valves measured by PT11 (a), PT12 (b), and PT15 (c), compared with results from RELAP5-3D and

RELAP5/mod3.3 (test #10).
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5.6. Test XI
Figures 27, 29 and 30 show the comparison between the experimental pressure trends

and the numerical trends evaluated by RELAP5-3D and RELAP5/mod3.3 for test #11. Even
in this test, the codes tend to generally overestimate the pressure trends, with an average

discrepancy of about 4 bar.
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Figure 27. Experimental pressure trends in the TBM mock-up (a) and in the expansion tank (b),

compared with results from RELAP5-3D and RELAP5/mod3.3 (test #11).

The experimental value of the first peak in the TBM mock-up is about 35 bar. The
values calculated by the two versions of RELAPS5 are about 30 bar for RELAP5-3D (—14%
of the experimental value) and about 28.5 bar for RELAP5/mod3.3 (—18.5%). Figure 28
shows a zoom of the very first phase of the injection.

Table 7 shows the rounded-up average discrepancies between RELAP5-3D and the
experimental data and between the two versions of the code for each point of measurement.
This test highlighted the biggest difference between RELAP5-3D and RELAP5/mod3.3,

with an average of about 1.7 bar.

As far as the first peaks in the other parts of the loop are concerned, in test #8, the codes
predict lower first peaks in PT14, while higher values in PT11. The first peak measured by
PT11 is about 14 bar, while RELAP5-3D predicted about 26.5 bar (+89% of the experimental
value) and RELAP5/mod3.3 about 26 bar (+93%). The experimental value measured by
PT14 is about 15 bar, while the value calculated by RELAP5-3D is about 9.5 bar (—36.5% of

the experimental value) and the one calculated by RELAP5/mod3.3 is about 10 bar (—33%).
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Figure 28. Zoom of the first peak in the TBM mock-up (test #11).
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Table 7. Average discrepancies between RELAP5-3D, RELAP5/mod3.3, and the experimental

data (test #11).

RELAP5-3D vs. RELAP5/mod3.3 [bar]

Transducer RELAP5-3D vs. Exp. [bar]
PT10 3.6 2.2
PT21 2.6 2.2
PT11 33 1.6
PT12 3.8 1.0
PT15 3.7 1.5
PT13 2.1 2.0
PT14 2.8 14
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Figure 29. Experimental pressure trends in the upper and lower legs upstream of the
isolation valves measured by PT11 (a); PT12 (b); and PT15 (c), compared with results from

RELAP5-3D and RELAP5/mod3.3 (test #11).
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Figure 30. Experimental pressure trends in the upper and lower legs downstream of
the isolation valves measured by PT13 (a) and PT14 (b), compared with results from

RELAP5-3D and RELAP5/mod3.3 (test #11).
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6. Conclusions

Simulations with RELAP5-3D were carried out using LBE instead of LiPb, as the
property library of LiPb only reaches 40 bar in this version of the code. As a consequence,
and also because errors were found in some properties (including density and speed of
sound, particularly important for this transient), LiPb was added in RELAP5/mod3.3 at
the University of Pisa.

The experimental campaign, the second one with the THALLIUM facility, allowed
for strengthening the knowledge on the In-box LOCA evolution for the HCLL TBS. The
results confirmed that the transient can be roughly divided into two parts: the first one,
which goes from the injection up to the opening of the relief valve, is dominated by the
fast pressure increase linked with the propagation of the pressure wave. This part of the
transient is heavily influenced by the presence of the isolation valves: the small orifice
of these valves protects the downstream section of the facility from the pressurization,
by dampening the pressure wave. Instead, the second part of the transient sees a new
pressurization linked with the arrival of high pressure helium from the injection line. This
part of the transient is ruled by the ratio between the relief valve and the injection valve
flow areas. In THALLIUM, the former is smaller than the latter, leading to a pressurization
of the system. For this reason, a careful choice of the relief valve might help to protect the
Test Blanket System, or similar systems, against these kinds of scenarios.

This experimental campaign has also underlined the impact of the opening time of the
injection valve on the first pressure peak. Indeed, if the pressure peak in the first campaign,
whose injection valve opened in about 40 ms, was about 70% of the helium pressure, and
the slower opening time of the new injection valve (about 500 ms) caused this percentage
to decrease to 60% of the injection pressure.

The numerical simulations of the second experimental campaign showed an excellent
agreement in the comparison of the two versions of the code (average discrepancy of about
0.8 bar) and a general good agreement with the experimental data (average discrepancy
of about 3.2 bar and about 4 bar. The two general discrepancies highlighted during the
simulations of the first experimental campaign (i.e., delayed effect of the relief valve and
absence of the second pressure peak) are still present here, even though they are less
evident.

The comparison between RELAP5-3D and RELAP5/mod3.3 showed that the first one
is slightly more accurate in reproducing the experimental results of the second campaign
(average discrepancy of about 3.2 bar vs. about 4 bar), even though LiPb was implemented
and used as system fluid in RELAP5/mod3.3. This accessorily confirms that the differences
in the properties of LiPb and LBE have little impact on this type of transient.

These results demonstrate that RELAP5 accurately predicts the pressure trends. This
confirms that its use in the design of the LiPb loops can be taken into consideration.
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Abstract: This work presents a thermohydraulic analysis of a postulated accident involving the
rupture of the breeder primary cooling loop inside a heat exchanger (once through steam generator).
After the detection of the loss of pressure inside the primary loop, a plasma shutdown is actuated
with a consequent plasma disruption, isolation of the secondary loop, and shutoff of the pumps in
the primary; no other safety counteractions are postulated. The objective of the work is to analyze
the pressurization of the primary and secondary sides to show that the accidental overpressure in
the two sides of the steam generators is safely accommodated. Furthermore, the effect of the plasma
disruption on the FW, in terms of temperatures, should be analyzed. Lastly, the time transients of
the pressures and temperatures in the HX and BB for a time span of up to 36 h should be obtained
to assess the effect of the decay heat over a long period. A full nodalization of the OTSG was
realized together with a simplified nodalization of the whole PHTS BB loop. The code utilized was
MELCOR for fusion version 1.8.6. The accident was simulated by activating a flow path which
directly connected one section of the primary with the parallel section of the secondary side. It is
shown here that the pressures and the temperatures inside the whole PHTS system remain below the
safety thresholds for the whole transient.

Keywords: WCLL-BB; MELCOR; PHTS; safety analysis; DEMO

1. Introduction

In the Roadmap to Fusion Electricity Horizon 2020, the European DEMOnstration
Fusion Reactor (DEMO) is expected to be a nuclear fusion power plant with the aim of
showing the feasibility of the production of electrical power through the conversion of
around 2 GWy,, generated continuously by the fusion reaction. The operational sequence
is a pulsed operation, which consists of 11 pulses per day; each pulse comprises a burn
time of 2 h (power pulse period; 100% of fusion power) and a dwell time of 10 min (1% of
fusion power generated due to the decay heat) [1,2].

The work presented here aims to investigate the consequences of a loss of coolant
accident in the primary heat transport system (PHTS) of the water-cooled lithium lead
(WCLL) breeding blanket (BB) DEMO concept [2—4]. In particular, the objective of this
work is the simulation of a rupture of pipes of the primary system into the PCS (power
conversion system or secondary system) inside the once through steam generator (OTSG)
which acts as interface between the two systems [5-7]. In normal operations, the energy
transferred from the breeding zone (BZ) and from the first wall (FW) to PCS through
steam generators is used to produce the main steam at condition suitable to feed the steam
turbine.
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The postulated accident foresees the rupture of the primary cooling loop inside the
OTSG with a discharge of primary coolant in the secondary side.

In this work, a detailed nodalization of the primary and secondary system of the OTSG
is presented together with a simplified nodalization of the whole BZ loop. A connection
between the two sides of the OTSG is created in order to simulate the LOCA scenario, which
comprises a mitigated plasma disruption, and the results of the consequent transients are
analyzed and discussed.

The nodalization of the involved systems was created with MELCOR for fusion 1.8.6,
and all the simulations were performed with the same code. The MELCOR code has
been under development for fusion applications for many decades [8,9]. Chiefly because
of its capabilities of assessing thermal-hydraulic transients of fusion reactor systems
and the transport of radionuclides, MELCOR was chosen, together with other system
thermal hydraulics codes, to be used to perform safety analyses for the ITER project and,
consequently, for the DEMO project [10]. Especially in the last 10 years, MELCOR was
widely used for accident analysis related to ITER reactor safety and in the preliminary
design phase of the DEMO reactor ([11-17], among many others).

2. DEMO WCLL-BB PHTS System
2.1. General Parameters and Power Data

The thermodynamic cycle used as reference for the design of the WCLL BB PHTS
DEMO reactor was mainly based on parameters similar to pressurized water reactors:
the coolant was water at 15.5 MPa with inlet and outlet temperatures equal to 295 °C
and 328 °C, respectively [3,7-9]. The main working parameters of the BB PHTS are given
in Table 1, whilst the power parameters are reported in Table 2. Furthermore, Table 3
collects the mass flow rates of the FW and the BZ cooling systems. All the parameters
and characteristics summarized here can be found in several technical and published
studies [18].

Table 1. WCLL DCD BOP BB cooling system parameters [3].

Description Units Parameters
Typology of coolant Water
Pressure MPa 155
Temperature range °C 295-328
Coolant density (average) kg/m3 701.3
Design pressure MPa 17.8
Design temperature °C 345
Total flow rate kg/s 9936.0
FW flow rate 17.8
Inboard (IB) blanket kg/s 35' 5
Outboard (OB) blanket ’
BZ flow rate
IB blanket kg/s 1428725
OB blanket ’

Table 2. DEMO and WCLL DCD BOP BB power balance [3].

Description Unit WCLL 2018 Design
Total nuclear heating MW 1650.3
Total FW Heat Flux MW 272.7
Neutron Wall Load MW 167.0
Total FW power MW 439.8
Total BZ power MW 1483.2
Total power MW 1923.2
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BZ hot leg

FW hot leg

‘r—

Table 3. WCLL DCD BOP BB power and coolant flow rates (TD 295-328 °C) [3].

Description Power (MW) Mass Flow Rate (kg/s)
-—- Total FW BZ Total W BZ
1B 12.780 3.449 9.331 66.0 17.8 48.2
segment
IB sector 25.560 6.898 18.662 132.0 35.6 96.4
Total
IB sectors 409.960 110.368 298.592 2112.0 569.6 1542.4
(16)
OB
31.545 6.867 24.678 163.0 35.5 127.5
segment
OB sector 94.635 20.601 74.034 489.0 106.5 382.5
Total
OB sectors 1514.160 329.616 1184.54 7824. 1704. 6120.
(16)
Total 1923.120 439.984 1483.136 9936.0 2273.6 7662.4
reactor

The WCLL DCD BOP BB PHTS constitutes two independent primary systems:

The BZ primary system (BZ PHTS);

The FW primary system (FW PHTS).

The main components of the WCLL BB PHTS are indicated in the 3D CAD model
(see Figure 1). Table 4 reviews the system-relevant data [2,7,19,20]. Details of the system

architecture can be found in [18].

During normal operations, in pulse time, BZ and FW PHTSs transfer power to the
PCS, through two once through steam generators (OTSGs) per system (i.e., four SGs in
total). The BZ PHTS power is 1483 MW, and the FW PHTS power is 439.8 MW. A total
of six main coolant pumps (MCPs) are installed to allow the circulation of the primary
coolant (four pumps for BZ PHTS and two for FW PHTS). Each PHTS is equipped with a

pressurizer (PRZ).

Figure 1. Overview of the DEMO WCLL BB PHTS.

BZ hot ring

FW hot ring
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Table 4. System-relevant parameters.

WCLL DCD BOP BB PHTS Design and

Operating Parameters BZ W
General
Thermal power (MW) 1483 439.8
Operating pressure (MPa) 155 15.5
Reactor vessel inlet temperature (°C) 295 295
Reactor vessel outlet temperature (°C) 328 328
Overall volume (m?) ~563 ~159
Overall PHTS piping length (km) ~3.2 ~3.7
Number of loops 2 2
Loop data
Piping length (km) ~1.25 ~1.52
Hot/cold manifolds per loop and size DN-150, DI%I{;OO, DN-350 DN-100, Dlsl{fZS, DN-200
Hot/cold legs per loop and size DN-SSE),/]?)N— 650 DN—50(1),/]13N—500
Hot/cold ring header per loop and size DIiI{gSO DIiT{;SO
Pump
Number of pumps per loop 2 1
Type Centrifugal, vertical single-stage (RSR) Centrifugal, vertical single-stage (RSR)
Effective pump power to coolant (MW) 3.03 1.79
Pressurizer
Number of units 1 1
Total volume (m?) 101.4 325
Liquid volume (m?) 44.8 16.3
Heat Exchanger (Steam Generator)
Number of units 2 2
Steam generator power (MWy, /unit) 742 219.9
Type OTSG OTSG
Heat transfer area (m2/unit) 4903 1423
Feedwater temperature (°C) 238 238
Exit steam pressure (MPa) 6.4 6.4
Steam flow per SG (kg/s) 404 119.9
Flow rate per SG (kg/s) 3831.2 1136

2.2. BZ Once through Steam Generator

In the BZ Primary System, each OTSG removes 742 MWy, of thermal power, with a
mass flow rate of coolant equal to 3831.2 kg/s. On the secondary side, the water is assumed
to be at a pressure of 6.4 MPa, and the feedwater coolant inlet temperature is expected to
be at 238 °C. The feedwater flow rate is imposed at 404 kg/s, in order to produce the same

amount of superheated steam at 299 °C. It is important to underline that the OTSG is still
in a design phase [21,22]. A simplified scheme of a generic OTSG is shown in Figure 2 and

the main characteristics are summarized in Table 5.

The selected OTSG is characterized by 7569 tubes, with a length of 12.987 m.
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Figure 2. Conceptual scheme for once through steam generator [21].

Table 5. Main features of an OTSG.

SG Power MWy, 742
Primary side pressure MPa 155
Primary side water Tj, °C 328

Primary side water Toyut °C 295
Secondary side pressure MPa 6.41
Secondary side water Tj, °C 238
Secondary side water Tyt °C 299
No. of tubes - 7569
Tube OD mm 15.88
Tube thickness mm 0.864
Tube length m 12.987
Tubesheet lattice - Square
Tubesheet p/D - 1.28
Heat transfer area m? 4903
V water tubes m3 20
Dext vessel m 29
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2.3. BB and PHTS Integration

The WCLL DEMO 2018 blanket is composed of 16 sectors (22.5°) in the toroidal
direction [4,23]. Each sector consists of three poloidal segments in the OB (outboard)
blanket and two poloidal segments in the IB (inboard) blanket. The geometrical features
and the inventory of the WCLL-BB are provided in Table 6.

The inner structure of each segment comprises a stack of about 100 toroidal-radial
so-called breeding units (BUs). The BU is a sort of elementary cell repeated along the
poloidal direction of each segment. It features the integrated FW-SW complex, the BZ, and
the corresponding part of manifolds and BSS.

The coolant feeding pipes deliver cold water to FW and BZ systems, whilst the outlet
pipes collect hot water and distribute it to the PHTS.

Considering the FW and BZ systems, the volume of water is estimated taking into
account the BUs (assuming a rough value of 100 for each sector), the manifolds, and the
feeding pipes. Furthermore, the velocities in the inlet feeding pipes and distributors were
calculated assuming a density of 737.1 kg/m? (15.5 MPa and 295 °C), while a density of
657.5 kg/m?3 (15.5 MPa and 328 °C) was taken for the outlet pipes and collectors. The main
geometrical data are provided in Table 6.

Table 6. WCLL BB In-Vessel inventory.

Description Pipe oD Thick.  MF Total v L L Tot v gf‘?ex:f;
Size (mm) (mm) (kg/s) (m/s) (m) (m) (m?) (kg)

Inlet IB FW distributor DN-100 114.3 8.8 35.6 6.6 17.6 281.2 2.07 1522.21
Inlet IB FW LIBS/RIBS DN-100 114.3 8.8 17.8 3.3 5.8 186.5 137 1009.43
Outlet IB FW LIBS/RIBS DN-100 114.3 8.8 17.8 3.7 6.4 203.9 1.50 984.62
Outlet IB FW collector DN-100 114.3 8.8 35.6 7.4 17.6 281.2 2.07 1357.82
Inlet IB BZ distributor DN-200 219.1 17.5 96.4 49 175 280.3 7.46 5500.35
Inlet IB BZ LIBS/RIBS DN-150 168.3 12.7 482 41 4.0 128.1 2.05 1513.83
Outlet IB BZ LIBS/RIBS DN-150 168.3 12.7 48.2 4.6 4.7 149.1 2.39 1572.12
Outlet IB BZ collector DN-200 219.1 17.5 96.4 55 17.5 279.9 7.45 4898.97
Inlet OB FW distributor DN-200 219.1 17.5 106.5 5.4 11.3 180.8 4.81 3548.13
Inlet OB FW COBS DN-125 139.7 11.0 35.5 44 7.9 126.4 1.38 1013.89
Inlet OB FW LOBS/ROBS DN-125 139.7 11.0 35.5 44 9.2 293.9 3.20 2357.06
Outlet OB FW COBS DN-125 139.7 11.0 35.5 5.0 8.3 133.1 145 952.47
OL‘S%;;/IO(BO};;V DN-125 139.7 11.0 35.5 5.0 9.4 301.6 3.28 2157.42
Outlet OB FW collector DN-200 219.1 17.5 106.5 6.1 115 183.3 4.88 3208.51
Inlet OB BZ distributor DN-350 355.6 28.0 382.4 74 10.6 170.3 12.00 8847.80
Inlet OB BZ COBS DN-200 219.1 17.5 127.5 6.5 7.0 111.5 297 2187.86
Inlet OB BZ LOBS/ROBS DN-200 219.1 17.5 127.5 6.5 7.4 236.1 6.29 4633.48
Outlet OB BZ COBS DN-200 219.1 17.5 127.5 7.3 7.7 122.7 3.27 2147.62
?l(l)‘]lgest/gg]?sz DN-200 219.1 17.5 127.5 7.3 8.4 267.9 7.13 4688.31
Outlet OB BZ collector DN-350 355.6 28.0 382.4 8.2 11.0 176.3 12.43 8172.15

Total 4094.1 89.44 62,274.06

3. Postulated Accidental Scenario

In this section, the specifications of the accident—such as the event sequence and the
main objectives—are reported and described in Tables 7-10.
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Table 7. Accidental scenario general specifications.

Parameter

Specification

Name of event

LBO3 out-vessel loss of coolant from the breeder primary loop due to large rupture of tubes in a
primary HX in WCLL concept

Category

Accident

Objectives

Show that accidental overpressure in the secondary loop of PHTS will be safely accommodated.
Show that post-accident cooling of the decay heat removal system of the VV is sufficient to remove
decay heat during the 32 h of the offsite loss of power.

Show that radioactive releases, if any, are adequately confined.

Scope of analysis

Integrated breeder blanket PHTS thermohydraulic analysis.

VV, VVPSS(W) pressure transient analysis if melting occurs due to mitigated plasma disruption.
Analysis of ACPs and tritium transport in the containment volumes as a consequence of the plasma
disruption, if melting occurs.

Acceptance criteria

Maximum Eurofer temperature < 550 °C
Confinement integrity: BB module safety assessment pressure < 18 MPa
Confinement integrity: VV safety assessment pressure < 200 kPa

Table 8. Accidental scenario main events sequence.

Parameter

Specification

Definition of initiating event

Possible transient sequence

Aggravating failures

Loss of power

Break in the primary cooling loop side (break size 0.0028 m?, corresponding to
the rupture of 9 tubes of the primary side) inside the HX toward the secondary
side.

Fusion power is terminated by loss of pressure (—20% of operating pressure)
in the BB cooling loop inside the HX. The initiating event is followed by a fast
plasma shutdown (FPS) actuated 3 s from the low signal, which leads to a
mitigated plasma disruption for 5 ms.

The disruption could cause failure of the FW cooling pipes in a BB module if
temperature melting is reached in FW Eurofer. In such a case, the break flow area
to be considered is reported in [SDL19], chapter 2.1.

The VV decay heat removal cooling loops will cool down the in-vessel components
post accident.

Ingress of coolant and radioactive inventories (tritium, dust, and suspended
products) will be mobilized.

The rupture discs toward the VVPSS(W) open upon reaching the set VV pressure
point.

Mobilized radioactivity is transported into the VVPSS(W).

After the coolant inventory is lost, the FW /breeder blanket modules will be cooled
by steam convection and thermal conduction/radiation to the VV.

The DV components are accounted for in this analysis as heat structures at the
initial temperature and without cooling during the transient.

None.

A loss of offsite power occurs at the same time of the plasma disruption.

Table 9. Accidental scenario system assumptions.

Parameter

Specification

Process system assumptions
Safety systems assumptions

Source term

VV decay heat removal (DHR) will remove the decay heat. The temperature of the
VV is maintained at 40 °C by DHR.

VV pressure limit is 0.2 MPa.
VVPSS(W) rupture discs open upon reaching the VV pressure set point.

Tritium, dust in the VV, ACP products in the PHTS, tritium and activated products
in the breeder materials and/or purge gas.
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Table 10. Expected results from the analysis of the accidental scenario.

Parameter Specification

The output locations, parameters, and time trace should show the results of safety
General analyses to support objectives and purposes.

The time span should cover until the transients are stabilized.
FW temperature Transient curve for FW and BB module temperature of the failed loop.

Confinement response

Cooling system conditions

Radioactive transport

Pressures and atmosphere temperature in BB cooling loop, HX.
Pressures and atmosphere temperature in VV and VVPSS(W) only in case of FW
Eurofer structure melting.

Water break flow versus time in HX and in VV and VVPSS(W) only in case of FW
Eurofer structure melting.
Water inventory inside the affected FW /breeder blanket cooling system.

Transient curves for tritium, dust, and sputtering concentration (airborne,
deposited) in VVPSS(W) if FW structure melts.

Bookkeeping of mobilized tritium, dust, and sputtering products if FW structure
melts.

4. Nodalization of the WCLL-PHTS

Figure 3 shows the whole nodalization of the BZ loop. Since the loop is symmetrical
with respect to the two OTSGs, only half of the loop is represented, without losing con-
sistency. All the geometrical characteristics of the components of the nodalization were
retrieved from the references presented above and summarized in the previous sections of
this document. A list of all the main characteristics can be found in Tables 7 and 8.

The whole nodalization can be roughly divided into two sections: the main one, more
complex, which is the nodalization of the BZ OTSG, and the simpler one, which is the
nodalization of the BB volumes; the two regions are highlighted in Figure 3, whilst a focus
on the BZ OTSG is shown in Figure 4. The cold and hot rings provide a connection between
the two regions. The pressurizer is directly connected to the hot ring.

The OTSG is partitioned in the primary and secondary side. Each side is divided
into several control volumes (CVH in MELCOR), which correspond to the hemispherical
top and bottom, as well as to the sections created by the support plates. The division
into different sections is required to achieve a temperature gradient as close as possible
to the actual one. All the control volumes are connected by flow paths (FL). CVH 10 and
11 (see Figure 4) are dummy volumes used only to impose the BCs to the secondary side
at normal operations. The CHV and FL geometrical characteristics are summarized in
Tables 11 and 12, respectively.

In normal conditions, the primary and secondary side are connected only by heat
structures (HSs), which allows heat transfer between the volumes but do not permit any
passage of fluids. Between the primary and secondary side, there are a total of 17 equal
heat structures. Each HS has a cylindrical geometry divided into four nodes with a total
thickness of 0.8 mm and a height of 0.7825 m, which corresponds to the height of the
connected volumes. The multiplicity of the HS is equal to 7569, which means that the HS
is equivalent to 7569 heat structures of the same type, for a total surface area of 4795 m?2.
All HSs are made of stainless steel, and a convective condition is imposed on both sides
of the HS.

The thermal power of the OTSG is simulated by means of two heat structures con-
nected with the inboard and outboard sections of the BB regions. These two HSs provide
592 MW of thermal power to the outboard section (CVH 15) and 149 MW to the inboard
section (CVH 14).

The accident is simulated by activating dummy flow paths which connect one volume
of the primary side with the corresponding volume of the secondary side. The section area
of this FL is equal to the rupture area (0.00312 m? for nine tubes on the OTSG primary side).
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These FLs are located at different heights to allow sensitivity analysis on the location of the

rupture.
Table 11. CVH number and characteristics.
Nodalization Volume Water Height/Length Section Description
CVH (m3) (m) (m?) P
Primary side
1 3.22 115 4.18 Top hemisphere
2 0.72 0.61 1.18 Top tubesheet
31-46 15.36 0.7825 1.18 Shroud tubes primary
4 0.72 0.61 1.18 Bottom tubesheet
5 3.22 1.15 418 Bottom hemisphere
Secondary side
6 12.65 7.63 1.66 Shell boiler
71-86 34.09 12.70 2.68 Shroud secondary
8 1.81 0.30 6.03 Steam chamber
9 8.42 5.08 1.66 Shell SH
Rings and BB
12 36.04 146.5 0.246 Hot ring
13 36.04 146.5 0.246 Cold ring
16 773 17.9 0.027 Cold ring ;l];stributors
18 1467 131 0.07 Cold ring distributors
OB
17 7.99 18.5 0.027 Hot ring collectors IB
19 159 142 0.07 Hot ring collectors OB
14 73.7 14.7 - BB inboard
15 121.616 12.3 - BB outboard
Table 12. FL number and characteristics.
Nodalization From To From Height To Height Section I]?ilg;?;lei: Length
FL CVH CVH (m) (m) (m?) (m) (m)
Primary side
FL00100 12 1 425 16.5272 0.4117 0.724 45
FL00200 1 2 15.3732 15.3732 1.1818 1.2267
FL00300 2 31 14.7636 14.7636 1.1818 1.2267 0
FL03100 TO FL04600 (31) (46) 13.9811 13.9491 1.1818 0.0141 0.032
FL00400 46 4 1.7636 1.7636 1.1818 1.2267
FL00500 4 5 1.154 1.154 1.1818 1.2267
Secondary side
FL00600 10 6 9 9 0.198639 0.0889 0
FL07100 TO FL08600 (71) (86) 13.9491 13.9811 0.89466 0.012636 0.032
FL00700 6 71 2.2 22 4.330349 0.84579 0
FL00800 86 8 14.4636 14.4636 2.6846 0.0279 0
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Table 12. Cont.

Nodalization From To From Height To Height Section I]_;}i,;lrr:eutlei: Length
FL CVH CVH (m) (m) (m?) (m) (m)
Rings and BB
FL01200 5 13 0 2 0.246 0.56 23
FL01300 13 18 1.724 1.724 0.62 0.3 10.6
FL01400 18 15 —7.746 —7.746 0.564 0.1841 10.6
FL01500 15 19 —7.746 —7.746 0.564 0.1841 10.6
FL01600 19 12 3.784 3.784 0.62 0.3 10.6
FL01700 13 16 1.724 1.724 0.156 0.184 17.5
FL01800 16 14 —4.446 —4.446 0.255 0.1429 4
FL01900 14 17 —4.446 —4.446 0.255 0.1429 4
FL02000 17 12 3.784 3.784 0.156 0.184 17.5
Accident
FL10101 33 84 12.7 12.7 0.0028 0.0141
FL10102 39 78 7.9 79 0.0028 0.0141
FL10103 45 72 22 2.2 0.0028 0.0141
BZ OTSG B3
Secondary side Primal,y{ide
== L % O %
=T & |3 |2
=R | ———
L= o &
ArEE

Figure 3. MELCOR nodalization of PHTS loop.
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Figure 4. Detail of BZ OTSG nodalization.

4.1. Boundary Conditions

In order to impose the required primary coolant mass flow rate of 3831.2 kg/s, a fluid
velocity was imposed at FL12, since MELCOR does not allow to impose directly the mass
flowrate. Furthermore, only for the initial steady condition, before the onset of the accident,
the temperature on the bottom of the OTSG (CVH 5) was imposed to be 295 °C and the
pressure was set at 15.5 MPa.

As mentioned in the previous section, two dummy CVHs (10 and 11) were used to
impose the BCs at the secondary side. A pressure of 6.4 MPa and a feedwater coolant inlet
temperature of 238 °C were imposed. The feedwater flow rate is kept at 404 kg/s by means
of imposing an equivalent constant velocity FL, in order to produce the same amount of
superheated steam at 299 °C.

The velocity (mass flow rate) imposed at FL12 was set to 0.0 at the FPS since the
pumps were shut down due to the loss of offsite power. Furthermore, at the FPS, the FLs
connecting the secondary side of the OTSG to the secondary loop are closed (thus acting as
isolation valves), also interrupting the feed water flow in the secondary side. At the current
stage, the design of the secondary loop is not completed.

4.2. Decay Heat
The decay heat was imposed using volumetric heat generation from heat structures
connected with the outboard and inboard CVH. The total values and time trends, calculated

using the most up-to-date volumetric nuclear heating data given in [24], are reported in
Table 13.
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Table 13. Decay heat densities (MW /m3) integrated into the WCLL full reactor [24].

Entire Reactor

Name of Zone Nucl.e ar Cooling Time
Heating
MW /m?3 MW /m3
First wall (FW) 0s 1s 1h 1day 1 week
w 2.18E+01 4.95E—-01 4.93E-01 4.63E-01 2.27E-01 5.66E-03
Eurofer 7.14E+00 1.76E-01 1.76E-01 1.01E-01 1.34E-02 6.91E-03
Breeder
module (BM)
BM caps and
1.81E+00 1.08E-02 1.08E-02 7.32E-03 8.82E-04 2.57E-04
lateral walls
BM material L17E+00 1.23E-02 9.35E-03 3.60E-03 1.07E-03 9.01E-04
mixture
BM backwall 1.06E-01 1.50E-03 1.50E-03 1.02E-03 1.20E-04 4.24E-05
BM back sup- 5.64E-02 4.31E-04 4.28E-04 2.90E-04 3.45E-05 1.32E-05
port/manifold
Sum (MW/m®) 1.65E+03 2.21E+01 1.91E+01 9.68E+00 2.26E+00 1.25E+00
However, it is important to note that the values reported in [24] did refer to a different
configuration of the WCLL, namely, the one which was composed of modules and, there-
fore, had a different material ratio; in this work, the total nuclear heating was recalculated
scaling the values with an estimation of the total volume obtained from the most recent
configuration of the inboard and outboard segments, and this may represent a source of
error. Furthermore, it is difficult to estimate the role of the FW in cooling the decay heat of
the breeding unit under this particular scenario, since—as shown in the results—the FW
loop is not damaged by the plasma disruption, and it can be assumed still functional. As a
first approach in this work, only the decay nuclear heating relative to the BM back wall
and the manifolds is assumed to have an effect on the damaged BZ cooling loops.
5. Numerical Analyses
In the simulation, the system was initially left to run for 1000 s, to reach a stable steady
state in operational conditions, and then the FL connecting the volumes involved in the
rupture was opened. Three seconds after the low-pressure signal, i.e., when the pressure
in the loop fell below 12.4 MPa, the FPS was activated; plasma disruption occurred, the
pumps were stopped, and the secondary loop was isolated.
In total, three different cases were run, at three different rupture locations (top, middle,
and bottom). Table 14 summarizes the different cases.
Table 14. Summary of simulation parameters.
Rupture Location Number of Pipes Rupture Size (m?) FL Involved
Case 1 Top OTSG 9 0.0028 FL10101
Case 2 Middle OTSG 9 0.0028 FL10102
Case 3 Bottom OTSG 9 0.0028 FL10103

The event sequence of the accident is reported in Table 15.
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Table 15. Event sequence.

Event Time (s)

Steady state 0-1000
Case 1 1016.5

Low-pressure signal Case 2 1008.5

Case 3 1007.5

FPS Case 1 1019.5

Case 2 1011.5

Case 3 1010.5

End of the simulation 150,000

5.1. Pressure Evolution

Figures 5 and 6 show the pressure trend after the rupture, at different time scales. The
pressure started decreasing and then showed a sharp peak when the low-pressure signal
was reached. This was due to the rapid shutdown of the pump and the isolation of the
loop. The same behavior was seen in all the cases, but it is worth noting that, for Case 1,
the pressure drop was slower and the peak remained significantly lower than the other
two cases. This was due to the different rupture conditions; in Case 1, the primary side
discharged in a region of the secondary, which was filled with superheated vapor, whereas,
in Cases 2 and 3, it was discharged in regions containing liquid water. Figure 7 shows the
time trend of the vapor quality calculated in CVH 85 for Case 1.

Figures 8 and 9 show the pressure trend at the rupture locations of both the primary
and the secondary side. In the secondary side of the OTSG, no pressure peaks were
predicted, and the pressure increased to an equilibrium value by around 100 s in all the
cases. Then, 200 s after the rupture, a steady state was reached, with the pressure lying
between 12 and 13 MPa.

All pressures remained well below the threshold of 18 MPa, with the pressure peak
for Cases 2 and 3 having a value of about 15 MPa, and that for Case 1 having a value of
about 12.5 MPa.

1.6e+07 —

1.5e+07

1.4e+07

1.3e+07

Pressure (Pa)

1.2e+07

— CVH-P_45 - Case 3
— CVH-P_39 - Case 2
CVI-P_33 - Case 1

L.1e+07 "

1 \ 1 .
000 1010 1020 1030
Time (s)

Figure 5. Pressure trend after the rupture: primary side, 1000-1030 s.
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5.2. Temperature Evolution in the BB

Figures 10-12 show the time evolution of the temperature at the inlets and outlets
of the BB, for the whole transient up to 36 h. Because of the effect of the decay heat, the
temperatures did not reach a steady state, but tended to increase. The faster temperature
increase after 10* s was due to the onset of weak natural circulation in the loop, with the
water flow even changing direction several times in Cases 2 and 3, as shown in Figure 13.
However, the increase could be considered slow throughout the whole transient, and all
temperatures remained well below acceptable values.

As mentioned above, the difference between Case 1 and Cases 2 and 3 was due to
a different height of the rupture in the primary side of OTSG for the three cases, with
a jump of around 5 m between each case. The transient for Case 1 showed a different
behavior from the very beginning, because, in this case, the primary discharged, through
the rupture, into a region of the secondary which was filled with superheated vapor and
not liquid water, as in Cases 2 and 3. This early difference consequently led to a radically
different transient of the pressure and general behavior of the loop, compared with the
other two cases.
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Figure 10. Temperature evolution in the BB: Case 3.
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6. Conclusions

This work presented a thermohydraulic analysis of a postulated accident involving
the rupture of a breeder primary loop inside an HX (once through steam generator). After
the detection of the loss of pressure inside the primary cooling loop, an FPS is actuated
with a consequent plasma disruption, isolation of the secondary loop, and shutoff of the
pumps in the primary; no other safety counteractions are postulated.

The objective of the work was to analyze the pressurization of the primary and
secondary sides to show that the accidental overpressure in the two sides of the steam
generators is safely accommodated. Furthermore, the effect of the plasma disruption on
the FW, in terms of temperatures, should be analyzed. Lastly, the time transients of the
pressures and temperatures in the HX and BB for a time span of up to 36 h should be
obtained to assess the effect of the decay heat over a long period.

A full nodalization of the OTSG was realized together with a simplified nodalization
of the whole PHTS BB loop. The code utilized was MELCOR for fusion version 1.8.6. The
accident was simulated by activating a flow path which directly connected one section of
the primary with the parallel section of the secondary side.

It was shown here that the pressures and the temperatures inside the whole PHTS
system remained below the safety thresholds for the whole transient.

The only caveat of this analysis is due to the calculation of the effect of the decay heat,
since the tables used for the estimation of this parameter referred to an old version of the
WCLL-BB, as no other references are available on this issue.

It is believed that, for a fully comprehensive evaluation of the impact of the decay
heat, a coupled calculation should be realized, connecting a nodalization of the FW PHTS
loop and the PbLi loop with the nodalization of the BZ PHTS loop presented here.
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Abbreviations

ACP Activate corrosion product
BB Breeder blanket

BC Boundary condition

BOP Balance of plant

BSS Back supporting structure
BZ Breeder zone

CAD Computer=aided design
CVH Control volume hydrodynamics
DHR Decay heat removal

DCD Direct coupling design
DEMO DEMOnstration power plant
FL Flow path

FPS Fast plasma shutdown
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FW First wall

HT package Heat structure package

1B Inboard

LOCA Loss of coolant accident

OB Outboard

OTSG Once through steam generator

PCS Power conversion system

PHTS Primary heat transport system

PbLi Lead-lithium

PRZ Pressurizer

\'A% Vacuum vessel

VVPSS Vacuum vessel pressure suppression system
WCLL Water-cooled lithium lead

WPSAE Work Package Safety and Environment
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Abstract: The Breeding Blanket (BB) is one of the key components of the European Demonstration
(EU-DEMO) fusion reactor. Its main subsystems, the Breeder Zone (BZ) and the First Wall (FW), are
cooled by two independent cooling circuits, called Primary Heat Transfer Systems (PHTS). Evaluating
the BB PHTS performances in anticipated transient and accident conditions is a relevant issue for the
design of these cooling systems. Within the framework of the EUROfusion Work Package Breeding
Blanket, it was performed a thermal-hydraulic analysis of the PHTS during transient conditions
belonging to the category of “Decrease in Coolant System Flow Rate”, by using Reactor Excursion
Leak Analysis Program (RELAP5) Mod3.3. The BB, the PHTS circuits, the BZ Once Through Steam
Generators and the FW Heat Exchangers were included in the study. Selected transients consist in
partial and complete Loss of Flow Accident (LOFA) involving either the BZ or the FW PHTS Main
Coolant Pumps (MCPs). The influence of the loss of off-site power, combined with the accident
occurrence, was also investigated. The transient analysis was performed with the aim of design
improvement. The current practice of a standard Pressurized Water Reactor (PWR) was adopted to
propose and study actuation logics related to each accidental scenario. The appropriateness of the
current PHTS design was demonstrated by simulation outcomes.

Keywords: DEMO; primary heat transfer system; balance of plant; RELAP5; loss of flow accident;
once through steam generators

1. Introduction

In the European DEMO (EU-DEMO) fusion reactor, the Breeding Blanket (BB) compo-
nent accomplishes several functions [1,2]. Firstly, it acts as a cooling device. The nuclear
interactions between the neutrons produced within the plasma and the lithium contained
in the breeder allow to convert the neutron kinetic energy in thermal power to be removed.
The same nuclear reactions are supposed to be used to produce the tritium fuel needed to
reach the self-sufficiency. Moreover, the breeding blanket serves as shielding, preventing
the high-energy neutrons from escaping outside the reactor and protecting from damage
the more radiation-susceptible components, like the superconducting magnets.

In the framework of the EUROfusion Programme, two breeding blanket concepts
were selected for the EU-DEMO R&D strategy: Water-Cooled Lithium-Lead (WCLL) and
Helium-Cooled Pebble Bed (HCPB) [1]. These two technologies will also be tested in
the ITER fusion reactor, according to the goals of the ITER Test Blanket Module (TBM)
programme [1]. The main outcome of this experimental campaign will be the Return of
Experience for the EU-DEMO Breeding Blanket Programme [3]. The computational activity
presented in this paper deals with the WCLL option. It foresees the usage of water at typical
Pressurized Water Reactor (PWR) thermodynamic conditions (295-328 °C and 15.5 MPa)
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as coolant [1,2]. The blanket relies on liquid lithium-lead as breeder, neutron multiplier
and tritium carrier and on Eurofer as structural material. An armour, consisting of a thin
tungsten layer is assumed to cover the First Wall (FW) component (plasma-facing surface).

The cooling systems associated to the principal blanket subsystems, namely the FW
and the Breeder Zone (BZ), are called Primary Heat Transfer Systems (PHTS) [2,4]. Their
main function is to provide primary coolant at the required thermodynamic conditions.
The thermal power they remove is then delivered to the Power Conversion System (PCS)
to be converted into electricity [5,6].

With the aim of the design improvement, the evaluation of the BB PHTS thermal-
hydraulic (TH) behavior during anticipated transient and accident conditions is a key issue.
To achieve this goal, computational activities can be performed by using best estimate
system codes. Principally, system codes adopt a one-dimensional approach to solve the
balance equations. For this reason, they are more recommended for simulations involving
circuits, where the fluid main stream direction can be clearly identified. They allow to
simulate the overall primary cooling system, including the pipelines and all the vessel
components (pumps, heat exchangers, pressurizer). However, in some of them, also
3D approaches are partially implemented, such as in RELAP5-3D [7], CATHARE-3 [8],
SAM [9], and so they can also be used for components characterized by more complex
fluid flow paths. Throughout decades, these codes have been validated for Light Water
Reactors (LWR), simulating a wide range of transient and accidental scenarios. Hence,
their usage can also be envisaged for WCLL blanket, whose primary coolant has similar
thermodynamic conditions.

In the last years, a large experience was matured in the simulation of transients
involving fusion reactors. Referring to EU-DEMO WCLL PHTS, both the in-vessel [10]
and ex-vessel [11] Loss Of Coolant Accidents (LOCA) were investigated with MELCOR
code, [12]. The main simulation purpose was assessing the hydrogen production and
the radiological source term mobilization in order to demonstrate the consistency of the
EU-DEMO design with the safety and environmental criteria. MELCOR code was also used
for a parametrical study in support of the reactor Vacuum Vessel Pressure Suppression
System design, as described in [13]. A preliminary analysis of the Loss Of Flow Accident
(LOFA) is reported in [14]. In this case, RELAP5/Mod3.3 code [15] was used to perform a
TH-oriented transient calculation aimed at the sizing of the flywheel to be adopted for the
PHTS Main Coolant Pumps (MCPs).

For what concerns the EU-DEMO HCPB PHTS, RELAP5-3D code was properly in-
tegrated with a computational fluid-dynamic code in order to investigate the thermal-
hydraulic performances of the primary circuits during an Ex-Vessel LOCA scenario, [16].
With the same code, multiple LOFA scenarios were also studied [17]. LOCA transients were
also simulated with MELCOR code [18]. The activity goal was to perform a parametric
study on the break size and to assess its impact on some reactor relevant parameters, such
as containment pressure and FW component maximum temperature.

System codes were largely adopted also in the framework of research activities re-
lated to China Fusion Engineering Test Reactor (CFETR) and Korean DEMO (K-DEMO)
Reactor. CFETR design foresees a Water-Cooled Ceramic Breeder (WCCB) blanket concept.
RELAP5/Mod3.3 code was employed for transient analysis involving LOFA, [19], and
Loss of Heat Sink (LOHS), [20], scenarios. The calculations allowed an in-depth evaluation
of the WCCB blanket behavior. As initial conditions, different fusion power modes were
considered.

One of the blanket concepts proposed for K-DEMO reactor is the water-cooled
multiple-layer breeding blanket. It consists of a sandwich of multiple layers of breeder
(Li4SiOy4) and multiplier (Be1,Ti) mixtures, cooling channels, and structural materials. They
are stacked in the radial direction, parallel to the first wall. MELCOR was adopted to inves-
tigate the reactor response after a vacuum vessel rupture, mainly focusing on hydrogen
production and dust explosions, [21].
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System codes also allow to study operational transients and to conceptually design the
machine control system. This is a relevant design issue for fusion reactors where a plasma
pulsed operating regime is foreseen (including both pulse and dwell phases). Similar
studies were conducted for all the aforementioned fusion reactor concepts: EU-DEMO
HCPB, [14], with RELAP5-3D; EU-DEMO WCLL, [16], with RELAP5/Mod3.3; CFETR, [22],
with RELAP5/Mod3.3; K-DEMO, [23], with Multi-dimensional Analysis of Reactor Safety
(MARS-KS) [24].

The calculations presented in this paper were performed within the framework of
the EUROfusion Work Package Breeding Blanket, by using a modified version of RE-
LAP5/Mod3.3 code, [25]. This new extended version was developed at the Department
of Astronautical, Electrical and Energy Engineering (DIAEE) of Sapienza University of
Rome, in order to enhance the code capability in simulating fusion reactors. New features
implemented include new working fluids (lithium-lead, HITEC® molten salt), new heat
transfer correlations, etc. The selected transients to be investigated belong to the category
of “Decrease in Coolant System Flow Rate”. The considered Postulated Initiating Events
(PIE) consist in both the partial and complete LOFA occurring either in BZ or in FW PHTS.
In addition, the influence of the loss of off-site power, occurring in combination with PIE,
was studied.

In the following, Section 2 offers a brief description of EU-DEMO WCLL reactor
configuration. In Section 3, it is described the RELAP5/Mod3.3 model developed to
simulate the blanket component and the related primary heat transfer systems. Calculation
results are collected in Section 4. Full plasma power state is commented in Section 4.1,
while transient simulations are fully analyzed in Section 4.2. A final discussion on the main
outcomes of the computational activity is reported in Section 5. The conclusive remarks
related to the current work are contained in Section 6. Moreover, at the end of the paper, it
is provided a list of the main acronyms used in the text.

2. Short Overview of EU-DEMO WCLL Reactor Configuration

DEMO reactor normal operations are characterized by a pulsed operating regime.
It consists in eleven pulses per day, each one made up of a full-power burn time (pulse)
of two hours and a dwell time of 10 min [6]. The reference parameters and baseline are
those of DEMO 2017 concept [2]. The reactor Computer Aided Design (CAD) model is
shown in Figure 1 [2,4,5], including all the PHTS components located inside and outside
the Vacuum Vessel.

FW PHTS BZ PHTS
HOT RING HOT RING

FW PHTS

BZ PHTS PRZ BZ PHTS
PRZ ; OTSG

i 1 BZ PHTS
FW PHTS i / »»
MCP N /

COLD RING

MS IHTS
COLD TANK FW PHTS
COLD RING

Figure 1. Reactor CAD model, DEMO 2017 baseline [2,4,5]. Overview of the tokamak, the primary cooling systems and the

molten salt intermediate circuit and storage tanks.
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The reference design adopted for DEMO blanket is the WCLL2018.v0.6, based on
Single Module Segment (SMS) approach [2,4]. The overall component is constituted by
16 identical sectors, each one occupying 22.5° in the toroidal direction. Each sector is
furtherly divided in In Board (IB) and Out Board (OB) blankets, located radially inwards
and outwards with respect to the plasma chamber. At its time, OB is toroidally composed
by 3 SMSs named Left OB (LOB), Central OB (COB) and Right OB (ROB), while IB is
partitioned only in two SMSs, called Left IB (LIB) and Right IB (RIB). In conclusion, five
segments are associated to each DEMO sector.

Each single segment is made up of about 100 breeding cells (BRC), distributed along the
poloidal (vertical) direction. The BRC layout is differentiated between segments (especially
between OB and IB segments) and, in the same segment, varies according to the poloidal
position. The BRC design used as reference for modelling purposes is the one of the COB
equatorial cell. Its detailed description can be found in [26,27]. In the BRC, the component
facing the plasma chamber is called First Wall (FW). It is protected by a tungsten armor and
cooled with water flowing in square channels equally distributed along the poloidal height.
The liquid lead-lithium (LiPb) acts as breeder. It enters the BRC from the bottom, flows
in the radial direction, from the BRC Back Plate (BP) to the FW, rises poloidally and then
turns back radially, from the FW to the BP, exiting through an outlet pipe. The breeder zone
refrigeration is assured by a batch of radial-toroidal C-shaped Double Walled Tubes (DWTs).
They are displaced in horizontal planes at different poloidal elevations and are split into
three arrays along the radial direction. In this way, their cooling capability is uniformly
distributed in all the BZ volume. The back part of the breeding cell in the radial direction is
devoted to house both LiPb and water manifolds. Finally, the back supporting structure
is a continuous steel plate in poloidal direction representing the backbone of the blanket
segment. The layout for COB equatorial cell is shown in Figure 2 [2,4].

FW
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BSS
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Figure 2. EU-DEMO Water Cooled Lithium-Lead (WCLL) blanket component: detail of the Central Outboard (COB)
equatorial breeding cell, WCLL2018.v0.6 design [2,4].

The blanket component is provided with two independent cooling systems: the BZ
PHTS and the FW PHTS. The former removes the nuclear heat generated in the breeder
zone by the interactions between the lead-lithium and the neutrons coming from the plasma.
The latter cools the FW component which is heated up by the incident Heat Flux and by
the neutron wall load. The simulation activity presented in this paper is related to the
indirect coupling option [4,6]. In this configuration, the BZ PHTS delivers thermal power
directly to the PCS, by means of two Once-Through Steam Generators (OTSG). Instead,
the FW PHTS, thanks to two water/molten salt Heat EXchangers (HEXSs), is connected to
an Intermediate Heat Transfer System (IHTS) provided with an Energy Storage System
(ESS). The ESS function is to flatten the pulsed source term (plasma power), according to
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the design requirement of continuous and nearly constant electrical power delivered to the
grid. The ESS accumulates a fraction of the FW thermal power during the plasma pulse
and delivers it to the PCS during the dwell time. The power fraction to be accumulated
during pulse is calculated to obtain a constant turbine load during the overall operating
regime (pulse and dwell). The energy storage is constituted by a system of two tanks filled
with molten salt at different temperatures. During pulse, there is a net HITEC® flow rate
going from the cold tank to the hot one and here accumulated. During dwell, the hot
molten salt flows through four Helicoidal Coil Steam Generators (HCSGs) and power is
delivered to the PCS. The current PHTS design foresees two loops for each system. They
are symmetrically disposed along the tokamak circumference (i.e., toroidal direction). The
main PHTS components (for both BZ and FW cooling circuits) are:

e The hot and cold rings, circular collectors (hot) and distributors (cold) of the over-
all PHTS mass flow from/to the loops and to/from each of the tokamak sectors,
respectively.

e The sector manifolds, differentiated in collectors and distributors, respectively con-

necting the tokamak sectors to the hot ring and the cold ring to the tokamak sectors.

The loop piping (hot legs, cold legs, loop seals), linking the main vessel components.

The BZ OTSGs and the FW HEXs.

The MCPs, providing the primary coolant flow.

The pressurizer system, one per PHTS, ensuring the pressure control function.

The location of each component in the overall cooling systems is shown in Figure 1.
For modelling purposes, the PCS and IHTS system sections considered are only the BZ
OTSGs and FW HEXSs secondary sides.

3. RELAP5 Thermal-Hydraulic Model

Referring to the reactor configuration outlined in the previous section, a full model
of the DEMO WCLL BB PHTS was prepared to perform transient calculations. The main
modelling approach considered while developing the input deck was the “slice nodaliza-
tion” technique. This means that a common vertical mesh was used for all the system
components at the same elevation. In addition, the node-to-node ratio, defined as the ratio
between the length of two adjacent control volumes (CVs), was kept below 1.25 in the entire
model. The respect of this upper limit represents an important criterion to avoid numerical
errors due to an inhomogeneous mesh. For all the vessel components and piping, actual
design elevations were strictly maintained to avoid inconsistencies mainly in the evaluation
of the natural circulation. Fluid and material inventories were rigorously maintained for
both BB and PHTS cooling systems.

3.1. Blanket Model

From the hydrodynamic point of view, the BZ and FW cooling circuits were indepen-
dently simulated. Nevertheless, the two systems are thermally coupled inside the BRC. For
this, RELAPS5 heat structure components were used to simulate in detail the heat transfer
phenomena taking place within the breeding cell. During transient simulations, the BZ
and FW thermal coupling has a significant influence on the circuit TH behavior.

As already pointed out, each DEMO sector is constituted by five poloidal segments
(three for OB and two for IB). The BZ and FW cooling circuits here contained were collapsed
in some equivalent pipe components, three for each PHTS. The OB and IB segments were
grouped as following: LOB/ROB, COB, LIB/RIB.

For both BZ and FW PHTS, the equivalent pipes model the overall water flow path
inside the vacuum vessel. The components associated to each segment and considered
for simulation purposes are: (1) inlet Feeding Pipe (FP); (2) inlet spinal water manifold;
(3) DWTs or FW channels; (4) outlet spinal water manifold; (5) outlet FP. The CVs belonging
to the equivalent pipes are characterized by different hydraulic properties (flow area,
hydraulic diameter, etc.) in order to properly simulate all the aforementioned components.
For the equivalent pipes corresponding to LOB/ROB and LIB/RIB, the CVs flow area
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and hydraulic diameter, as well as the water mass flow, were evaluated considering
the reference data belonging to both segments. In this way, the pressure drops through
these components were correctly modelled. The PHTS sector collectors and distributors,
mentioned in Section 2, are connected to the FPs thanks to inlet and outlet manifolds,
closing the overall PHTS circuit. In conclusion, for each PHTS (either BZ or FW) and
for each sector, five equivalent pipes and two branches were used. Pipe components
correspond to: sector distributor (P1); water circuit inside LOB and ROB (P2); water circuit
inside COB (P3); water circuit inside LIB and RIB (P4); sector collector (P5).

Regarding the BRC, the most studied design belongs to the cell located at the equatorial
plane of COB [2,26,27]. For this reason, it was adopted as reference and also used for all the
other BRCs poloidally distributed along the overall segment. Concerning the BRCs of ROB,
LOB, LIB, RIB segments, the reference layout was scaled by using the material inventories
derived from the CAD model [2,4,5].

About the DWTs, since these components are in parallel within the BRC, they were
collapsed and modelled by using the central batch of CVs of P2, P3, P4 equivalent pipes,
the ones related to BZ PHTS. As discussed in Section 2, they are split into three arrays
along the radial direction. Moreover, their C-shape in the radial-toroidal plane changes
according to the array they belong to [26,27]. The complexity of the geometry requires the
choice of a reference DWT layout. For this purpose, the second array was selected, that is
the mid-one along the radial direction. It was considered sufficiently representative of the
average geometrical features of all the DWTs present in the BRC.

BZ and FW inlet/outlet spinal water manifolds consist in rectangular channels running
along the back of the segment, radially inwards with respect to the back supporting
structure (see Section 2). They follow the SMS curved profile. In the TH model prepared,
the design height difference between heat source and heat sink (the BZ OTSGs and the FW
HEXs) thermal centers was maintained. This parameter is of primary importance in all
the transients concerning natural circulation, such as LOFA. Manifold-simulating CVs are
located before (inlet) and after (outlet) the ones modelling the DWTs/FW channels. In [2],
the COB manifold layout is described. In a first approximation, this design was also used
for the pipes simulating LOB/ROB and LIB/RIB segments. For any segment, CVs flow
area was calculated to maintain the BZ and FW water manifolds inventory. CVs hydraulic
diameter was evaluated based on the effective manifold layout.

The RELAPS5 heat structure (HS) components were used in the input deck to ac-
complish several functions: account for the BB solid material inventories (tungsten and
EUROFER97); simulate the breeder (simplifying the input); introduce the power source
terms (heat flux and nuclear heating); represent the heat transfer phenomena taking place
within the BRC; model the pipeline thermal insulation (for sector collectors/distributors
and inlet/outlet FPs).

The lithium-lead flow path through the blanket was not modelled in this work from a
hydrodynamic point of view. The breeder velocity inside the component is very low [2].
Within the BRC, where the thermal exchange between LiPb and DWTs/FW channels is
significant, the breeder convective Heat Transfer Coefficient (HTC) was neglected and only
the conductive heat transmission was considered, simulating the lithium-lead as a layer of
structural material in the RELAP5 HS components.

A HS was used to simulate the FW front surface. A tungsten layer and a Eurofer
thickness were modelled. The Eurofer thickness is the one between the plasma chamber
and the FW cooling channels. The heat flux reported in [26] was applied as boundary
condition for the plasma-facing surface. An average value was adopted since no poloidal
differentiation was considered in the model. The radial segments of the FW component
were simulated with a separate HS. In this case, only a Eurofer thickness was considered
since the tungsten armor is present only in the front surface. To take into account the heat
transfer between FW channels and DWTs inside the BRC, a HS was added. As already
discussed, in the radial-toroidal plane, DWTs are divided into three arrays with different
layouts. The same DWT reference layout chosen for the hydrodynamic model was used in
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B2 Nud. Heat.

the thermal problem also. The radial distance between the FW cooling channels and the
selected DWT is composed by: a first Eurofer layer, representing the FW thickness between
FW cooling channels and FW internal surface; a LiPb layer, corresponding to the radial
distance between the FW internal surface and the selected DWT layout; a second Eurofer
layer, modelling the DWTs thickness. This HS allows to thermally couple the BZ and FW
cooling circuits. Heat transfer between DWTs and LiPb inside BRC was also modelled with
a dedicated HS. Two further HSs were used to account for the Eurofer inventory in the

water and LiPb manifold region and in the back supporting structure, respectively.

Nuclear heating associated to the aforementioned HSs was computed thanks to the
power density radial profiles presented in [27] and by considering the actual materials
inventory distribution within the BRC. It was introduced in the input deck as an internal
power source term, differentiated for each HS. For each sector, the batch of HSs described

so far (six) was replicated for LOB/ROB, COB and LIB/RIB (for a total of 18).

The pipeline heat losses were modelled considering a constant containment tempera-
ture (30 °C), and a constant heat transfer coefficient (8 W/m?K). A schematic view of the
BB nodalization is provided in Figure 3. The model shown refers to only one of the sixteen
identical toroidal sectors. For the correspondent hydrodynamic components, the figure

reports also the identification numbers used in the input deck.
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Figure 3. Schematic view of the blanket model, sector one of sixteen. All the Breeder Zone (BZ) and First Wall (FW)
Primary Heat Transfer Systems (PHTS) in-vessel components are represented. In addition, red arrows indicate the power

source terms.

3.2. PHTS Model

The routing of the BB PHTS pipelines was derived from the current CAD model [2,4,5].
K-loss coefficients for tees, elbows and area changes were calculated by using formulas
in [28]. They were associated to pipe component internal junctions to correctly evaluate
these minor head losses, when present. To each pipeline corresponds a RELAP5 pipe
component, except for the hot and cold rings. For them, four pipes and two multiple
junctions were used. Each pipe simulates a quarter of the ring (90°). One multiple junction
component manages the connections between pipes (to close the ring) and between the
rings and the hot/cold legs. The other multiple junction component links the hot/cold
rings with the sector collectors/distributors. These connections are equally distributed
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along the overall ring length to maintain the toroidal symmetry characterizing the DEMO
reactor. Pipeline modelling is contained in Figures 4 and 5, respectively related to the BZ
PHTS loop 1 and FW PHTS loop 1. An example of ring nodalization is shown in Figure 6.
For the hydrodynamic components reported in each figure, the identification numbers used
in the input deck are also indicated. Pipeline thermal insulation was modelled associating
a heat structure to each pipe component. The external surface boundary condition for these
HSs is the tokamak building atmosphere, modelled with a constant temperature and HTC,
as already discussed in Section 3.1.

The BB PHTS pump system consists of six (four for the BZ and two for the FW)
centrifugal single stage pumps. They are equally divided in the two loops constituting
each PHTS. The MCPs were modelled by using RELAP5 pump components provided with
a proportional-integral (PI) controller to set the design mass flow value.

The BZ OTSGs design foresees PHTS water flowing inside the tube bundle and PCS
water flowing in shell side. A mesh length of 0.26 m was selected for these components
in both (primary and secondary) sides. The details about the nodalization are reported in
Figure 4.
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Figure 4. Schematic view of BZ PHTS model, loop one of two. Pressurizer system components are unique and connected
only to the represented loop.
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Figure 5. Schematic view of FW PHTS model, loop one of two. Pressurizer system components are unique and connected

only to the represented loop.

Each OTSG is provided with two steam lines to avoid excessive pipeline pressure
drops due to steam velocity. Feedwater line was simulated with a time-dependent volume
and a time-dependent junction to set the PCS water inlet thermodynamic conditions, and
with a pipe to simulate the pipeline section before the OTSG entrance. Steam lines were
modelled up to the Turbine Stop Valves (TSVs) and equipped with steam line Safety Relief
Valves (SRVs). PCS SRVs consists in three steps of relief valves provided with increasing
setpoint: 90%, 95% and 100% of the PCS system design pressure (115% of the operating
pressure reported in [4-6]). The step 1 relief valves were sized to discharge the 75% of the
OTSG steam mass flow, considering chocked flow occurring in the valve throat section,
while step 2 and step 3 to discharge the 37.5%. Hence, the full set of SRVs is able to discharge
the overall OTSGs steam mass flow with an additional conservative margin of 50%. Main
data related to PCS SRVs are collected in Table 1. A schematic view of the BZ OTSGs
nodalization is shown in Figure 4. RELAP5 heat structures were used to simulate the
thermal transfer taking place within steam generators, as well as the component heat losses.
Furthermore, they allow to account for the OTSGs steel inventory (i.e., thermal inertia).

FW HEXSs are pure countercurrent heat exchangers with PHTS water flowing inside
tube bundle and IHTS molten salt flowing in shell side. The adopted CV length is 0.41 m.
For each FW HEX, also the IHTS hot and cold legs were modelled. Cold leg was connected
to a boundary condition to set the HITEC® inlet temperature and mass flow rate. The FW
HEXs nodalization is shown in Figure 5. Also in this case, heat structures were used to
simulate the heat transfer phenomena, the heat losses and the steel inventory related to
each heat exchanger. The molten salt HTC was calculated with Sieder-Tate correlation, [29].
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Figure 6. Example of ring nodalization, FW hot ring. The component connections with the sector collectors and loop hot

legs are reported.

Table 1. Power Conversion System (PCS) steam line Safety Relief Valves (SRV) features.

Parameter Unit Step 1 SRVs Step 2 SRVs Step 3 SRVs
Throat section m? 1.80 x 1072 9.00 x 1073 7.50 x 1073
Area change rate ! 571 10 10 10
Opening setpoint bar 66.4 70.0 73.7
Closing setpoint bar 64.1 64.1 64.1

1 Valve area change rate is the reciprocal of the valve opening/closing time.

The time-dependent junctions located on the BZ OTSGs feedwater lines and FW HEXs
IHTS side cold legs were provided with temperature control systems. They are required to
obtain the design PHTS water temperature at BB inlet [2,4-6]. The BZ OTSGs and FW HEXs
designs were performed considering that they must exchange their nominal power when
operating at End Of Life (EOL) conditions. For this, both tube fouling and tube plugging
phenomena were taken into account. At Beginning Of Life (BOL) conditions, when no
tube plugging and fouling factors are foreseen, the OTSGs and HEXs exchanged power
exceeds the nominal value. This causes a significant alteration of the temperature field
in the overall PHTS system and, in particular, at BB inlet. To keep the PHTS parameters
at the design values in BOL condition, a control system is required. It was developed to
ensure constant water thermodynamic conditions at BB inlet in any operational condition.
PHTS temperature is read at OTSG outlet and then compared with a temperature target
setpoint [2,4-6], producing an error. The error signal is scaled by using a PI controller. The
controller output range goes from zero to 110% of rated PCS feedwater mass flow at EOL
condition, [4-6]. The resulting output is the mass flow imposed by the time-dependent
junction simulating the BZ OTSG secondary side inlet. The same control logic is applied to
loop 2 OTSG and to both FW HEXs.

In each PHTS circuit, the pressurizer system guarantees the pressure control function,
maintaining the water pressure at the required value independently on the temperature
variations of the coolant induced by the pulsed plasma operation and, in general, by other
transient conditions. The main component of this system is the steam bubble pressurizer
(PRZ), connected to the loop 1 hot leg by means of a surge line. Since the water thermo-
dynamic conditions are similar, for both BZ and FW PHTS, the pressurizer volume was
scaled from PWR design, [30]. The scaling factor adopted was based on the ratios between
circuit total inventories and reactor total thermal power. A further safety margin was
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applied and the resulting component size increased. The tank and the surge line were both
simulated with a pipe component. The associated heat losses were modelled with passive
heat structures. The pressurizer is equipped with On/Off and proportional electric heaters
and a spray line connected to the loop 1 cold leg and controlled by a valve. These systems
are installed to face, respectively, under and overpressure transients occurring during both
normal operations and abnormal conditions. The proportional heaters are set to operate in a
range of pressure around the PHTS loop reference one. These heater banks are supplied by
a varying input current that is a function of the pressure deviation signal. Normally, these
components are energized at half current when pressure is at nominal value (null error), are
cut off when this parameter reaches the higher setpoint and are at full power with pressure
at lower setpoint. Instead, pressurizer backup heaters are normally de-energized heater
banks turning on if pressure drops below the setpoint adopted for this component (lower
than the one of the proportional heaters). They are simply on-off type with no variable
control. The heaters electrical power was scaled from PWR design, [30], by using a scaling
factor based on reactor thermal power and applying a safety margin. Pressurizer heaters
were simulated with active heat structures. The spray valve controller is set to modulate the
valve flow starting from a lower setpoint up to a higher one correspondent to the fully open
status. Pressurizer sprays operate to prevent lifting of the relief valve. The cold leg water
admitted through these components is extremely effective in limiting pressure increases
during transient or accident conditions. The correspondent flow capacity was sized by
scaling from PWR design [30]. The surge line and spray line routing was derived from
CAD model [2,4,5], and rigorously maintained. In case of abnormal transients, if spray
nozzles fail in reducing pressure, at the top of pressurizer is also foreseen the presence
of a Pilot (Power)-Operated Relief Valve (PORV) and an SRV. A dedicated line connects
these components to the pressure relief tank, allowing the discharge of steam. The PORV
is provided for plant operational flexibility and for limiting the number of challenges to
the pressurizer SRV. For this reason, the former is provided with a lower setpoint than the
latter. PORV and SRV were modelled with RELAP5 valve components.

The overall nodalization used for BB PHTS pressurizer system is shown in Figures 4 and 5,
for BZ and FW, respectively. The main design data related to both BZ and FW PHTS pres-
surizer systems are contained in Table 2. The pressure control function setpoints, chosen
considering the PWR design [31], are gathered in Table 3.

Table 2. BZ and FW PHTS pressurizer system features.

Parameter Unit BZ PHTS FW PHTS
Pressurizer volume m?3 101.5 39.3
Proportional heater KW 1200 800

bank power
On/Off heater bank KW 2400 1600
power
Spray line flow
capacity kg/s 36.2 179
PORYV throat section m? 1.84 x 1073 1.52 x 1073
SRV throat section m? 1.84 x 1073 1.52 x 1073
PORV/SRV area 1
s 10 10

change rate !

1 Valve area change rate is the reciprocal of the valve opening/closing time.
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Table 3. BZ and FW PHTS pressure control function.

Parameter Unit BZ PHTS FW PHTS
Reference Pressure bar 155 155
Proportional heater bank lower setpoint bar 154 154
Proportional heater bank higher setpoint bar 156 156
Back-Up heater bank on/off setpoint bar 154 154
Spray Valve start opening setpoint bar 157 157
Spray valve fully open setpoint bar 160 160
PORYV valve opening setpoint bar 170 170
PORYV valve closing setpoint bar 165 165
SRV opening setpoint bar 178 178
SRV closing setpoint bar 173 173

4. Results
4.1. Full Plasma Power State

The RELAP5 model described so far was used to perform a steady-state simulation
of full plasma power state at Beginning Of Life (BOL) condition. During DEMO normal
operations, this is the most challenging scenario for the BB PHTS, as confirmed by results
presented in [14]. For this reason, such state was chosen as initial condition for the acciden-
tal transient calculations discussed in the following sections. The full thermal-hydraulic
characterization of BZ and FW primary cooling systems during this scenario is reported in
Table 4. The parameters with the indication “BC” were imposed as boundary conditions
for the calculation. The mass flow and temperature control systems implemented in the
input deck are able to guarantee the required thermodynamic conditions at the BB inlet.
Table 4 also indicates the pump head provided by MCPs and the power terms associated
with each PHTS. Simulation outcomes are in good accordance with reference data derived
from [2,4-6]. Minor discrepancies in the OTSGs/HEXs secondary side parameters are due
to the fact that the sizing of these components was performed at EOL, as discussed in
Section 3.2. A time step sensitivity was carried out, varying this parameter from 1.0 x 1073
st0 1.0 x 1072 s. No sensible differences were observed in the results. Values in Table 4 are
for a time step of 5.0 x 1073 s.

Table 4. Full plasma power state: main thermal-hydraulic parameters related to BZ and FW PHTS, Intermediate Heat

Transfer System (IHTS) and PCS. Comparison between simulation results and reference data derived from [2,4-6].

. BZ PHTS FW PHTS
Parameter Unit
Simulation Reference Data Simulation Reference Data
Result Result

Mass Flow (per MCP) kg/s 1915.6 1915.6 1136.8 1136.8
%) Hot Leg Temperature °C 328.2 328 328.1 328
E Cold Leg Temperature °C 295 295 295 295
A~ MCP Head MPa 0.94 0.95 0.83 0.84

PRZ pressure MPa 15.6 15.5 15.6 155
Feedwater/HITEC®
% Mass Flow kg/s 392.8 404 2955.6 3524
®
= Feedwater/HITEC® Inlet oC 238 238 280 280
8 Temp. (BC)
®
~ Steam/HITEC® Outlet oC 314.6 299 3077 320
Temperature
é) Power removed from blanket MW 1482.4 1483.2 438.3 439.8
g Power exchanged at
[5: OTSG/HEX(per component) MW 744.5 741.6 219.8 219.9
g MCPs Total Power MW 119 12.1 3.0 32
8 PRZ Heaters Power MW 1.08 x 1072 - 4.87 x 1073 -
Total System Heat Losses MW 0.6 - 0.45 -
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4.2. Transient Analysis
4.2.1. Selected Cases

The BB PHTS response during accidental conditions was investigated. The calcula-
tions are system analyses aimed at understanding the primary cooling circuits TH behavior
during such transients. As previously stated, full plasma power state was used as initial
condition. The selected PIEs are partial and complete Loss of Flow Accident (LOFA). These
accidental scenarios were studied when occurring in both BZ and FW PHTS. Simulations
were replicated also considering the influence of loss of off-site power, occurring in combi-
nation with PIE. The matrix of all the transient simulations performed in the framework of
the current computational activity is represented in Table 5.

Table 5. Matrix of transient simulations performed.

System Involved Loss of Off-Site

Case ID PIE ¥ With PIE Power [Yes/Nol
LF1 Partial LOFA FW PHTS no
LF2 Complete LOFA FW PHTS no
LF3 Partial LOFA BZ PHTS no
LF4 Complete LOFA BZ PHTS no
LF5 Partial LOFA FW PHTS yes
LF6 Complete LOFA FW PHTS yes
LF7 Partial LOFA BZ PHTS yes
LF8 Complete LOFA BZ PHTS yes

4.2.2. Selected Boundary Conditions and PHTS Actuation Logic

The LOFA PIE is the partial or complete loss of primary coolant flow in BZ or FW
PHTS, according to the case considered (see Table 5). Primary pumps coast-down is ruled
by the torque-inertia equation reported below.

Tem (W) — Thyq (w) — Tt (w) =I-dw/dt (€

In the previous equation, Tem (w) is the motor electromagnetic torque, that during
coast-down is zero, Thyq (w) is the hydraulic torque due to system pressure drops, Tf, (w)
is the pump frictional torque due to losses inside the MCP component, w is the rotational
velocity and I is the pump moment of inertia. In the framework of Work Package Balance Of
Plant 2020 computational activity, [14], a complete LOFA in both BZ and FW systems (worst
possible scenario) was studied. The analysis was aimed at evaluating the required flywheel
to be added to BB MCPs in order to obtain the best PHTS and blanket TH performances
during the accidental evolution. For this reason, a sensitivity was carried out on this
parameter. The selected values for pump moment of inertia were: 3000 kg-m? for BZ MCPs
and 1573 kg-m2 for FW MCPs (case 4 in [14]). These parameters were adopted for all the
transient simulations involved in the current transient analysis.

An actuation logic, involving some components of the DEMO reactor, was proposed
and preliminary investigated. It is inspired by the one used for Generation III + nuclear
power plants. The following features were implemented:

e  Plasma termination (PT) is actuated by one of the following signals: (i) low flow on
BB MCPs (<80% of rated value); (ii) high pressure on BB PRZs (>167 bar); (iii) high
temperature at BZ/FW outlet FPs (2 °C below the saturation temperature at the PHTS
reference pressure).

e  Turbine Trip (TT) is triggered by one of the following signals: (i) PT signal; (ii) low
steam flow at OTSGs outlet (<85% of rated value); (iii) low steam temperature at
OTSGs outlet (2 °C above the saturation temperature at the PCS reference pressure).
TT is followed by: (i) PCS feedwater ramp down; (ii) TSVs closure.

PHTS pressurizer heaters are cut off: (i) on low-level signal in BB PRZs; (ii) following
TT signal.
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e Spray line flow is interrupted only when all the MCPs belonging to a primary cooling
system are off. The hypothesis is that redundant spray lines are connected to both
PHTS loops.

The margin adopted for the temperature signals was selected to take into account
the typical uncertainty related to a thermocouple reading. For what concerns the BB
MCPs trip, different strategies were considered whether or not the loss of off-site power
is assumed. If not, for a BZ or FW primary pump, MCP trip can occur following: (i) PIE
event; (ii) high-temperature signal at pump inlet (5 °C below the saturation temperature at
the PHTS reference pressure). The margin was chosen to avoid cavitation in the component
in any transient scenario. If loss of off-site power is assumed, to the previous conditions it
is also added the TT signal, since, in this scenario, the turbine is the only element ensuring
the Alternating Current (AC) power needed for the MCPs operation. The PI controller
associated to BZ and FW primary pumps and used in the full plasma power steady-state
simulation is disabled. The rotational velocity is imposed as a constant boundary condition
until the MCP trip is not triggered. From this moment, the component coast-down is ruled
by the torque-inertia equation reported above.

Also, the management strategy for MS IHTS mass flow was differentiated according
to the presence or not of off-site power. If available, HITEC® mass flow is ramp down
10 s after the PIE. Conservatively, it is assumed that the PIE occurs at the end of plasma
pulse when the ESS cold tank is nearly empty. Hence, also the HITEC® mass flow must be
stopped shortly after the Start Of Transient (SOT). If off-site power is lost, IHTS mass flow
is ramp down also following the TT signal (the previous condition is still used). In fact, in
this scenario, the turbine is the only element ensuring the AC power needed for the molten
salt pumps operation.

The temperature control systems adopted for the full plasma power scenario and
related to PCS feedwater and IHTS mass flow are disabled. These parameters are imposed
by means of time-dependent junctions and respond to the actuation logics previously
described. As a preliminary tentative, their ramp-down is simulated with a linear trend
going from nominal value to zero in 10 s. Steam line TSVs are supposed to close in 0.5 s.
The plasma ramp-down curve is derived from [32] and reported in Table 6. The relative
trend should be applied to both nuclear heating and incident heat flux. It lasts 42 s, after
which only decay heat is left (nearly 1% of the reactor rated power).

Table 6. Plasma ramp-down curve: tabulation of relative power values vs time.

Time from Plasma
Shutdown [s]

Time from Plasma

1
Shutdown [s] Rel. Power - [-]

Rel. Power [-]

0 1.000 26 0.382
2 0.943 28 0.348
4 0.887 30 0.315
6 0.832 32 0.284
8 0.779 34 0.256
10 0.728 36 0.229
12 0.678 38 0.205
14 0.631 40 0.182
16 0.584 422 0.162
18 0.540 44 0.019
20 0.498 45 0.017
22 0.457 1h 0.009
24 0.419 1 day 0.002

! Relative values refer to nominal power in full plasma power state. 2 This is the end of the ramp down curve.
Next value belongs to decay heat trend.

The initiating event occurs after 100 s of full plasma power state (grey background in
the figures of Sections 4 and 5). Timeline was reset in the plots to have PIE at 0 s. Transient
calculation was run for 9000 s (2.5 hr), for an overall simulation time of 9100 s. Different
time steps were adopted in the calculation. In the first part of the transient, when thermal
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excursions are expected to be more significant, a lower time step was used (5.0 x 1073 s).
In the final part, this parameter was increased (1.0 x 1072 s) to speed up the simulation.

4.2.3. LOFA Transients Involving FW Cooling Circuit
FW System Transient Evolution

After PIE, FW PHTS primary flow starts to decrease. In LF1 and LF5 cases, initiating
event involves only loop 1 MCP (partial LOFA), instead, in LF2 and LF6 sequences, both
loop pumps are stopped (complete LOFA). Low flow is detected shortly after the SOT
and plasma termination is triggered. Consequently, also turbine trip is actuated. In LF5
scenario, where loss of off-site power is assumed, this causes the stop of the loop pump not
interested from PIE. For this reason, in LF2, LF5 and LF6 transients, the coast-down of both
loop pumps is nearly contemporaneous and these cases have a quite similar accidental
evolution. Case LF1 differs from the others since loop 2 MCP continues to provide primary
flow up to nearly the End of Transient (EOT). A summary of the transient calculations
characterized by PIE involving FW pumps is offered by Table 7.

Table 7. Summary table for Loss of Flow Accidents (LOFA) involving FW PHTS Main Coolant
Pumps (MCPs).

Event/Parameter Unit LF1 LF2 LF5 LF6
Partial Complete Partial Complete
PIE (LOFA
(LOFA) (FW) (FW) (EW) (EW)
Loss of off-site power yes/no no no yes yes
PT signal occurrence s 1.5 1.5 1.5 1.5
TT signal occurrence s 1.5 1.5 1.5 1.5
TSVs start to close S 1.5 1.5 1.5 1.5
Start of PCS feedwater s 15 15 15 15
ramp-down
Start of IHTS mass flow s 10 10 15 15
ramp-down
Time of FW PHTS water s 15 o4 23 23
temperature peak
FWPHTS water °C 329 332 332 332
temperature peak
Time of BZ PHTS water s B R 60 60
temperature peak
BZ PHTS water . °oC B B 339 339
temperature peak
FW MCP Trip occurrence
(pump not interested s 7696 - 15 -
by PIE)
BZ MCPs Trip occurrence s 7112 7084 1.5 1.5
Time to evacuate BZ
OTSGs secondary side s 500 500 2200 2200
inventory
Water mass discharged K 13,281 (per 14,718 (per 12,795 (per 15,465 (per
from BZ OTSGs sec. side & OTSG) OTSG) OTSG) OTSG)
FW PORY first opening s 7344 1284 2200 1988
time (Long Term)
Total FW PHTS water mass
discharged at EOT kg 1301 2094 1398 1352
BZ PORV first opening s 6776 6736 4512 4192
time (Long Term)
Total BZ PHTS water mass
discharged at EOT kg 6724 5831 5482 4417

1 For all the sixteen sectors, both the BZ and FW PHTS water temperatures were detected at the outlet of COB segment.
For each PHTS, peak temperature reported in the table is the maximum among all the temperature readings.
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Case LF1

As already stated, loop 2 MCP continues to provide primary flow. The transient results
dissymmetrical with respect to the toroidal dimension. The sixteen sectors experience
different flows (Figure 7a), with higher values in the ones nearest to the active pump.
Consequently, also the PHTS temperatures at BB inlet/outlet are differentiated. Figure 7b
reports the values referred to all sixteen sectors. COB segment was chosen as reference
to plot simulation results. Forced flow due to loop 2 MCP significantly smooths the
temperature peak at BB outlet. The maximum increase (associated to the sectors nearest to
the failed pump) is of only one degree (Table 7) with respect to rated value. The temperature
excursion is quite negligible.
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Figure 7. Partial LOFA on FW PHTS without loss of off-site power (LF1 transient): (a) Mass flow in FW sectors (early time);
(b) FW PHTS water temperatures at BB inlet & outlet (all sectors, early time, COB segment); (c) Mass flow elaborated by FW
PHTS MCPs (full range); (d) FW PHTS water temperatures at Heat EXchangers (HEXSs) inlet & outlet (full range).

Another interesting effect is the flow inversion in loop 1 (negative mass flow in
Figure 7c). The pressure drops related to the blanket component are so high that a part
of the flow provided by loop 2 MCP goes through loop 1 in reverse direction instead of
flowing in the BB sectors. The reverse flow also causes a temperature inversion in the
correspondent loop. After the trip of loop 2 pump (Figure 7d and Table 7), forced circulation
is lost and the establishment of natural circulation restores the original temperature field in
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loop 1. Instead, in the other loop, the forced circulation provokes a quick convergence of the
system temperatures. Later, they start to positively drift since BB decay heat overwhelms
the system heat losses. The temperature slope is of nearly 12 °C/hr (25 °C in 7500 s).
In the case of forced circulation (LF1), the curve slope is higher than the one associated
to sequences dominated by natural circulation (LF2, LF5 and LF6, Figure 9c). This can
be justified considering that the PHTS coolant is also heated by pumping power. This
contribute is of the same order of magnitude of the decay heat. Once loop 2 pump is
stopped, when forced circulation is lost and natural circulation establishes, if simulation
time were increased, the temperature slope for LF1 scenario would become the same as
other transients.

For what concerns the FW PHTS pressure, the presence of the forced circulation
(even if reduced with respect to rated value) avoids the challenging of PRZ PORV at SOT
(Figure 8a). In the mid-long term, since loop 2 pump is active also pressurizer sprays are
still available. The system pressure is kept constant for a long time interval (Figure 8b).
During it, with the increase of the system temperature, spray intervention in reducing
pressure becomes less and less effective. In fact, from time to time, they introduce in the
pressurizer control volume water at higher enthalpy. The level in the component increases
almost linearly, as shown in Figure 8c. At a certain point, sprays are unable to perform
the pressure control function and the system pressure start to rise triggering the PORV
(Figure 8D, for the timing see Table 7). The valve opens when the pressurizer is nearly solid
(Figure 8c). From this moment, pressure in the PHTS follows a sawtooth trend due to the
PORYV periodical openings. This is the way used by FW system to dissipate the decay heat
produced in the BB. The total water mass discharged from FW PHTS at EOT is reported in
Table 7.

The trend of the maximum Eurofer temperature in the FW component is shown by
Figure 8d. After plasma shutdown, the material temperature drops driven by PHTS water
temperatures. Instead, in the mid-long term, FW component is heated up by the decay
heat and experiences the same temperature slope of PHTS water.

Cases LF2, LF5 and LF6

The FW PHTS mass flows through blanket sectors follow the pump coast-down. It
is shown for LF6 sequence in Figure 9b. For all the considered accidental scenarios, as
already discussed before, the coast-down of both MCPs is nearly contemporaneous. Hence,
these transients result symmetrical with respect to the toroidal dimension. This is clearly
visible in Figure 9a reporting the FW PHTS temperatures at BB inlet/outlet (COB segment).
Values are plotted for all the sixteen sectors, with a single color for each case considered.
Outlet temperatures experience a slight increase due to the short time interval between the
occurrence of PIE (i.e., start of pump/pumps coast-down) and the detection of PT signal.
After that, since pump coast-down advances more slowly than plasma shutdown (Table 6),
outlet temperatures decrease. Peak temperature is the same for all the sectors and for all
the cases (Table 7). In LF5 and LF6 scenarios, where loss of off-site power is assumed, IHTS
mass flow is ramp down following the turbine trip, while in LF2 sequence it is available for
the first 10 s of the transient. As a result, in this latter case, BB inlet temperatures initially
decrease (Figure 9a) and restart to increase only after the mass flow ramp down. Instead,
in LF5 and LF6 transients, they start immediately to increase, since secondary flow is lost
shortly after the SOT. However, apart from this initial difference, the inlet temperatures
have a quite similar trend for all the cases.
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Figure 8. Comparison between LF1 and LF6 transients: (a) Pressure in FW PHTS (early time); (b) Pressure in FW PHTS (full
range); (c) Collapsed level in FW pressurizer (normalized, full range); (d) Maximum Eurofer temperature in FW component

(full range).

The loss of the heat sink also produces a sudden increase in the FW PHTS pressure, as
shown by Figure 8a. For LF5 and LF6 sequences, the pressure rise is managed by the PRZ
PORV. Instead, in LF1 and LF2 scenarios, the availability of the IHTS mass flow avoids the
opening of this component. In the long term, referring to FW PHTS parameter trends, no
sensible differences are detected between cases LF2, LF5, LF6. For this reason, only results
associated to LF6 sequence were plotted in the figures reported in this section.

During FW pump coast-down system reaches a quite uniform temperature (Figure 9¢).
It takes a long time interval before the natural circulation establishes in the system. During
it, FW temperatures also experience an inversion. Once the natural circulation is com-
pletely established, FW temperatures start to positively drift due to the residual decay heat
produced in the blanket. The system heat losses are not able to counterbalance this source
term. The PHTS temperatures rise of 10 °C in the last 4000 s of simulation with a slope
of nearly 9 °C/hr. As discussed before, this parameter is lower than the one observed for
case LF1.
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Figure 9. Parameter trends in FW PHTS for LOFA transients characterized by natural circulation (LF2, LF5, LF6): (a) FW
PHTS water temperatures at BB inlet & outlet (all sectors, early time, COB segment); (b) Mass flow elaborated by FW PHTS
MCPs (full range, only LF6); (c) FW PHTS water temperatures at HEXs inlet & outlet (full range, only LF6).

During accidental evolution, pressure in FW PHTS system increases (Figure 8b).
Pressurizer sprays are disabled since all the system pumps are off. Pressure rise continues
up to the PORV opening setpoint. With respect to LF1 sequence, the timing of this event is
significantly anticipated (Table 7). Later, the system pressure begins to cycle accordingly
with the valve component multiple openings. Discharging mass through the PORV is the
way adopted by the FW system to dissipate the decay heat produced in the BB. The total
amount of water evacuated from FW PHTS at EOT is reported in Table 7. The level in
the pressurizer is shown in Figure 8c, normalized with respect to the total height of the
component. Pressure rise produces a continuous mass insurge (i.e., level increase) in the
component. Furthermore, a step up in the water level is experienced any time PORV opens
to discharge mass. At EOT the component is nearly solid.

Finally, Figure 8d reports the trend of the maximum Eurofer temperature in the
FW component. The peak present in the PHTS water BB outlet temperatures (Figure 9a)
is not visible in the material temperature trend. The FW thermal inertia, even if low,
completely smooths this temperature excursion. In the long term, the trend follows that of
the PHTS water.
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BZ System Transient Evolution

The BZ PHTS performances are strongly influenced by the presence of off-site power.
If available, as in LF1 and LF2 sequences, system pumps continue to provide primary flow
(Figure 10d is referred to loop 1 MCP 1). Among the interested cases, LF1 was selected
to represent the scenarios characterized by the presence of off-site power and only its
parameters are plotted in the following figures. Initially, a continuous slight decrease can
be detected in the flow trend. It is due to the rise of system average temperature. This
causes the decrease of water density in the pump component and also an increase of the
loop pressure drops. These two combined effects produce the reduction of the mass flow
elaborated by BZ MCPs. When the temperature at pump inlet reaches the setpoint, MCPs
trip occurs and forced circulation is lost (for the timing see Table 7). If loss of off-site
power is assumed, as in LF5 and LF6 scenarios, BZ MCPs trip occurs following the turbine
trip and forced circulation is lost shortly after the SOT (Figure 10d). Natural circulation
establishes in the BZ system. LF6 was selected as reference case to plot simulation results
related to the absence of off-site power. The presence or not of the forced circulation is the
main element affecting the BZ PHTS behavior during such transients.

Forced Circulation (LF1 and LF2 Cases)

When plasma shutdown and turbine trip are triggered, BZ system loses the power
source (plasma pulse) and the heat sink (PCS feedwater) at the same time, while main-
taining primary flow at nearly nominal value. This combination of factors produces the
convergence of the system hot and cold temperatures to a common value (Figure 10a).
No temperature peak is detected at BB outlet in any sector. Figure 10a is related to COB
segment, but this is still valid for LOB/ROB and LIB/RIB.

The plasma shutdown takes more time (nearly 40 s, Table 6) with respect to PCS
feedwater ramp down (10 s) and, above all, TSVs closure (0.5 s). This leads to a power
unbalance and a consequent pressure spike in both BZ PHTS and PCS. In BZ PHTS,
Figure 10b, the power surplus is dissipated by multiple openings of the pressurizer PORV.
In the same way, the PCS pressure transient is managed by the steam line SRVs (Figure 10c).
All three steps of this valve system are forced to intervene to limit the pressure increase. The
maximum value experienced is slightly above the PCS design pressure. This demonstrates
the appropriateness of the current valve design.

In the mid-term, BZ system is cooled down by the OTSGs (Figure 10e, related to
BZ loop 1). Their residual cooling capability is due to the flow circulating in the steam
generators any time the SRVs open to reduce the PCS pressure. This cooling system is
available until a significant water inventory is present in the OTSGs secondary side. As
shown by Figure 10f (loop 1 OTSG), the water level in the steam generator riser drops to
zero at SOT in correspondence with the power surplus due to plasma shutdown. After
that, water level is still present only in the lower downcomer. This is the water inventory
available in the mid-term at the OTSGs secondary side. Any time SRVs open to reduce
PCS pressure, level decreases. Once the lower downcomer has been completely evacuated,
(for the timing and the total amount of mass discharged see Table 7), the dominant effect
on the BZ temperatures is the presence of the decay heat. System heat losses are unable to
dissipate such thermal power. Temperatures start to positively drift (Figure 10e) with a
slope of nearly 12 °C/hr (22 °C in 6500 s, from 500 s to 7000 s). Even for the BZ system, the
curve slope related to the forced circulation (LF1 and LF2 sequences) is higher than the one
associated to cases dominated by natural circulation (LF5 and LF6). The difference is due
to the pumping power, acting as an additional source term of the same order of magnitude
of the decay heat. After BZ MCPs trip, whose timing is reported in Table 7, when forced
circulation is lost and natural circulation establishes, if simulation time were increased, the
same temperature slope would be observed for all the cases.
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Figure 10. Comparison between LF1 and LF6 transients: (a) BZ PHTS water temperatures at BB inlet & outlet (all sectors, early time,
COB segment); (b) Pressure in BZ PHTS (early time); (c) PCS pressure at OTSGs secondary side outlet (early time); (d) Mass flow
elaborated by BZ loop 1 MCP 1 (full range); (e) BZ PHTS water temperatures at OTSG inlet & outlet (loop 1, full range); (f) Collapsed
level in loop 1 OTSG secondary side riser (R) and lower downcomer (D) (normalized, full range); (g) Pressure in BZ PHTS (full range);
(h) Collapsed level in BZ pressurizer (normalized, full range).

The BZ pressure goes down during the cooling transient provided by the OTSGs in the
mid-term (Figure 10g). Its value drops even below the nominal one. This is possible because
the pressurizer heaters are offline due to turbine trip. After the complete blowdown of
OTSGs secondary side inventory, the system pressure rise following the temperature trend.
This increase is limited by the pressurizer sprays that are still active since their operation
depends on the BZ pumps. With the increase of the system temperature, they introduce
in the pressurizer control volume water at higher enthalpy, reducing the effectiveness of
their pressure control action. The pressurizer level also increases almost linearly during
this time interval. It is reported in Figure 10h normalized with respect to the component
height. When the pressurizer is nearly solid, sprays are unable to perform the pressure
control function and the system pressure restart to rise, triggering the PORV. The timing
of this event is in Table 7. From this moment, PHTS pressure starts to cycle. In this way,
PORV component dissipates the decay heat produced in the blanket. The total PHTS mass
discharged at EOT is shown in Table 7.

Natural Circulation (LF5 and LF6 Cases)

In these cases, with PT and TT signals, also the BZ MCPs trip is triggered. The
BZ system loses at the same time: the power source (plasma shutdown), the heat sink
(turbine trip) and the primary flow (MCPs trip). The PHTS water temperature trends at
BB inlet/outlet (Figure 10a, COB segment) result from the relative balance between these
decreasing parameters. Initially, the plasma power is dominant and a temperature spike
can be detected at the blanket outlet. The peak value is reported in Table 7. Then, the
primary pump coast-down, which lasts more than the plasma shutdown curve, becomes
prevalent and the system temperatures converge.

The initial power surplus produces a pressure spike in both BZ PHTS and PCS. In the
former, Figure 10b, it is managed by the pressurizer PORV, while in the latter, Figure 10c,
the pressure transient is limited by the steam line SRVs. All three steps are necessary to
limit the pressure rise. The observed maximum value is slightly above the PCS design
pressure, proving the effectiveness of the SRVs design even in these scenarios.

In the mid-term, BZ system is cooled down by the OTSGs, as shown in Figure 10d
regarding loop 1. As already discussed, their residual cooling capability is available until a
significant water inventory is present at OTSGs secondary side. The presence of natural
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circulation (with respect to forced circulation) increments the time needed to the SRVs to
evacuate the OTSGs secondary side inventory (see different timing collected in Table 7 and
trends reported in Figure 10f). The lower primary flow in the steam generator (with respect
to the one ensured by forced circulation) decreases the overall heat transfer coefficient and,
consequently, the thermal power removed by PCS. This slows down the pressure rise in the
secondary system and increases the time interval between two subsequent SRVs openings.
With natural circulation, the OTSGs cooling capability lasts more than cases dominated by
forced circulation.

Terminated the water inventory in the OTSGs secondary side lower downcomer, the
dominant effect on the BZ temperatures is the presence of the decay heat. They start to drift
positively. The temperature slope is lower than the one due to forced circulation because of
the absence of pumping power. Temperatures rise of 10 °C in the last 4000 s of simulation
(nearly 9 °C/hr).

During the cooling transient provided by the steam generators, system pressure
decreases unlimited by pressurizer heaters (Figure 10g). They are disabled from the
occurrence of turbine trip. Later, once evacuated the OTSGs secondary side inventory (the
total mass discharged is provided by Table 7), the system pressure starts to rise. Pressurizer
sprays are off since no pumps are available in the circuit. The PORV opening setpoint
is reached quite faster (compare timing gathered in Table 7). From this moment, PHTS
pressure follows the sawtooth trend already discussed. The trend of water level in the
pressurizer (Figure 10h) is similar to the one reported in Figure 8c for LF6 sequence. The
parameter evolution and the phenomenology occurring in the component are the same. At
the end of the transient, the tank is nearly solid. The total BZ PHTS water mass discharged
by PORV at EOT is indicated in Table 7.

4.2.4. LOFA Transients Involving BZ Cooling Circuit
BZ System Transient Evolution

Once PIE occurs, the primary flow elaborated by interested pump /pumps starts to
decrease. In LE3 and LF7 transients, only loop 1 MCP 1 is stopped (partial LOFA), while,
in LF4 and LF8 sequences, all system pumps are involved in the accident (complete LOFA).
Low flow takes few seconds to be detected, actuating the plasma shutdown. Consequently,
also turbine trip is triggered. In case LF7, where a loss of off-site power is assumed, TT
causes the stop of all the system pumps not interested from initiating event. For this
reason, in LF4, LF7 and LF8 scenarios, the coast-down of all the BZ pumps is nearly
contemporaneous and these cases have a similar accidental evolution. The only different
sequence is LF3, where loop 1 MCP 2 and loop 2 MCPs continue to provide primary coolant
flow. They are stopped on high-temperature signal at nearly EOT. Summarizing, for what
concerns BZ PHTS, the selected cases can be grouped in the same way already seen for FW
PHTS in Section 4.2.3. Main events and parameters related to the transient simulations
characterized by PIE involving BZ MCPs are collected in Table 8.

Case LF3

In this case, the loop 1 MCP 2 and the loop 2 MCPs are still active after the turbine trip
(off-site power is available). The loop 1 MCP 2 increases the mass flow provided (Figure 11c).
The loop 1 branch hosting the failed pump becomes an alternative flow path for the mass
flow provided by loop 1 MCP 2. The pressure drops related to this path is less than the ones
associated to a BB sector (even with the failed pump acting as a minor head loss). Hence,
for loop 1 MCP 2 the curve of the hydraulic resistance decreases and, being a constant
rotational velocity imposed as a boundary condition for the component, the result is an
increase of the mass flow provided and a drop of the pump head. Instead, the operation
of loop 2 pumps is only slightly altered with respect to the nominal state. The transient
is dissymmetrical with respect to the toroidal dimension. The sixteen sectors experience
different flows (Figure 11a) and, consequently, inlet/outlet COB temperatures (Figure 11b).
Higher mass flows (i.e., lower outlet temperatures) correspond to the sectors located in
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diametrically opposite position with respect to the failed pump (four of sixteen). However,
the forced flow availability significantly smooths the temperature peaks at COB outlet
(only few degrees above the nominal value).

Table 8. Summary table for LOFA transients involving BZ PHTS MCPs.

Event/Parameter Unit LF3 LF4 LF7 LF8
PIE (LOFA) - Partial (BZ) C"gggete Partial (BZ) C"zggl)em
Loss of off-site power yes/no no no yes yes
PT signal occurrence s 2.5 2.5 2.5 2.5
TT signal occurrence s 25 2.5 2.5 2.5
TSVs start to close s 2.5 25 2.5 2.5
Start of PCS feedwater ramp-down s 25 2.5 2.5 25
Start of IHTS mass flow ramp-down s 10 10 25 25
Time of FW PHTS water temperature peak s - - 24 23
FW PHTS water temperature peak ! °C - - 331 331
Time of BZ PHTS water temperature peak s 30 58 59 59
BZ PHTS water temperature peak ! °C 333 340 340 340
FW MCPs Trip occurrence s 7496 8440 25 25
BZ MCPs Trip occurrence
(pump not interested by PIE) s 7260 ) 25 )
Time to evacuate.BZ OTSGs secondary side s 600 (L1) 2150 2150 2150
inventory 460 (L2)
Water mass discharged from BZ OTSGs " 15,017 (L1) 15,037 (per 14,871 (per 12,885 (per
secondary side & 17220 (L2) OTSG) OTSG) OTSG)
FW PORY first opening time (Long Term) s 7332 8576 2248 2284
Total FW PHTS water mass discharged at EOT kg 1034 247 1444 1356
BZ PORY first opening time (Long Term) s 6952 4412 4164 4168
Total BZ PHTS water mass discharged at EOT kg 6113 4592 4541 5025

1 For all the sixteen sectors, both the BZ and FW PHTS water temperatures were detected at the outlet of COB segment. For each PHTS,
peak temperature reported in the table is the maximum among all the temperature readings.

As observed in FW system for case LF1, a flow inversion can be detected in the BZ
system branch where the failed pump is located. The pressure drops related to the blanket
component are so high that a part of the flow provided by loop 1 MCP 2 is recirculated
through this alternative flow path. Differently from LF1 sequence, the reverse flow does
not cause a temperature inversion in loop 1. In fact, each loop pump is hosted in a branch
going from the OTSG outlet plenum to the cold ring. Even if there is a reverse flow in one
of these branches, the primary flow through the hot leg and the steam generator is ensured
in the right direction by the operation of the MCP still active. The effect of the failed pump
is visible in Figure 11d. The reduced flow in loop 1 with respect to loop 2, slows down the
cooling transient provided by the OTSGs in the mid-term. Loop 2 steam generator runs out
its cooling capability one hundred seconds earlier than the correspondent in loop 1 (see
Table 8 for timing and water mass discharged). From this moment, no sensible differences
are detectable between the TH performances of the two loops.

BZ temperatures positively drift since blanket decay heat overwhelms the system heat
losses. The temperature slope is of nearly 11 °C/hr (25 °C in 8000 s). This is the same
value obtained for BZ system in LF1 and LF2 scenarios, when LOFA transients involve FW
PHTS and off-site power is available to ensure the BZ pumps operation. Forced circulation
confirms to produce a higher curve slope than the one associated to natural circulation (see
Figure 12 related to case LF8). As already discussed, the PHTS coolant additional heating
is caused by pumping power. MCPs trip, whose timing is reported in Table 8, is triggered
by a high-temperature signal at the pump inlet. Later, forced circulation is lost and natural
circulation establishes (Figure 11c). The temperature slope starts to decrease accordingly.
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Figure 11. Partial LOFA on BZ PHTS without loss of off-site power (LF3 transient): (a) Mass flow in BZ sectors (early time);
(b) BZ PHTS water temperatures at BB inlet & outlet (all sectors, early time, COB segment); (c) Mass flow elaborated by BZ
PHTS MCPs (full range); (d) BZ PHTS water temperatures at OTSGs inlet & outlet (full range).

The plot of BZ pressure trend is not included in the following since it is the same of
LF1 and LF2 transients (see Figure 10g). The presence of pressurizer sprays, ensured by
the BZ pumps still active, allows to control the system pressure for nearly two hours. Then,
the decay heat is evacuated by discharging PHTS water through the PORV. The relevant
parameters are contained in Table 8.

Cases LF4, LF7 and LF8

The considered cases have an accidental evolution very similar to the one described
in Section 4.2.3 for LF5 and LF6 sequences. In these scenarios, trip occurs for all the BZ
pumps after few seconds from the SOT (see Tables 7 and 8), albeit for different reasons.
The resulting transients are quite symmetrical with respect to the toroidal dimension.
PHTS temperatures at BB inlet/outlet are the same for all the sectors. They are reported
in Figure 12a for LF4, LF7 and LF8 scenarios. Among the different cases, no sensible
differences are detectable in the temperature peak at COB outlet. The maximum values,
indicated in Table 8, are close to the ones observed for LF5 and LF6 transients (Table 7).
Also the BZ system long-term behavior is nearly the same. As an example, the PHTS
water temperatures at OTSGs inlet/outlet are plotted for case LF8 in Figure 12b. The
trend is very similar to the analogous contained in Figure 10e for LF6 sequence. After
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pump coast-down, natural circulation establishes in the system, influencing the BZ thermal-
hydraulic performances. A detailed description of the transient evolution is provided in
Section 4.2.3, in the paragraph referring to BZ PHTS. A quantitative comparison between
all the interested cases can be performed looking at the main timing and TH parameters
related to the BZ system contained in Tables 7 and 8.
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Figure 12. Parameter trends in BZ PHTS for LOFA transients characterized by natural circulation (LF4, LF7, LF8): (a) BZ
PHTS water temperatures at BB inlet & outlet (all sectors, early time, COB segment); (b) BZ PHTS water temperatures at
OTSGs inlet & outlet (full range, only LF8).

FW System Transient Evolution

Considerations related to FW system are of the same kind of the ones done in
Section 4.2.3 about BZ PHTS. FW pumps are not interested from PIE and the system
performances are strongly influenced by the presence of off-site power. If available, as in
LE3 and LF4 scenarios, FW pumps continue to provide primary flow. The slight parameter
decrease is due to the increase of the system average temperature. (Figure 13¢c). MCPs trip
occurs after more than two hours from PIE (Table 8). It is triggered by a high-temperature
signal at the pump inlet. The simulation is characterized by the presence of the forced
circulation. Instead, if the loss of off-site power is assumed, as in cases LF7 and LF8, FW
MCPs trip occurs following the turbine trip and forced circulation is lost few seconds after
SOT (Figure 13c). Natural circulation establishes in the FW system, influencing its TH
behavior during the overall simulation.

Forced Circulation (LF3 and LF4 Cases)

Due to the presence of forced circulation, FW temperatures converge very quickly to
an average value (Figure 13d). Transient is symmetrical with respect to toroidal dimension
and, for all the BB sectors, no temperature peak is present at blanket outlet (Figure 13a).
HITEC® secondary flow is available for the first 10 s after PIE. This element, combined
with the suitability of forced circulation in the primary system, avoids the opening of the
pressurizer PORV in the early time (Figure 13b).

In the long term, FW HEXs are not able to provide any cooling capability and system
heat losses do not counterbalance the blanket decay heat. An additional source term is
represented by the pumping power. FW temperatures start to drift positively (Figure 13d).
The associated temperature slope is of nearly 11 °C/hr (20 °C in 7000 s). The Eurofer
maximum temperature in the FW component follows the same time trend of the PHTS
water (Figure 13e). Once MCPs trip is triggered, the forced circulation is lost and the
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natural circulation establishes. The temperature slope decreases to the value related to
simulations characterized by natural circulation (LF7 and LF8 scenarios).

Pressure transient for the considered cases (Figure 13f) is similar to the one described
for LF1 sequence (see Section 4.2.3 and Figure 8b). After the heat sink loss, FW pressure
is limited by pressurizer sprays. When sprays become unable to perform their control
function (due to system temperature increase), the management of system pressure switches
to PORV component (timing of this event is reported in Table 8). The total mass discharged
from the valve at EOT is indicated in Table 8. The plot of pressurizer level related to cases
LF3 and LF4 is not included in the following since very similar to the one reported in
Figure 8c for LF1 transient.

Natural Circulation (LF7 and LF8 Cases)

For the considered cases, plasma shutdown, turbine trip, FW MCPs trip and IHTS mass
flow ramp-down occur at the same time. The PHTS water temperatures at COB inlet/outlet
are collected, for all the sectors, in Figure 13a. Their trends result from the relative balance
between plasma power, primary flow and secondary flow, all decreasing parameters but
with different timing. COB outlet temperatures experience a slight increase since initially
the plasma power is prevalent. Then, since the pump coast-down (Figure 13c) takes more
time than the plasma shutdown (Table 6) the outlet temperatures start to decrease. Peak
value is the same for all the sectors and for all the cases, as reported in Table 8.

Due to the unavailability of forced circulation in both primary and secondary systems,
the initial power surplus produces a sudden increase in the FW PHTS pressure, Figure 13b.
Pressurizer PORV intervenes to manage this pressure transient.

During the FW pump coast-down, system reaches a quite uniform temperature
(Figure 13d). Later, while natural circulation establishes, system temperatures experi-
ence an inversion. In the long term, the original temperature field is restored and FW
temperatures positively drift. The temperature slope is lower (nearly 9 °C/hr) than the one
observed for cases LF3 and LF4, since the additional source term due to pumping power
is missing.

After FW MCPs trip, pressurizer sprays are disabled. System Pressure increase can be
only limited by the PORYV intervention (Figure 13f). The valve opening occurs quite earlier
with respect to LF3 and LF4 sequences (compare different timing reported in Table 8). From
this moment, the system pressure begins to cycle accordingly with the valve component
multiple interventions. The PHTS mass discharged at the EOT is indicated in Table 8.

Figure 13e reports the trend of the maximum Eurofer temperature in the FW com-
ponent. The peak related to PHTS water present at blanket outlet (Figure 13a) here is
not visible. Temperature excursion is smoothed by the FW thermal inertia, even if low.
After plasma termination, material temperature drops driven by PHTS water temperature.
Instead, in the long term, FW component is heated up by the decay heat. The temperature
slope is the same of the PHTS water trend.

Summarizing, the considered cases have accidental evolutions very similar to the
one described in Section 4.2.3 for LF2, LF5 and LF6 transients. The common factor to all
these scenarios is the occurrence of FW MCPs trip after few seconds from the SOT (see
Tables 7 and 8), albeit for different reasons. Hence, the forced circulation is immediately
lost and the natural circulation influences the system TH performances during the overall
simulation. A qualitative comparison between the interested cases can be performed by
looking at the parameter trends collected in Figures 8 and 9 (where LF6 sequence was used
as reference) and Figure 13 (using LF8 as selected scenario). For the same purpose, but
from a quantitative point of view, parameters and timing contained in Tables 7 and 8 can
be used.
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Figure 13. Comparison between LF3 and LF8 transients: (a) FW PHTS water temperatures at BB inlet & outlet (all sectors,
early time, COB segment); (b) Pressure in FW PHTS (early time); (c) Mass flow elaborated by FW MCPs (full range); (d) FW
PHTS water temperatures at HEX inlet & outlet (loop 1, full range); (e) Maximum Eurofer temperature in FW component

(full range); (f) Pressure in FW PHTS (full range).
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5. Discussion

Results presented in the previous section highlight how the type of circulation (natural
or forced) characterizing each cooling system is the main element influencing its TH
performances. According to the considered case, BZ and FW systems can have the same
kind of circulation or not. However, as a general rule, for the suitability of the forced
circulation in a primary cooling circuit is mandatory the presence of the off-site power. If
its loss is assumed in combination with the initiating event, at the occurrence of turbine trip
forced circulation is lost in both systems, if not already missing in one of them according to
the specific PIE considered. In fact, the turbine generator set is the only element ensuring
the AC power needed for the pumps operation and it is disconnected after the TT signal.
If forced circulation is available, the following TH behavior can be observed in BZ and
FW systems.

e Few seconds after the SOT, the temperature spikes at blanket outlet characterizing the
trend of both BZ and FW PHTS water are significantly smoothed.

e In FW system, the availability of forced circulation in both primary and secondary
(only for the first 10 s) circuits limits the pressure increase and avoids the intervention
of the pressurizer PORV in the short term.

e The OTSGs cooling capability lasts less. The presence of forced circulation in the
primary cooling system enhances the steam generator HTC, increasing the thermal
power transferred to the PCS. This reduces the time between two subsequent steam
line SRVs openings and speeds up the evacuation of the water mass present in the
OTSGs secondary side. Once terminated, the steam generators are no more able to
provide any cooling function to the BZ PHTS.

e For more or less two hours from PIE occurrence, the system pressure is controlled by
the pressurizer sprays. The first PORV intervention in the long term is significantly
delayed.

e The temperature slope characterizing both BZ and FW systems (thermally coupled) is
higher since pumping power is added to the power balance. This is valid until the
MCPs trip is triggered in each system.

Summarizing, forced circulation improves the BZ and FW TH performances in the
short term, smoothing the temperature spikes, but reduces the ones in the mid-long term.
In fact, it shortens the cooling interval provided to the BZ PHTS by the steam generators
and increases the temperature slope experienced by BZ and FW systems, reducing the
reactor grace time. The best management strategy for PHTS pumps is to use, at the SOT,
the forced circulation they provide, in order to avoid excessive temperatures in the blanket,
and then stop them, to increase the reactor grace time. To prove the effectiveness of this
control logic, case LF3 was run again adding a new trip signal to BB MCPs. The level in
the BZ OTSGs lower downcomer is monitored and when it reaches the 1% of the rated
value in full plasma power state, both BZ and FW pumps are stopped. LF3 (partial LOFA
in BZ PHTS without loss of off-site power) was selected as reference case since it is one of
the two (together with LF1) where forced circulation is available for both primary cooling
systems, even if reduced in the one involved in the PIE. The PHTS water temperatures
at loop 1 OTSG/HEX inlet/outlet are reported in Figure 14. As shown, this new pump
management strategy combines the benefits of forced circulation in the short term and of
natural circulation in the long term.

In all the transient simulations, included the one discussed in this section, BZ and
FW systems experience a positive temperature drift in the mid-long term. It is due to the
unbalance between decay heat produced in the blanket and system heat losses, with the
former overwhelming the latter. The temperature slope is higher if the forced circulation
is still active. In these cases, it must be added another source term to the power balance,
represented by the pumping power. In the calculations performed, no Decay Heat Removal
(DHR) system was implemented in the input deck and the power surplus is managed
by the pressurizer PORV. Power in excess produces a pressure increase and when this
parameter reaches the PORV opening setpoint, PHTS water mass is discharged with its
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associated enthalpy content. This is the way adopted by BZ and FW system to dissipate
the power surplus. However, a DHR system is foreseen for DEMO reactor in accidental
conditions, as discussed in [5].
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Figure 14. Partial LOFA on BZ PHTS without loss of off-site power, new BB MCPs management strat-
egy: BZ PHTS water temperatures at loop 1 OTSG inlet & outlet and FW PHTS water temperatures
at loop 1 HEX inlet & outlet (full range).

6. Conclusions

The analysis was performed with the aim of preliminary evaluating the WCLL BB
PHTS behavior during anticipated transients and accidental conditions. A best-estimate
system code, RELAP5/Mod3.3, was used to achieve this goal. A modified version was
developed at DIAEE with the purpose of increasing the predictive capabilities of the code
with respect to fusion reactors. Implemented features include new HTC correlations,
new fluids, etc. A full RELAP5 TH model was prepared. Blanket was simulated with
equivalent pipes, maintaining the overall thermal inertia. The PHTS cooling circuits were
modelled in detail adopting one-dimensional hydrodynamic components. All the system
equipment (pumps, heat exchangers, pressurizer) and piping were included in the model.
The input deck was initially used to simulate the DEMO full plasma power state, that
is the most challenging scenario during the reactor normal operations. This state was
chosen as initial condition for the transient analysis. The selected initiating events consist
in partial and complete LOFA. Simulations were run considering the PIEs occurring in
both BZ or FW system and they were repeated also assuming the loss of off-site power.
A matrix of interesting scenarios was individuated. A preliminary actuation logic, based
on the consolidated PWR experience and the innovations related to GEN III+ nuclear
reactor design, was proposed and implemented for some reactor components. Simulation
outcomes highlight the appropriateness of the current PHTS design. BB temperatures do
not experience excessive excursions during the plasma shutdown. Pressure transients in BZ
PHTS, FW PHTS and PCS are effectively managed by the related relief systems. The results
underline a strong dependence of the PHTS TH performances on the type of circulation
characterizing each primary cooling circuit. The forced circulation is of great importance in
the management of the initial power transient, while the natural circulation is advisable in
the long term to increase the reactor grace time. On the basis of the calculation outcomes, a
revised BB MCPs management strategy was defined for the cases where the off-site power
is available. It combines the short term benefits of forced circulation and the long term
advantages of natural circulation. In the long term, BZ and FW systems are heated up
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by the BB decay heat, overwhelming the system heat losses. In the current simulations,
the power surplus is dissipated by the pressurizer PORV that opens and discharges PHTS
water mass and related enthalpy. In the future developments of the activity, the DHR
system foreseen for DEMO reactor will be implemented in the input deck to evaluate the
effectiveness of its mitigation action.
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Abbreviations

AC Alternating Current

BB Breeding Blanket

BC Boundary Condition

BRC Breeding Cell

BOL Beginning Of Life

Bz Breeder Zone

CAD Computer Aided Design

CFETR China Fusion Engineering Test Reactor
COB Central Outboard Blanket

Ccv Control Volume

DHR Decay Heat Removal System
DIAEE Dipartimento di Ingegneria Astronautica, Elettrica ed Energetica
DWT Double Walled Tube

EOL End Of Life

EOT End Of Transient

ESS Energy Storage System

EU-DEMO  European Demonstration Power Plant
FP Feeding Pipe

FW First Wall

HCPB Helium Cooled Pebble Bed

HCSG Helicoidal Coil Steam Generator
HEX Heat EXchanger

HS Heat Structure

HTC Heat Transfer Coefficient

1B Inboard Blanket

IHTS Intermediate Heat Transfer System
K-DEMO Korean Demonstration Power Plant
LIB Left Inboard Blanket

LiPb Lithium Lead

LOB Left Outboard Blanket
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LOCA Loss of coolant accident

LOFA Loss of flow accident

LOHS Loss of Heat Sink

MARS-KS  Multi-dimensional Analysis of Reactor Safety
MCP Main Coolant Pump

MS Molten Salt

OB OQutboard Blanket

OTSG Once-Through Steam Generator
PCS Power Conversion System

PHTS Primary Heat Transfer System

PIE Postulated Initiating Event

PORV Pilot (Power)-Operated Relief Valve
PRZ Pressurizer

PT Plasma Termination

PWR Pressurized Water Reactor

RELAP5 Reactor Excursion Leak Analysis Program
RIB Right Inboard Blanket

ROB Right Outboard Blanket

SMS Single Module Segment

SOT Start Of Transient

SRV Safety Relief Valve

TH Thermal-Hydraulics

TSV Turbine Stop Valve

T Turbine Trip

WCCB Water-Cooled Ceramic Breeder
WCLL Water-Cooled Lithium-Lead
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Abstract: This paper presents the testing campaign of the two First Wall mock-ups in the HELOKA
facility, one mock-up having a 3 mm thick Oxide Dispersion Strengthened (ODS) steel layer on its
surface and the other featuring a tungsten functionally graded cover. Special consideration is given
to the diagnostics used for these tests, in particular, the measurement of the surface temperature
of the tungsten functionally graded layer with an infrared camera. Additionally, the paper looks
into the uncertainty associated with the calorimetric evaluation of the applied heating power for
these experiments.

Keywords: DEMO blanket; first wall; ODS steel layer; tungsten functionally graded coating; experimental
investigation

1. Introduction

The presently estimated surface loadings of the EU-DEMO blanket are pushing the
design of the Helium Cooled Pebble Bed breeding blanket closer to the upper limits of
the operation window for the Eurofer97 (European reduced activation ferritic martensitic
steel). To mitigate this issue, various approaches have been investigated. To increase
the temperature upper limits and improve the neutron irradiation performance, novel
nanostructured Oxide Dispersion Strengthened (ODS) steels have been developed [1].
Additionally, to reduce the sputtering due to particle loading of the first wall (FW), the
application of a tungsten coating has been considered [2]. Given the difference in the
thermal expansion coefficient between the two materials, the experimental demonstration
of the good adhesion and stability of such a coating under high heat flux loading is required.
To evaluate experimentally the behavior of an ODS first wall under high heat loadings
as well as the qualification of the tungsten coating procedures, two FW mock-ups have
been manufactured and tested in the Helium Loop Karlsruhe (HELOKA) at KIT: (i) an
FW mock-up with 3 mm ODS plate joined to Eurofer97 plate by diffusion welding [3],
and (ii) an FW mock-up with Functionally Graded Tungsten/Eurofer97 coating (about
1.4 mm) by vacuum plasma spraying [4]. Both mock-ups have cooling channels of shapes
and sizes used for the design of the DEMO blanket and have been subject to high heat flux
cyclic loading while being cooled by helium at blanket relevant operating conditions of
8 MPa and 300 °C (mock-up inlet conditions). The FW mock-ups were installed inside the
HELOKA vacuum vessel (VV), and heated using an electron beam gun (EBG) attached to
the top of the VV. During testing the typical vacuum level was 10~* mbar, a vacuum level
that was found to be optimal for the EBG operation. More details and information about
HELOKA may be found in reference [5].
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The objectives of this paper are to cover the following: (i) testing of the FW mock-
ups under blanket FW operating conditions, namely, cyclic high heat flux and cooling
with helium at 80 bar and 300-350 °C, (ii) describing the diagnostics used in the testing
campaign, especially the surface temperature measurement with an IR camera and the
evaluation of the applied heating power, and (iii) presenting the relevant measurements
obtained during the experiments. Regarding the paper structure, the FW mock-ups are
introduced in Section 2. Then, in Section 3, the measurement sensors and diagnostic tools
are presented, followed by Section 4, which contains the testing parameters for both mock-
ups. Section 5 has two subsections presenting the experimental results of each mock-up.
At the end of the paper, Section 6 is dedicated to the conclusions.

2. Mock-Ups and Experimental Set-Up Description

The two mock-ups, the Functional Graded Tungsten/Eurofer FW (hereafter des-
ignated by FG-FW) and the combined ODS/Eurofer97 FW (ODS-FW), have three and,
correspondingly, five cooling channels of rectangular cross-section, 10 x 15 mm?, with
2 mm filet radius at the corners (see Figures 1b and 2b). The only exception is the middle
channel (3rd channel) in the ODS mock-up, which has a height of 11 mm, the wall thickness
towards the heat-loaded surface being 2.5 mm, with 1 mm thinner than this for the rest
of the channels. The channels are separated one from the other by a 5 mm thick wall. For
the FG-FW, a thermocouple is inserted in a 1.5 mm hole made in the wall between the
2nd and 3rd channel at mid distance between the channel’s inlet and outlet. The hole,
drilled from the back-side of the mock-up, has a depth of 18 mm allowing monitoring of
the temperature field at 3.4 mm below the heat-loaded surface (1.4 mm functional graded
coating and 2 mm base material), as can be seen in Figure 1b.
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Channel 1 . Channel 3

/

TC hole /
(b)
Figure 1. FG mock-up cross-section: (a) Picture of the mock-up cross-section as manufactured;
(b) Drawing of the cross-section with dimensions including the final dimensions of the coating

(1.2 mm FG layer +0.2 mm tungsten cover). Note that, during the final manufacturing steps, the
mock-up lost about 0.6 mm from the initial 0.8 mm of the tungsten layer, as described in [4].
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Figure 2. ODS mock-up: (a) the cooling plate with the cooling channels before the installation of the inlet/outlet manifolds;

(b) cross-section through the mock-up with channels dimensions.

The FG mock-up was made out of a 300 x 100 x 20 mm? Eurofer97 plate, the coating
being applied over a 270 x 62 mm? surface. As can be seen in Figure 1, the coating is
applied slightly asymmetric with respect to the plate width, one side being at about 20 mm
away from the edge and at around 2.5 mm from the 1st channel side wall, the other side
extending 4.5 mm from the 3rd channel wall.

For the ODS mock-up, the cooling channels were cut in a 208 x 160 x 24 mm? plate
through electro-discharge wire cutting, as can be seen in Figure 2a. From Figure 2b it can be
seen that the cooling channels 1, 2, 4 and 5 have a wall thickness towards the heat-loaded
side of 3.5 mm. From this wall thickness, 3 mm is ODS steel and 0.5 mm is Eurofer97.
Channel 4’s height was intentionally increased to 11 mm so that the channel wall contained
only ODS steel. Thus, the wall thickness was reduced to 2.5 mm and the zone where the
joining between ODS and Eurofer97 occurred is exposed to the coolant.

More details about the design and manufacture of the FG and ODS mock-ups are
reported in references [3,4], respectively.

The helium distribution in the cooling channels was conducted using specially de-
signed inlet/outlet manifolds. The design of these flow distributors was optimized for
achieving a uniform mass flow distribution in the cooling channels of the ODS mock-up,
assuming a nominal flow rate per channel of 40 g/s (200 g/s in total). As can be seen
in Figure 3a, the manifolds have a large cylindrical chamber, 32 mm in diameter, where
the helium either coming from the loop or from the channels gathers. For the inlet, the
helium flows from this chamber towards the cooling channels through 11 mm in diameter
and 30 mm long holes. These round channels have the same axis as the cooling channels
themselves and have the function of stabilizing the flow reducing the transverse component
of the flow. The Computational Fluid Dynamics (CFD) analyses performed with ANSYS
CFX show that the expected deviation from the nominal value ranges from around 4%
below the nominal flow rate, in the case of channel 1, and up to 3.5% excess flow in the
case of channel 3 (see Table 1), values that are considered as acceptable for the foreseen
testing conditions.

The inlet/outlet manifolds for the FG mock-up (Figure 3b) were manufactured without
any prior CFD analysis by taking the same cross-section (in the flow direction) as for the
ODS mock-up manifolds and simply reducing the flow distribution length from 100 mm
(5 channels mock-up) to 60 mm (3 channels mock-up).

During testing, the mock-ups were cooled in parallel but, since the set-up does not
allow controlling the flow independently for each mock-up, during a testing session, the
surface heat loading was applied only on one mock-up, while the flow rate through that
particular item was adjusted to the required value.

The two mock-ups were installed, one next to each other, on a joint fixation structure
inside the VV, see Figure 4. This fixation structure was designed in a way that allows free
thermal expansion of the mock-ups in the two directions parallel to the mock-ups surface
but preventing an overall dislocation (movement) of the mock-ups. Each mock-up was
fixed to the holding plate by four stainless steel bolts, two at the manifolds and two on
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the massive parts of the plates that were free to move in slotted holes. Several ceramic
discs were placed between the mock-ups and the holding plate to minimize heat loss
by conduction.
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Figure 3. Geometry of the inlet/outlet manifolds: (a) ODS mock-up; (b) FG mock-up.

Table 1. Calculated channel flow rates under steady-state conditions and deviation from the nominal
values (positive values represent a deficit in the flow and the negative values correspond to an excess
with regard to nominal values).

Flow Channel mn1 Flow Calculated at the Channel Deviation from
Inlet (g/s) Nominal Flow (%)
Flow CH1 38.4 4
Flow CH2 39.5 1.25
Flow CH3 414 —-3.5
Flow CH4 40.2 —-0.5
Flow CH5 40.4 -1
Total 200.2 -0.1

Figure 4. Experimental assembly featuring the two mock-ups.
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3. Measurements & Diagnostics

The two mock-ups were installed in parallel, as can be seen from Figure 5, the coolant
parameters being monitored. Thus, the flow rate through each mock-up and their inlet and
outlet temperatures were monitored, as indicated in Tables 2 and 3.
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Figure 5. Piping and Instrumentation Diagram for the experimental set-up.
Table 2. List of helium parameters monitored for the ODS mock-up.
Sensor/Signal Range
Parameter Label Sensor Type Accuracy
Orifice
Flow rate TS-F-011 (d = 14.365 mm, p = 0.53921) -
Membrane differential
Differential pressure TS-DP-F11 pressure sensor 0 to 5 bar
over the flowmeter (type SIEMENS 0.065% from range
Sitrans P DSIII,)
Membrane pressure sensor
Pressure tbif(":f ﬂ;e TS-P-F11 (type DMP 320 from oo 100 bar
owmete ap BD Sensors GmbH) +/o rom range
Temperature after <1000°C
P TS-T-F11 Thermocouple (type K, class 1)  0.4% x temperature
flowmeter o
(in °C)
<1000 °C
Inlet temperature TS-T-015 Thermocouple (type K, class 1)  0.4% x temperature
(in °C)
<1000 °C
Outlet temperature TS-T-014 Thermocouple (type K, class 1) 0.4% x temperature
(in °C)
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Table 3. List of helium parameters monitored for the FG mock-up.

Sensor/Sig

Parameter Sensor/Signal Sensor Type Range
Label Accuracy
Orifice
Flow rate TS-F-022 (d = 14.365 mm, B = 0.53921) -
Membrane differential
Differential pressure TS-DP-F22 pressure sensor 0 to 5 bar
over the flowmeter (type Sitrans P DSIII from 0.065% from range
SIEMENS)
Membrane pressure sensor
P;lessuretbeforte the TS-P-F22 (type DMP 320 from BD . 1(())/tc; 100 bar
owmeter (+tap) Sensors GmbH) .1% from range
Temperature after <1000°C
f TS-T-F22 Thermocouple (type K, class 1)  0.4% X temperature
owmeter s
(in °C)
<1000 °C
Inlet temperature TS-T-003 Thermocouple (type K, class 1)  0.4% X temperature
(in °C)
<1000 °C
Outlet temperature TS-T-013 Thermocouple (type K, class 1)  0.4% X temperature
(in °C)

The HELOKA facility has a dedicated data acquisition for the experimental test
sections based on National Instruments CompactRIO NI cRIO-9025. This system runs in
parallel with the HELOKA loop own control system, which is based on Siemens SIMATIC
PCS7 (see reference [6] for further details on HELOKA control). The two systems are
synchronized by obtaining the time stamp from the same radio clock (Siemens SICLOCK
TC 400), otherwise they can be independently developed and maintained.

3.1. Mass Flow and Pressure Measurements

The helium mass flow rate is measured downstream of each mock-up using orifice
flowmeters designated in Figure 5 as TS-F-011 for the ODS mock-up and TS-F-022 for the FG
mock-up. The two flowmeters can operate at high pressure, up to 110 bar, and temperatures
up to 550 °C. The flowmeter and their associated transducers were designed initially for
another experiment operating at 400 °C, 8 MPa and 50 g/s. Since the two experiments
required higher flow rates (170 g/s for FG mock-up and 200 g/s for the ODS mock-up),
the original transducers were replaced by new ones of the same type (SIEMENS Sitrans P
DSIII) but having a larger measuring range (0 to 5000 mbar). Differently from the original
transducers that were calibrated and set to deliver the mass flow directly, the new transducers
were used to measure the pressure loss over the orifice, the mass flow being calculated in
the cRIO according to the provisions of DIN-EN-ISO 5167-1 and 2:2004-01 standards. The
calculation uses the helium pressure and temperature measured at the level of the flow meter
using DMP 320 sensors from BD Sensors GmbH (<0.1% uncertainty at a measuring range of
100 bar) and thermocouples type K (3 mm sheath; tolerance class 1), respectively.

Using the existing orifice flow meters means that we needed to cope with large
pressure drops at the flow meters’ level: around 1.5 bar for the FG mock-up and 2.9 bar for
the ODS mock-up. However, the HELOKA loop can easily cope with such loads, while
the systematic uncertainty for the mass flow measurement stays constant at around 1.31%
for all of the measuring range of interest. This value, calculated according to DIN-EN-
ISO 5167-2:2004 and ISO/TR-15377:2007, already takes into account the fact that, for the
pressure and the differential pressure, there is an additional uncertainty of 0.54% associated
with the National Instruments card (NI 9203) that was used during the testing. In the
calculation, this uncertainty is added to the sensor’s systematic uncertainty (0.065% from
the measuring range).
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3.2. Coolant Temperature Measurements

Four thermocouples (TCs) of type K (tolerance class 1) with a 3 mm sheath diameter
measure the helium temperatures at the inlet and outlet pipes of the two mock-ups. The
sensors are installed on the piping 100 mm downstream from the mock-ups inlet/outlet
connecting points. These thermocouples are inserted directly in the helium stream to
reduce the response time.

During testing, the inlet sensors are used to adjust the power of the HELOKA heater
to match the temperature set-point for the loop control. In addition to this, these sensors,
together with the corresponding outlet temperature sensors, are used for the calorimetric
power evaluation.

3.3. Mock-Up Temperature Measurement

The experiments were focused mainly on phenomena occurring on the surface of the
mock-up, therefore dedicated measurements of the mock-up steel are not included. The
only exception is the thermocouple inserted in the wall between channel 2 and 3 of the FG
mock-up. As indicated in [4], this sensor was used during manufacturing to monitor the
surface temperature when the coating step was performed. During testing in HELOKA,
the sensor, a type K sensor with class 1 accuracy, was included in the experimental data
acquisition as an additional way to monitor the temperature of the steel near the heat-
loaded surface. For the ODS mock-up, such a sensor was not needed during manufacturing
and applying a sensor afterwards up to 2 mm below the surface was considered too
intrusive, the sensor would be penetrating into the ODS layer.

Measuring the heated surface temperature using thermocouples was difficult to imple-
ment for the present mock-ups. Having relatively thin walls (3.5 and 4 mm), placing even
thin thermocouples on the surface would impact on the local heat transfer, the thermocou-
ples having a stainless-steel sheath with lower conductivity than the mock-up material.
Additionally, since the experiments were conducted in a vacuum at high heat fluxes, the
thermocouple wires needed to be brazed to the mock-up surface, the presence of the
brazing increasing further the impact on the local heat transfer. This brazing needed to be
performed on the whole path the thermocouple followed on the heated surface (not only on
the tip), to avoid the (relatively fast) destruction of the thermocouple by the electron beam.

For these reasons, a thermal imaging infrared (IR) camera of type X6580 sc, from FLIR
Systems, Inc., (Wilsonville, OR, USA), was used to measure the surface temperatures of
the tested mock-ups. The camera images were also used to define and adjust the electron
beam gun heating pattern by looking at the thermal response of the mock-up.

The camera is installed outside the vacuum vessel, behind an ZnSn window, and the
images are recorded through a mirror system, the same as used in reference [7]. A detailed
description of the camera set-up can be found in reference [7] and will not be repeated
here. The only difference to the experiments presented in [7] is the use of a different camera
filter (NA 3.90—4.01 pm 60%) calibrated for measurements between 300 °C and 1500 °C,
the temperature range to be observed exceeding the limits of the filter used in [7], which
was calibrated for temperatures between 100 °C and 600 °C.

The treatment of the images was carried out using FLIR Systems, Inc., (Wilsonville, OR,
USA) proprietary software, the FLIR ResearchIR Max Version 4.40.9.30 (7 February 2019).
In order to provide reliable values for the surface temperature, this software requires
setting two parameters: the transmission coefficient and the surface emissivity. For the
HELOKA test stand, similarly to the tests presented in [7], the transmission coefficient is
always set to 0.33. The surface emissivity depends on the material and the status of the
mock-up surface; therefore, its value is set (calibrated) at the beginning of each (daily)
run and checked again at the end of the day. The calibration is conducted by selecting a
Region of Interest (ROI) on the surface of the mock-up and bringing the mock-up at 300 °C
using the coolant temperature only. In the absence of external heating and due to the fact
that the mock-ups are in vacuum, there is practically no temperature gradient across the
mock-up walls, the surface having the same temperature as the coolant. Thus, by providing
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the FLIR ResearchIR the coolant temperature value, the software is able to calculate the
corresponding emissivity.

As indicated in [7], in the case of EUROFER97 mock-ups or made out of similar ferritic
martensitic steels, calibrating the emissivity parameter at a coolant temperature of 300 °C
results in a reliable reading for temperatures in the range of 300 °C to 550 °C, the parameter
value staying almost constant above 300 °C. Thus, for the ODS mock-up, the surface
temperatures measured with the IR camera are assumed to have the same uncertainty as
those mentioned in [7], namely, 2% uncertainty for (area) averaged temperatures and 4%
for maximum values.

The situation is different when it comes to tungsten-covered surfaces due to its sub-
stantial change in emissivity with temperature. During previous experiments, in which
massive tungsten blocks were heated up from 300 °C or 450 °C up to temperatures above
1000 °C, it was observed that the IR camera readings were higher than the real surface
temperatures. In these experiments, similar to the first wall experiments presented here,
the emissivity parameter was set at the beginning of the heating cycle when the mock-up
was in thermal equilibrium with the environment.

A well-defined correction formula for such experiments is difficult to produce due to
the multitude of factors coming into play for high heat flux testing, the most significant
being the change in the surface roughness that occurs during the experiment. Nevertheless,
in order to have a better idea of the temperature levels on the surface of the mock-up, we
performed a complementary experiment to deduce a correction relation for the IR camera
readings over a temperature range of 300 to 800 °C. The experiment used the central part
of the FG mock-up, a part that remained available after the samples for the material studies
were cut off. Thus, the test object is only 202 mm long, about 30 mm being cut away
from each end. The mock-up is installed inside the HELOKA vacuum vessel at the same
position as the original mock-up. For the purpose of this experiment, the heating of the
mock-up was conducted using six strip heaters (two heaters per each cooling channel).
Three thermocouples (TC12-14) are fixed on the steel surface and aligned transversely
to contact the tungsten coating as shown in Figure 6. The fourth thermocouple has the
same position as the thermocouple used to monitor the mock-up base material temperature
during the high heat flux testing. The TCs are type K (accuracy class 1) with 1 mm sheath
diameter and temperature limit of 1000 °C.

Figure 6. Experimental set-up for determining the correlation between IR camera temperature
readings and the real surface temperature for tungsten surfaces.

The data for the correction formula were gathered during three runs. In each run, the
six heaters were turned on to heat the mock-up top surface to 300 °C and the heaters’ power
supplies were adjusted so that the readings of the four thermocouples was stationary. This
initial state was used to set the emissivity parameter of the IR camera the same way as
was carried out in the FG mock-up testing campaign. Once the setting of the emissivity
was performed, the temperature of the mock-up was increased in steps of 100 °C until
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reaching the final temperature of 800 °C. During the run, the temperature measurements of
TC12-14 were saved while the IR camera software recorded images of the test object. Three
ROI (Region of Interest), in the shape of 3 x 3-pixel regions, were placed on the tungsten
coating area close to the thermocouples. Under stationary conditions, these regions should
have the same temperatures (or very close ones) as the neighboring thermocouples on the
steel surface. The temperature values obtained from FLIR ResearchlIR for the three ROIs
and the corresponding thermocouple readings were processed using OriginPro software
(OriginPro, Version 2021, OriginLab Corporation, Northampton, MA, USA). Figure 7 shows
the FV (Fasano and Vio [8]) linear fitting of the thermocouples’ (TC12-14) measurements
versus the IR camera’s temperature measurements in the three runs. This fitting method
was preferred to the OriginPro default method (York) since it allows us to take in account
uncertainties in both coordinates /variables. All thermocouples measurements were plotted
associated with both the systematic and random errors.
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Figure 7. Fasano and Vio [8] fit of the IR camera measurements and the W-slab thermocouple.

4. Testing Parameters and Loading Conditions

The two FW mock-ups were subject to high heat cyclic loading, and were cooled by
helium at 8 MPa. In both cases, the loading starts when the mock-ups have a temperature
level around 300 °C. A predefined scanning pattern allows the application of a rather
uniform surface heat load by means of an electron beam gun. The selected loading level
is reached relatively fast, after 1 s, the beam power being already at the selected level.
The duration of the beam pulse is mostly determined by the time needed by the helium
outlet temperature to reach a stationary value so that the value of the power deposited on
the mock-up can be evaluated calorimetrically. This duration was set at 150 s for the FG
mock-up and 120 s for the ODS-mock-up. After the beam is shut-off, a cool-down period
of similar length is needed so that the mock-ups return to the same thermal state as before
the beam was applied, namely a uniform temperature of 300 °C.

The EB gun scanning pattern is defined in such a way that the loading of the weld
seams between the inlet/outlet manifolds is avoided. Additionally, on the transverse
direction to the channels, the heating patterns are limited to the area above the cooling
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channels. Both mock-ups have, left and right of the channel’s region, massive steel parts
that are of limited interest for the experiment, but they can influence the duration of a
loading cycle, the more heat that is applied over these regions, the longer it will take for
the mock-ups to cool-down. The shape of the electron beam pattern and the uniformity
of the heating loads were estimated by looking at the mock-up’s surface thermal images
recorded by the IR camera.

For the FG mock-up, the testing parameters listed in Table 4 were selected so that the
temperature of the steel substrate was maintained below the maximum working tempera-
ture of the material (550 °C), as indicated in reference [4]. Based on their calculations, for an
applied heat flux of 750 kW /m?, the steel temperature should be around 530 °C. However,
estimating the heat flux is not trivial, an estimation directly from the beam power being
far from straightforward due to the fact that the fraction of the power transferred as heat
flux to the mock-up depends strongly on the surface material, and the FG mock-up has
both tungsten and steel. For the experiment, the setting of the beam power was conducted
at the beginning of the testing campaign by increasing, progressively, the beam power
while maintaining the specified cooling conditions, until the thermocouple installed in the
middle of the mock-up indicated a temperature around 500 °C. Using the simplified con-
vection/conduction model from [4] for the wall temperature increase along the mock-up
channel, having 500 °C half-distance along the channel would correspond to a heat flux of
625 kW /m?. Under these conditions, the same model predicts that the substrate maximum
temperature would stay below 550 °C. However, the evaluation of the experimental results
indicate that the calorimetrically estimated heat flux was close to 730 kW /m?, which means
that the real heat transfer coefficients were higher than those from the model.

Table 4. Testing parameters of the FG mock-up (see [4] for details).

Helium Mass Flow Rate 170 g/s
Helium inlet temperature 300 °C
Helium pressure 8 MPa
Maximum heat flux 700 kW /m?
Substrate temperature limit <520 °C
Heating on/off time 150s/150 s
Number of cycles 1000

Figure 8 shows an infrared image of the mock-up taken during testing. In this picture,
one can see the thermal response to the applied heating pattern, indicating that the area of
uniform heat flux is somewhat smaller than the coated area, both in the direction of the
flow and in the transverse direction. This is mainly due to the fact that the beam spot has a
diameter of about 15 mm and a Gaussian shape. This means that, in order to avoid heating
the welds or the bulk steel on the sides, we have to restrict the scanning pattern inside
the coated area. Nevertheless, there is an area sufficiently large towards the outlet of the
mock-up that has suitable testing conditions.

In the case of the FG mock-up, the objective was to cycle for 1000 times the tungsten
coating at the highest surface heat flux possible while keeping the substrate (steel) at
temperatures below 550 °C. The flow rate was set to the maximum value allowed by the
experimental set-up. For the ODS mock-up, the main objective was to apply 100 cycles
while reaching a specified surface temperature under typical blanket First Wall cooling
conditions, namely 40 g/s in each cooling channel (200 g/s in total). Table 5 presents
the complete test matrix for the ODS mock-up. After the original testing objectives were
reached, it was decided to apply the same load as that for the last fatigue tests (0.9 MW/ mz)
and maintain it for a longer time in order to activate creep or other thermal effects in the
ODS layer (see [4] for more details). The duration of these pulses was chosen having in
mind a typical EU-DEMO pulse duration.
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Figure 8. Thermal image of the FG mock-up by the IR camera. The red rectangle marks the coated
area and the red and blue cross marks the position of the hottest and, respectively, the coldest point
on the coating. The coolant at 300 °C enters the target from the right side and flows to the left side.

Table 5. Test matrix for the ODS mock-up.

Cycles He Inlet T Surface T Heat on/off Time Est. Heat Flux
100 300 °C 550 °C 120s/120 s 700 kW /m?
100 300 °C 600 °C 120s/120 s 800 kW /m?
100 350 °C 650 °C 120s/120 s 900 kW/m?

7 350 °C 650 °C 2h/5min 900 kW /m?

For the ODS mock-up, the selection of the heating pattern was conducted following
the same general guidelines and procedures as for the FG mock-up. Since the ODS layer
covered the whole surface, the lateral extent of the electron beam scanning pattern was
determined by looking at the two junctions between the inlet and outlet manifolds to the
main plate. In the flow direction, the extent of the scanning pattern was decided based
on a preliminary stress analysis carried out with ANSYS software. The reason for this
was that the welds between the manifolds and the main plate contained ODS material
and, at the time when the experiment was performed, we had no thorough investigation
and qualification of these kind of welds (and the associated heat treatment). As such, in
planning the experiment, it was decided to keep these zones at stress levels well below the
allowable limits. Following these investigations, it was decided to use a heating pattern
with a length of 11 mm in the flow direction.

The stress analysis also showed that, for the first two series of cycles (700 kW /m? and
800 kW /m?), the stresses stay below the allowable limits defined by RCC-MRx code [9]
for EUROFER97. When going to higher surface loadings (900 kW / m?) and higher surface
temperatures, the design code ratcheting criteria (3Sm) is no longer fulfilled. However, by
increasing the inlet temperature to 350 °C and using a surface heat flux of 900 kW /m?, the
model predicts thermal stresses that exceed by only 10% the allowable values for EUROFER.
These values occur within the mock-up wall towards the heated surface, which is mostly
made out of ODS steel. While the characterization of the ODS steels is an on-going activity,
it is expected that the mechanical properties of these steels will see an improvement as
compared with the EUROFER in the range of 20%. As a consequence, it was decided that,
for the tests aiming at 650 °C, the helium inlet temperature was increased from 300 °C to
350 °C.
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5. Results and Discussion
5.1. Results for the FG Mock-Up

In this section, the results of the FW and FG mock-up experimental runs are pre-
sented. Testing of the FG mock-up was performed to investigate the durability of the
Tungsten/Eurofer97 coating by exposing it to high heat loadings. Applying this loading
repeatedly, the experiment aimed to demonstrate the robustness of the coating. Figure 9
shows the measured values of the inlet helium temperature (T-in), outlet helium temper-
ature (T-out) and the internal mock-up temperature (T-TC) for a representative group of
seven thermal cycles recorded during the experimental run of the 5 August 2019. The
reproducibility of the three temperatures, measured in these cycles, shows that the exper-
iment was producing similar heating cycles. As can be seen in Figure 9, when the heat
load is applied to the mock-up, the outlet helium temperature reaches a maximum value
of 314.5 °C, while the thermocouple embedded into the mock-up measures a temperature
of 488 °C. During the beam-off period, both the outlet helium temperature and internal
mock-up temperature go down to the inlet helium temperature level of 300 °C. The good
reproducibility of the testing conditions can be seen also by compiling an “averaged”
loading cycle. Thus, by taking 15 consecutive cycles (the 7 cycles shown in Figure 9 and
the following 8 cycles) and treating them as individual realizations of a typical 300-s-long
loading cycle, we can compute an averaged evolution of the various parameters. Figure 10
shows the average values over the 15 cycles of the temperature measured by the mock-up
thermocouple and the associated standard deviations (random uncertainties). From this
figure, one can see that the temperature near the surface of the mock-up reaches, rather
quickly, a stationary value having a standard deviation in that region around 0.01 °C, which
indicates a very good reproducibility of the testing conditions. The situation is slightly
different during the ramp-up and ramp-down phases when the standard deviation can
reach up to 14 °C. While the duration of the transient phases is the same for all of the
15 cycles, the large deviation could be due to the fact that during the heating-up phase,
there might be slight variations in the electron beam gun operation. Moreover, the instant
the shut-off signal for the beam is initiated could slightly differ from cycle to cycle, leading
to high deviations in the cool-down phase.
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Figure 9. Temperatures (T-in, T-out, T-TC) in 7 cycles for FG mock-up during the run 5 August 2019.

From the available data we can evaluate the power increase in the helium stream. For
this we apply a two-step procedure as follows:
1.  From the measured data, we compile first typical evolution profiles for the helium
mass flow rate 71, and the mock-up inlet and outlet temperatures, T;, and T,y in
a similar way it was carried out for the mock-up thermocouple measurement. To-
gether with the averaged values we also obtain the associated standard deviation,
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which will give us the measure of the random uncertainty. The associated systematic
uncertainties are calculated using the averaged values of the parameters.

2. From these averaged profiles, the evolution of the power rise over the mock-up is
calculated using the formula

P= mcp(Tout - Tm) (l)

where C,, is the helium specific heat capacity. Here, for the specific heat capacity (Cy)
of helium, we consider a value of 5.195 k] /kg-K with an uncertainty of 0.3% according
to reference [10]. The associated systematic uncertainty is calculated as

2 . 2 . 2
u% = (Cp(Tout - Tl-n)um) + (m(TDut - Tin)uCp) + (me) (uZTau[ + uzTin> )

where u,,;, Uy, and gy, are the systematic uncertainties calculated in the first step,
while ucy = 15.585 W /kg-K. The random uncertainties are obtained using the same
formula and taking the corresponding random uncertainties for the mass flow and
temperatures, the random uncertainty for the specific heat capacity being taken
as zero.
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Figure 10. Temperature evolution at the mock-up thermocouple position averaged over 15 cycles
during a run from 5 August 2019 for FG mock-up.

Similar to the thermocouple measurements shown in Figure 10, the power applied
over the 15 cycles shows a good reproducibility, as can be seen in Figure 11a. In this figure,
the mean values for the power and the associated random uncertainties are shown. From
this figure, one can see that the time evolution is slightly different from that in Figure 10,
the profile reaching a stationary value only shortly before the heating period stops. This
behavior is mainly due to the impact of the outlet manifold thermal inertia to the helium
power intake evolution, the hot helium exiting the mock-up channels losing a part of its
enthalpy to the colder manifold walls. Once the manifold reaches the same temperature as
the helium coming from the heated zone, the outlet temperature signal becomes stationary.
Due to this delay in the outlet temperature measurement, the power applied by the electron
beam gun to the mock-up can be correctly estimated only from the part where stationary
conditions are achieved, and all of the input power exits the system as helium enthalpy.
Taking the last 30 values before the end of the beam-on period, we obtain for the applied
power a value of 12.3 kW with a standard deviation of +0.04 kW. However, when taking
into account the systematic uncertainties, the total uncertainty of the estimated power
increases to 1.5 kW, which represents 12.3% from the estimated value. Assuming that the
heat flux is applied uniformly over the whole coated area, the resulting applied average
heat flux is then 734 kW/m? = 90 kW /m?, a value obtained by dividing the power by the
area of the loaded zone (1.674-10~2 m?)
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Figure 11. Helium power intake averaged over 15 pulses (run from 5 August 2019): (a) power with associated random

uncertainty; (b) power with associated measurement uncertainty.

These results show that there is a relatively high uncertainty in the estimated power
levels and, consequently, on the evaluated heat fluxes, despite using sensors with low
uncertainty. Looking more in detail, one can see that this is due to having a low temperature
increase over the mock-up: while the temperature sensors themselves have a low uncer-
tainty (0.4% from the temperature, which corresponds roughly to 1.2 °C in our case), the
temperature difference, which is close to 12 °C, has an associated uncertainty of 1.7 °C or
14.7% relative uncertainty. This high uncertainty dominates, in fact, the overall uncertainty
of the power evaluation at any point during the pulse, as can be seen in Figure 11b.

A typical temperature distribution of the FG mock-up surface obtained by the IR
camera can be seen in Figure 8. In this picture, the temperature scale was set from 300 °C
(black) to 800 °C (white), and the image was recorded using a Plateau Equalization (PE)
algorithm available in the FLIR ResearchIR Max Version 4.40.9.30 (7 February 2019) software
from FLIR Systems, Inc., Wilsonville, OR, USA. In this picture, the maximum surface
temperature recorded by the IR camera is close to 750 °C and is located at the white
area near the helium outlet side of the mock-up. Using the correction formula deduced
above (see Figure 7), the real surface temperature should be around 670 °C, as can be seen
in Figure 12, where the axial and transverse temperature profiles through the point of
maximum temperature are plotted.

For the last 200 cycles the beam power was increased, the power deposited into the
mock-up being 13.25 + 1.56 kW. This led to an increase in the surface temperature, the
IR camera recorded value being around 800 °C, as reported in reference [4]. Using the
correction formula introduced earlier, the estimated maximum temperature on the mock-up
surface would be close to 750 °C (see the profiles using a star as a symbol in Figure 12).

Figure 13 shows the status of the heat-loaded coating area of the FG mock-up after
finishing the testing campaign. The impact of the high heat flux on the surface can be
observed clearly, however, the thermal stability of the coating successfully survived the
thermal fatigue tests. The Tungsten/Eurofer97 coating layer did not fail or separate during
(or after completing) the heating cycles.
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Figure 12. FG mock-up temperature profiles obtained from IR camera, the corresponding corrected
profiles and (CFX) simulated temperature profiles: (a) axial temperature profile; (b) transversal
temperature profile. The profiles are taken through the point of maximum temperature of the

temperature field.
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Figure 13. Status of the heat-loaded FG mock-up surface after the testing, the flow direction in the
channels being from right to the left. The dark area in the center of the picture indicates the zone
subject to high-heat flux loading: (a) transverse measurement of the FG-layer and of the loaded area;
(b) measurement of the longitudinal dimensions of the FG-layer and the loaded surface.

From both the temperature profile measurements in Figure 12b and the shape of the
darker zone in Figure 13, it can be seen that the heating profile is not uniform over the
whole coated surface, meaning that the uniform heat flux level will be higher in the middle
of the coating, dropping quickly towards the sides. Given the fact that the beam profile
can be approximated with a Gaussian, the profile on the sides will follow the same law,
the width being determined by the beam spot diameter, which has been estimated to
13.56 mm. To understand better what the real loading conditions on the mock-up were, we
simulated the experiment with ANSYS CFX (2021 R1) both using a uniform heat flux and a
profiled heat flux. In both cases the coolant enthalpy rise was the same, 12.3 kW, as in the
experiments from 5 August 2019. For the profiled heat flux, the area where the applied heat
flux is constant (red zone in Figure 14a) has been adjusted so that the resulting temperature
field (Figure 14b) matches the darkened area observed on the surface of the mock-up from
Figure 13. The resulting heat flux profile has a peak value close to 930 kW /m? for the same
rise in helium enthalpy as for the case when the heat flux is applied uniformly over the
whole coated area. The temperature profiles, both in the axial and transverse direction, are
in good agreement with the corrected profiles obtained from the IR camera readings from
the experiment on 5 August 2019.
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Figure 14. Surface temperature field simulated with CFX: (a) profiled heat flux distribution (930 kW/m? peak flux);
(b) surface temperature using the profiled heat flux; (c) surface temperature obtained for a uniform heat flux of 734 kW /m?.

5.2. Results for the ODS Mock-Up

Figure 15 shows the measured values of the inlet helium temperature (T-in) and outlet
helium temperature (T-out) for seven short (4 min) heating cycles selected from the testing
run of the 9 September 2019. Similar to the experimental sessions for the FG mock-up,
in this case the experimental settings ensure a good reproducibility of the loading cycles
and generate consistent results. For these tests, the outlet helium temperature reaches a
maximum value of 307 °C during the heating-on phase and then decreases down to 301 °C
at the end of the heating-off phase of the heating cycle. Additionally, in this run, the inlet
helium temperature is about 300.4 °C, which is slightly higher than the set value of 300 °C.

After the completion of the specified number of short pulses, the mock-up was exposed
to seven long pulses (one on 7 October, three on 8 October and three on 9 October, 2019),
each one being 2 h long. Figure 16 shows the inlet helium temperature (T-in) and outlet
helium temperature (T-out) versus the time during the testing run of 8 October 2019. In
those runs, the helium mass flow rate was 201 g/s, and the inlet helium temperature was
about 351.4 °C. The outlet helium temperature has a maximum value of 360.3 °C during
the heating phase and a minimum value of about 352 °C at the end of the heating-off phase
of the heating cycle. The helium temperature rise is about 8.3 °C.

125



Energies 2021, 14, 7580

309

—— T-in —— T-out
308

307
306 -
305
304

303 4

Temperature (°C)

302

301

300

299

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 15. Temperatures (T-in and T-out) in 7 short cycles for ODS mock-up run 9 September 2019.
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Figure 16. Temperatures (T-in and T-out) in the long cycles for ODS mock-up run from 8 October 2019.

Similar to the FG mock-up, Figure 17a shows the helium enthalpy rise over the mock-
up averaged over 15 cycles as well as the associated random uncertainty. The low standard
deviations associated with the data over most of the stationary side of the pulse are an
indication of the good reproducibility of the loading cycles. When also taking into account
the systematic uncertainties associated with the individual measurements, the same as
for the FG mock-up, the total uncertainty for the calorimetrically estimated power intake
(given in Figure 17b) is almost the same (minimum = £+1.81 kW and maximum = 1.9 kW).
At the top plateau where the power is about 7 kW, the total uncertainty is about 1.81 kW
(i.e., the relative uncertainty is about £26%). The same as for the FG mock-up, the major
contribution to the uncertainty associated with the power estimation comes from the un-
certainty in evaluating the temperature difference, AT, which is relatively large because
the temperature difference AT is relatively small (maximum AT = 6.7 °C). Since the uncer-
tainties in the measurement of the temperatures are almost the same for the two mock-ups,
having a lower temperature increase in the ODS experiment means that we have a larger
power uncertainty compared to the FG mock-up.

For the long pulses we follow a different approach in evaluating the enthalpy rise in
the mock-up. Having only seven pulses, it does not make sense in averaging over the pulses
as we did for the short loading cycles. However, the long steady-state region provides us
with enough measurement points to estimate the power input during each pulse or an
overall value for this type of loading. If we consider the data from all three days, the heat
load is estimated to be 9.11 kW/m? + 2.1 kW/m? (relative total uncertainty 23.1%).
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Figure 17. Power evolution for the run of 19 September 2019: (a) values averaged over 15 consecutive cycles with the
associated standard deviation; (b) power evolution including the associated uncertainty.

The situation is even more complex when it comes to evaluating the applied heat flux
because, during the experiment, there is no clear delimitation of the area on which the heat
load is applied, for the FG mock-up, the limits of the coating provide a better reference.
Looking at the surface of the mock-up after the experiment (Figure 18), one can see that
there is a zone 110 mm long and 90 mm wide that has a rather uniform change in color
(light yellow) surrounded by what seems a transition area with a thickness of 5 mm. The
first observation that can be made is that, in the flow direction the heated zone covers
more than half of the channels’ length (110 mm from 208 mm total length), while in the
transverse direction only three channels are below the high heat-loaded zone.
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Figure 18. Status of the heat-loaded ODS mock-up surface after the testing, in both pictures the flow direction in the
channels being from left to the right. The light-yellow area in the center of the picture indicates the zone subject to high-heat
flux loading: (a) longitudinal measurement of the loaded area; (b) measurement of the mock-up transverse dimensions and
of the loaded surface.

Figure 19 shows the ODS mock-up surface temperature distribution as recorded by
the IR camera. The maximum surface temperature is about 656 °C and it occurs in the
white colored area in the upper half of the mock-up. Using the channel numbering from
Figure 2b, this maximum value occurs on top of channel number 2.
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Figure 19. Thermal image of the ODS mock-up by the IR camera. The coolant inlet is on the bottom
of the figure, the helium channels being oriented vertically in this picture. The red cross indicates the
position of the maximum temperature (656 °C) and the blue cross the lowest temperature (504 °C)
the averaged value being around 612 °C.

The longitudinal and transverse temperatures profiles (shown in Figure 20) across
the ODS mock-up surface were also generated by the IR camera software for the same run
from 7 October 2019, for which the picture in Figure 19 was taken.
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Figure 20. Temperatures profiles across the ODS mock-up in run of 7 October 2019: (a) longitudinal; (b) transversal. The
numerically simulated profiles are drawn with red continuous line.

Both the IR image and the temperature profiles were taken during the long pulse
when the highest surface temperature was obtained (close to 670 °C). For comparison, the
tests were simulated using ANSYS CFX (2021 R1). The numerical simulation uses the same
coolant conditions as in the experiment (350 °C and 201 g/s), the surface heating being
applied uniformly over a 110 x 90 mm? area, similar with the yellow area measured on the
mock-up itself. Similar to the simulation conducted for the FG mock-up, outside this zone
the heating profile drops following a Gaussian with a full width at half maximum (FWHM)
of 13.56 mm. From Figure 20 it can be seen that there is a relatively good agreement
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between the model and the experiment, in particular in what concerns the axial profile. On
the transverse direction, the simulation gives a flatter profile in the top region than what
is recorded by the IR camera. Moreover, the peak temperature values occur on top of the
middle channel (number 3) and the second channel from the left, while the temperature
slightly drops towards the right-hand side. The trend of having lower values on the right-
hand side of the mock-up is also visible in the experiment but there the middle channel has
lower temperatures as compared to the two neighboring channels. The fact that the middle
channel has a thinner wall would explain, to some extent, the temperature profile observed
experimentally; however, having a channel with a larger cross-section, the coolant velocity
would be smaller than in the other channels, reducing the heat transfer performances. The
latter would explain the profile obtained numerically. To clarify these aspects and to further
analyze the mechanical stresses that occurred during the experiment, further numerical
investigations are under way.

In general, it can be stated that the ODS mock-up was tested successfully (i.e., without
any failure or damage) in three hundred short (4 min.) heating cycles and seven long (2 h)
heating cycles, as planned. The surface area, which received the electron beam heating, has
an obvious change in its color (see the blue-black square contours) as seen in Figure 18.
However, besides this change in color, the material analysis conducted afterwards did not
find any significant changes in the material structure, as reported in [3].

6. Conclusions

This paper describes the experimental campaign of two breeding blanket first wall
mock-ups with special consideration of the diagnostics used, in particular, the measurement
of the surface temperature with an IR camera and the evaluation of the applied heating
power. Both mock-ups completed the specified testing program without any signs of
deterioration. The data acquired during these experiments show a good reproducibility of
the loading cycles and a stable loop operation at helium-cooled breeding blanket relevant
conditions. The calorimetric evaluation of the power deposited on the mock-ups shows
relatively large uncertainties, despite using sensors with the lowest commercially available
uncertainty. The reason for this is mainly due to the uncertainty associated with the
estimation of the temperature rise over the mock-up, which is calculated from the inlet and
outlet temperature measurements. Since these experiments have a modest temperature
difference between the inlet and outlet (typically around 10 °C), the associated uncertainty
(around 1.7 °C at temperatures around 300 °C) represents about 17% of the calculated value.
For the experiments presented in this paper, the value of the power and the associated heat
fluxes had only an informative value, the focus here being on the behavior of the materials,
therefore, a lower uncertainty on the power evaluation was not required. Nevertheless,
numerical studies of these two experiments are underway to evaluate the associated
uncertainty of the mechanical stresses.

The experimental investigation and obtained results for the two mock-ups will support
the development activities of the advanced Eurofer97 steels as well as the manufacturing
techniques for the fusion FW.
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Abstract: A new type of Water Lead Lithium Cooled (WLLC) blanket that adopts the modular design
scheme, water cooling the structure components, liquid PbLi as breeder and coolant, and SiC as the
thermal insulator between PbLi and structures is under development as a candidate blanket concept
for the Chinese Fusion Engineering Test Reactor (CFETR). Based on a poloidal-radial slice model,
thermal hydraulic analysis is performed for this blanket to validate the feasibility of design goals.
Results show that the present design can achieve the outlet temperature in the range of 600-700 °C,
with all the material temperatures safely below the upper limits. A series of sensitivity analyses
are also carried out. It indicates that the thermal conductivity (TC) of SiC would have a significant
influence on the temperature field, streamlines and pressure drop; that is, lower TC of SiC can
maintain the temperature of PbLi at a high level, and induce an increased number of vortices in the
liquid PbLi flow as well as a larger pressure drop. On this basis, the joint effects of the TC of SiC
and inlet velocity on the performance of blanket thermal hydraulics are analyzed, then the so-called
“attainable region” is proposed. Finally, optimization design studies are carried out by decreasing the
width of the front channel. Comparison results show that the present design is the most reasonable.

Keywords: thermal hydraulic; WLLC blanket; CFETR

1. Introduction

The mission of the Chinese Fusion Engineering Test Reactor (CFETR) is to demonstrate
fusion energy production on the basis of ITER’s existing technologies [1]. The blanket sur-
rounding the plasma is an essential component, which should achieve three main functions:
reliable shielding performance, sufficient tritium breeding, and efficient heat removal for
electricity production. Blanket concepts can be classified into solid and liquid blankets
according to the physical form of functional materials [2—4]. The liquid blanket relies
on the compound or alloy containing lithium as tritium breeder and neutron multiplier,
which has inherent advantages, i.e., good geometric adaptability, possibility to bring the
breeders out of the blanket for tritium extraction, and higher thermal conductivity, etc. [5].
The family of liquid breeders mainly comprises pure lithium, lead lithium (PbLi), and
low melting point ternary Pb-Li-X. Recently, the PbLi eutectic alloy has been widely used
because of its much lower chemical reactivity with air and water, which can be used for
blanket structure cooling.

Researchers have explored a variety of feasible liquid blankets, aiming at obtaining
higher coolant temperatures for efficient electricity generation through reasonable structure
and thermal hydraulic design. In some of the advanced conceptual designs [6-8], i.e.,
ARIES-AT, Tauro, and the He-Li-V blanket, the structure uses high-temperature resistant
materials, such as ceramic composite (SiC¢/SiC) or vanadium alloy. SiC is attractive as
it allows higher operation temperature and removes decay heat, alleviating the loss of
coolant accident (LOCA) and loss of flow accident(LOFA). However, this material shows
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apparent deterioration in thermal and mechanical properties under neutron irradiation
conditions, and it is challenging to bear the static and disruption pressure from liquid metal
due to the low ductility. Besides, the manufacturing technology for both SiC and vanadium
alloy is immature, and this limits industrial-scale applications. These problems may be
overcome by using the mature Reduced Activation Ferritic Martensite (RAFM) steel as the
structural material, which is cooled below 550 °C by gas or water. This blanket design is
divided into self-cooled and separately cooled concepts, respectively, depending on the
velocity level (~10 mm/s or ~1 mm/s) of liquid PbLi. The self-cooled blanket uses PbLi
as tritium carrier and coolant, which is circulated at a large velocity towards the external
heat exchanger, thus the Magnetohydrodynamics (MHD) effect is inevitable. It needs flow
channel inserts (FCI) acting as a thermal and electricity insulator between the PbLi and
steel structures [9-11]. On the contrary, the separately cooled blanket adopts stagnant or
slowly flowing PbLi only for tritium carrying, whereas the heat is removed by another
coolant in the structural component, thus the MHD effects are not important. The WCLL
and HCLL blankets [12,13] are such examples.

In the liquid blanket design, researchers usually neglect the MHD effect and adopt
commercial computation fluid dynamic (CFD) software to optimize the structure design
and obtain preliminary thermal hydraulic results, then the MHD is further investigated.
For example, E. Martelli established the sliced three-dimensional (3D) model based on
the outboard equatorial plane, then adopted ANSYS CFEX to evaluate the heat removal
capacity of the first wall and breeder zone, and further optimize the cooling tube layout
to simplify the structure [14]. Similarly, R. Boullon optimized the cooling channel design
based on the 1/4 model of the HCLL blanket [15]. W. Li modified the system analysis code
RELAP5/MOD3 by inserting into the governing equations the MHD pressure and heat
transfer coefficient between PbLi and helium, then applied it to analyze the DFLL-TBM [16].
I. Fernandez developed a 1D thermal hydraulic code, which can obtain the global design
parameters for the outboard blanket. Besides, it is found that there appears to be buoyancy-
driven flow in the front poloidal channel due to the radially decreasing power heating [17].
W. Ni further theoretically studied the effects of strong buoyancy on flow and heat transfer
characteristics in the front channel [18].

The water lead lithium cooled blanket (WLLC) is being under development as a can-
didate blanket concept for CFETR. It adopts the self-cooled design, which uses pressurized
water (15.5 MPa, 285/325 °C) removing heat from the structural components, and liquid
PbLi at an inlet temperature of 460 °C flowing through the blanket to carry heat and tritium
from the breeder zones. The temperature of the slowly moving PbLi finally approaches
600-700 °C for heat exchange. The present paper addresses the design feasibility of this
WLLC blanket from the thermal hydraulic perspectives.

2. Structural Design

As shown in Figure 1, the CFETR blanket system consists of 16 sectors along the
toroidal direction, and each sector includes three outboard and two inboard segments.
To maintain the fusion machine conveniently by remote handling and reduce the elec-
tromagnetic force, the blanket layout adopts a multi-modular segment (MMS) design.
The outboard and inboard segments have 5 and 6 blanket modules, respectively. The
detailed structure design of outboard module 3# located on the equatorial plane is shown
in Figure 2.

The blanket uses RAFM steel as the structural material, and the main components
include the first wall (FW), cooling plates (CPs), stiffening plates (SPs), and cover plates.
These components share the same manifolds, which makes water flowing into them in
parallel. The FW is a U-shaped structure in which the coolant water passes through the
channels along the radial-toroidal direction, and the flowing direction between adjacent
channels is set opposite to alleviate the mechanical stress. Moreover, there is a layer of
tungsten coating on the FW to protect it from plasma erosion and corrosion. The CPs
are designed as an intersecting “7” shape, and it collaborates with the SPs to form the 5
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First wall

(toroidal) x 3 (radial) PbLi channels. The PbLi flows upwards, then turns into two separate
channels, finally converges before the manifolds. To reduce the MHD effects and increase
the outlet temperature of PbLi, the SiC layer acting as a thermal and electrical insulator is
inserted between PbLi and the structural steel. A gap filling with PbLi between the SiC
and structural steel is preserved on purpose, which can avoid structural stress resulting
from the direct contact between two different materials. Between the adjacent SPs, Bej,Ti
blocks are inserted to further enhance the capability of neutron multiplying.

The design feature must satisfy multiple requirements because there are strong cou-
pling effects between neutronics and thermal hydraulics. For example, neutronic trans-
portation creates nuclear heat on the structure, and thermal hydraulic analysis is based on
the power distribution. On the contrary, thermal hydraulic optimization on the structure
arrangement will change the neutronics performance, i.e., TBR and nuclear heating [19].
There are several design criteria for thermal hydraulic analysis, as shown in Table 1. In
principle, under the condition that the material temperature is below the upper limit, the
outlet temperature of PbLi should be as high as possible (600-700 °C) to achieve efficient
power conversion, which is the key objective for blanket design. Besides, the interface
temperature between RAFM steel and PbLi in the gap is controlled by coolant water, and it
should be kept below 480 °C to prevent corrosion acceleration.

(a) CFETR

(b) Blanket sector for:

Figure 1. CFETR and blanket layout.

Manifold

Be,,Ti block Cooling plate 2
Be,,Ti block
& Stiffening plates
Coolmg plate 1 PbLi gap
Covcr plate A
(a) explosive O s F‘m walll
Cooling plate 1
& Cooling plate 2
Stiffening plates
” ‘Water manifold
3 PbLi manifold
(b) coolant route (c) toroidal-radial cross section

Figure 2. Structural design of the WLLC blanket (module 3#).
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Table 1. Design criteria for thermal hydraulics.

Items Temp. Limit (°C)
Water inlet: 285/ outlet: 325
PbLi inlet: 460/ outlet: 600-700
BelzTi 900
RAFM 500
SiC 1000
PbLi-RAFM interface 480

3. Numerical Model

The commercial computational fluid dynamic (CFD) code FLUENT is adopted to
perform the analyses. In all the analyses, the minimum Reynolds number under the
velocity of 0.03 m/s is 41,574, and it is already within the turbulent region. The SST k-w
model is used to model turbulence as it is capable of simulating the internal channel flow
separation against the pressure gradient, which is a common phenomenon in this WLLC
model. Since we only consider the performance of the blanket steady-state operation, the
steady-state model is employed. And the pressure-based solver is used. Besides, the PbLi
flow has an uneven distribution of nuclear heating along the radial direction, and it is
subjected to the gravity force, thus there are strong buoyancy-driven effects. We use the
Boussinesq approximation to model the thermal convection equation, as given in
ap %

*a@*”ax;

Po% +Pou;‘uf’_ = — apogi(T — To) ()
Y

where « is the thermal expansion coefficient of the coolant, 1/°C; py and T is reference

density (kg/m?) and temperature (°C), respectively. This approximation considers the

density change caused by temperature change and applies it to adjust the momentum

governing equation. By employing this approximation, the buoyancy-driven flow can be

simulated.

In order to obtain the preliminary thermal hydraulic results for optimization with
improved calculation efficiency, a 2D model is developed and adopted for the analysis
(Figure 3). This model is a poloidal and radial slice, which is located on the toroidal central
plane based on the 3D blanket model. The heat flux from plasma is set as 0.5 MW /m?.
The temperature on the backplate is fixed as 285 °C since it directly contacts the inlet
manifold containing water. A heat-transfer boundary condition of the third kind derived
from Newton’s law of cooling, which includes the bulk temperature of coolant and heat
transfer coefficient (HTC), is applied. The bulk temperature in each component and the
corresponding HTC values [20,21] used in the calculation are listed in Table 2. The nuclear
power distribution along the radial direction is obtained using a 3D MCNP analysis, and
the results are normalized to 1.5 GW fusion power. Meanwhile, the power distribution is
fitted as a user defined function (UDF) implemented into the FLUENT code, which allows
each mesh cell to have a more precise nuclear heating source term. The gravity force is set

as the actual operation condition. Besides, the thermal properties of materials are listed in
Table 3.
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Figure 3. (a) Two dimensional numerical model; (b) radial power distribution.
Table 2. Boundary conditions for numerical analysis [20,21].
Components Temperature (°C) HTC (x10* W/m?2-°C)
CP1 290 1.0
CP2 290 1.0
Cover 290 1.0
FW 300 1.9
Table 3. Thermal properties of materials.
Materials Thermal Properties
Tungsten [22] A =207.98 — 0.136T + 5.469 x 10~5T2 — 7.835 x 10~°T3
RAFM [23] A =325
SiC [24] A =35

o = 10520 — 1.189T
A =1.9463 +1.96 x 1072T
PbLi [25] # = 0.00914 — 1.77459 x 1075T +9.5521 x 107>
Cp=19474-9x 107°T
ay = (11221 +1.531 x 1073 - T) x 1075 [26]

T: temperature, K; A: thermal conductivity, W/(m-K); p: density, kg/m?; u: dynamic viscosity, Pa-s; Cp: specific
heat, J/(kg-K).

The model uses the mixed structured and unstructured meshes, as shown in Figure 4.
By adjusting the mesh size in the solid and fluid domain, mesh independence verification
is performed based on the typical thermal hydraulic model (see Section 4.1), as shown in
Figure 5. It indicates that the element number of 179,090 is already enough to obtain the
precise results, and there is only a temperature increment of 0.35 °C if the element number
increases to 332,139. Therefore, the mesh layout with 179,090 elements is adopted for the
analyses in this paper. The mesh size of the solid and fluid domains is 2.5 mm and 5.0 mm,
respectively. In the boundary layer, the growth rate is 1.4, and there are 18 layers.
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Figure 4. Mesh arrangement.
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Figure 5. Mesh independence verification.

4. Results and Discussion
4.1. Typical Thermal Hydraulic Results

The thermal hydraulic results of a typical model which can achieve a satisfactory
outlet temperature are summarized in Table 4. The thermal conductivity of SiC has
considerable effects on heat transfer between PbLi and water, and former researchers
optimized this parameter as 3.5 W/(m-°C) to have better performance of thermal and
electrical insulation [24]. During the analysis, the inlet velocity of PbLi is iteratively
adjusted. The velocity of 0.05 m/s is able to elevate the outlet PbLi temperature to as high
as 612.85 °C that is within the targeting range of 600-700 °C. However, this is at the cost of
a 1.79 kPa pressure drop. Moreover, all the material temperatures stay below the upper
limits, as well as the interface in the gap between PbLi and the RAFM steel. Among the
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materials, PbLi has the highest temperature since it enters at a relatively high temperature
aiming at better power conversion efficiency.

Table 4. Results of typical thermal hydraulic analysis cases.

Asic Velocity Max. Temperature (°C) AP (kPa)
(W/m-°C) (m/s) Tungsten RAFM SiC PbLi Interface Outlet (Ave.)
3.5 0.05 468.83 468.83 704.89 740.95 468.83 612.85 1.79

4.1.1. Temperature Field

The temperature field of the entire model is shown in Figure 6a. As can be seen, the
PbLi entered Channel 1 and is heated continuously to the upper location, where the peak
temperature of 741 °C takes place. However, when it splits and then flows into Channel 2
and 3, the temperature decreases rapidly to the average outlet temperature of 612.85 °C.
This is because the nuclear heat source in the back zone of the blanket is lower than the
front, and CP2 further cools the PbLi. Besides, the inlet channel with a low temperature of
460 °C connects directly with the outlet channel. Heat conduction between the inlet and
outlet channels brings additional cooling effects.

Along the radial direction through point A, as shown in Figure 6b, the temperature of
PbLi in each channel remains at a high level, and the distribution in most areas is relatively
uniform, but it decreases rapidly near the CPs because of the strong cooling effects. In
Channel 1, the temperature in the front zone is slightly higher due to the larger heating
source, but it is not apparent since the coolant velocity decreases along the radial direction
(Figure 7). As shown in Figure 6d of the FW, although the tungsten armor faces high heat
flux from the plasma, the peak temperature is located at the breeder side for the reason
that the PbLi contains larger amount of heat. Because the FW is cooled by water flowing
through the embedded channels, sources including the plasma and breeder deposit heat
into the FW coolant from both directions. This phenomenon can be understood from the
radial temperature distribution, in which it decreases from armor to the channel at first,
then increases to the SiC side. In Channel 1 and 2, the temperature difference (T1—Ty)
between the mainstream and channel wall is 50 °C and 125 °C, respectively. Thus, the
Grashof number Gr can be calculated by Equation (2), as 3.3 x 10'° and 8.3 x 10'°.

_ag(Th — To)P

Gr
2

@

where a is the volumetric thermal expansion coefficient, 1/K; g is the gravity force, m/s?; I
is the characteristic length, m; v is kinematic viscosity, m?/s.

137



Energies 2021, 14, 6350

700 — ————— ————T——
650 D SR i

Temperature C 600 - 4
741 . ] ( RS 1
695.9 o %0
650.8 ® 500 1
605.7 E |
560.6 © 450 ] ] LI
515.5 2 \ | Channel1 | | Channel2 | | Channel3 :\
4704 g 4004 I o i A
4253 © ” i .‘UJ H
3802 el i it il ]
335.1 ) v 1H i
290 007 P P R

250 +—— T T T T T T T T
00 01 02 03 04 05 06 07 08
Radial direction (m)
(b)
| ’

Temperature C Temperature C
741 hotspot 666
708.7

628.4
676.4
644.1 5808
611.8 5532
5705 515.6
547.2 478
514.9 4404
482.6 4028
450.3 3652
418 3276

290

T\

\.,

(d)

Figure 6. Temperature contour (a) entire model; (b) radial temperature distribution; (c) PbLi; (d) FW, gap and SiC.

4.1.2. Velocity Field

The flow velocity field is presented in Figure 7, in which the velocity magnitude
is synthesized by x and y velocities. It shows that the velocity near the channel wall is
relatively larger, and a considerable number of vortices emerge nearby. This is closely
related to the geometry design, gravity effects, and radial distribution of heating power.
Take Channel 1 for example, PbLi flows into a nozzle with a sudden enlargement that
causes larger velocity at the bottom of the radial pipe, which induces vortices. When it
turns into the poloidal channel, the velocity near the front wall becomes significantly larger
due to the centrifugal force, and it reduces sharply along the radial direction yet increases
again since there are vortices caused by the different velocity gradients in the same channel.
In Channel 1 and 2, because the poloidal temperature difference is 130 °C, it brings about
buoyancy lift due to the density difference. Therefore, vortices in the two channels show
more complicated patterns. A vortex appears in the middle of the channel, which blocks
the coolant flow, thus the velocity near the channel wall becomes larger. Furthermore,
the velocity magnitude along the radial direction in Figure 7c shows that the mass flow
in Channel 2 is smaller, which indicates that the natural convection dominates the flow
field. This explains why the number of vortices in this channel is greater. It should be
emphasized that vortices are to be avoided in liquid blankets because they may increase
the momentum dissipation and further increase the pressure drop, which can reduce the
power conversion efficiency.
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Figure 7. Velocity field (a) contour of magnitude; (b) streamline; (c) radial distribution of velocity magnitude.

4.2. Sensitivity Analysis

In the WLLC blanket design, the temperature of coolant water in the embedded
channels inside the structural components is significantly lower than that of the flowing
PbLi, in order to prevent the RAFM steel from exceeding the upper limit. Hence, the
heat transfers from PbLi to water. The SiC is inserted between PbLi and water to insulate
heat. Basically, the thermal conductivity of SiC determines the heat transfer ability of this
material. As SiC is a type of synthetic composite material, its thermal properties can be
changed. Therefore, it is necessary to study the effects of thermal conductivity and coolant
inlet velocity on the performance of thermal hydraulics.

4.2.1. The Effects of SiC Thermal Conductivity

In this sensitivity analysis, the thermal conductivity of SiC ranges from 1.0 W/ (m-K)
to 10.0 W/(m-K), while the velocity of PbLi is kept constant. The variation of maximum
temperature and coolant pressure drop for all materials is plotted in Figures 8 and 9. As the
TC of SiC increases, the insulation performance of SiC deteriorates, and this causes more
heat losses from PbLi to the structure materials, i.e., tungsten and RAFM. Therefore, the
temperature of PbLi and SiC was decreasing, as well as the outlet temperature, while the
temperature of tungsten and RAFM changes in the opposite way. When TC increases from
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1.0 W/ (m-K) to 10.0 W/ (m-K), the temperature of PbLi reduces by 120 °C. As mentioned
above, the temperature of the FW on the breeder side is higher, and it decreases along the
reversed radial direction. Therefore, the hotspot appears at the interface between PbLi and
RAFM, thus there is no difference in peak temperatures between RAFM and the interface.
The temperature rise for the RAFM steel is 60 °C, but it is only 5 °C for tungsten because
the distance to PbLi is farther. The outlet temperature for TC of SiC at 4.0 W/(m-K) is
603 °C, and it will not satisfy the requirement (outlet T > 600 °C) when the TC of SiC
increases further.

Keeping the coolant velocity constant, the pressure drop is also significantly affected
by the TC of SiC, as it decreases by almost 90% when the TC increases from 1.0 W/(m-K)
to 10.0 W/(m-K). This can be clarified from the contour of streamlines, as shown in
Figure 10. As the temperature at the upper location becomes larger when TC decreases, the
temperature difference term AT in Equation (2) becomes larger since the inlet temperature
is the same. Thus, the buoyancy effects will be apparent and induce more vortexes. This
will cause large momentum loss and pressure drop. However, the outlet temperature will
be lower. And a compromise should be made among these design parameters.
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Figure 10. Contour of temperature and streamline for different thermal conductivity of SiC (a) 3.5 W/(m-K); (b) 2.5 W/(m-K);
(c) 1.5 W/(m-K); (d) 1.0 W/(m-K).

As shown in Figures 11 and 12, the effects of the TC of SiC on thermal hydraulics
can also be further understood through the contour of streamlines. For different TCs,
the general distribution of velocity magnitude remains alike, in which the velocity near
the channel wall is still larger. Along the radial direction, it can be seen that there is no
profound difference of velocity distribution in Channel 1. However, as the TC of SiC
decreases, the vortex at the upper location becames stronger, which blocks the coolant from
flowing into Channel 3. Because the total mass flow rate is unchanged, this results in more
PbLi entering Channel 2. When the TC of SiC decreases from 3.5 W/(m-K) to 1.0 W/(m-K),
the velocity in Channel 2 increases by 40%. This trend is opposite for Channel 3.
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Figure 11. Contour of velocity magnitude for different thermal conductivity of SiC (a) 3.5 W/(m-K);
(b) 2.5 W/(m-K); (c) 1.5W/(m-K); (d) 1.0 W/ (m-K).
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4.2.2. The Effects of Coolant Velocity

In the sensitivity analysis regarding coolant velocity, the TC of SiC is kept constant as
3.5 W/(m-K), while the coolant inlet velocity ranges from 0.03 m/s to 0.12 m/s. As shown
in Figures 13 and 14, increasing velocity can significantly reduce the material temperature,
especially for PbLi and SiC. For the outlet temperature, when the velocity increases over
0.055 m/s, the PbLi outlet temperature will be lower than 600 °C, which cannot satisfy
the requirement. A temperature decline of 4.02 °C and 51.51 °C takes place for tungsten
and RAFM, respectively. For the pressure drop variation, there is a peak at the velocity
of 0.05 m/s. Before this peak, the pressure drop increases as velocity increases. This is
because the buoyancy-lift-induced vortices dominate in this area, and increasing velocity
will enhance the vortices. However, this buoyancy effect will be replaced gradually by
forced convection when the velocity is increasing beyond 0.05 m/s, where the number
of vortices decreases, such that less momentum of PbLi flow is lost. The temperature
field is shown in Figure 15. It is observed that low velocity will make the temperature
distribution uneven, and this unevenness can be alleviated by increasing the velocity. For
example, a poloidal temperature difference of 210 °C occurs in Channel 2 and 3 when the
PbLi flow velocity is 0.03 m/s, and the resulting temperature gradient will bring stronger
buoyancy lift that leads to a larger pressure drop. However, this will diminish as the
velocity increases. For instance, the temperature difference for the velocity of 0.09 m/s is
almost indistinguishable (Figure 15).
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Figure 13. Variation of maximum temperature versus different coolant inlet velocity.
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Figure 15. Temperature field under different coolant inlet velocity (a) 0.09 m/s; (b) 0.07 m/s; (c) 0.05 m/s; (d) 0.03 m/s.

4.2.3. Adjustment on the Outlet Temperature

As mentioned above, the thermal conductivity and coolant inlet velocity have sig-
nificant effects on the thermal hydraulic performance of the WLLC blanket. The design
target of the outlet temperature is 600700 °C in order to achieve high power conversion
efficiency. These two parameters are adjusted and optimized simultaneously to obtain
outlet temperatures of 600 °C and 700 °C, respectively. As shown in Figure 16, it indicates
that the relationship between the velocity of PbLi flow and the TC of SiC is almost linear.
Higher TC of SiC means poorer insulation performance. Thus, a lower velocity is needed to
compensate and obtain a satisfactory outlet temperature. Besides, it shows that the design
target of the outlet temperature cannot be achieved by adjusting only one parameter. For
example, when the TC of SiC is greater than 3.5 W/(m-K), decreasing the inlet velocity is
impossible to sustain outlet temperature >600 °C, and it needs to improve the insulation
of SiC further. In all scenarios, the TC of SiC = 1.0-2.5 W/(m-K) can realize the outlet
temperature of 700 °C. And when the target outlet temperature is 600 °C, the corresponding
TC of S5iC is 1.0-3.5 W/(m-K). Using the TC of SiC-velocity value pairs corresponding to
the outlet temperature of 600 °C and 700 °C as boundary points, an “attainable region” is
defined, where it is easy to find the possible combination of the PbLi velocity and TC of
SiC to have outlet temperature within the target range. The results of these scenarios are
summarized in Table 5, in which all the material temperatures can satisfy the requirements.
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Figure 16. Attainable region for satisfactory outlet temperatures.
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Table 5. Results summary for the selective scenarios.

R TC Inlet Velocity Max. T CC) Outlet AP
(W/m-K) (m/s) Tungsten = RAFM SiC PbLi Interface T.(C) (iPa)
1 0.09 448.67 441.96 637.02 637.23 432.03 600 229
2 10 0.048 449.43 444.35 833.24 838.22 44435 700 3.61
3 0.08 449.06 442.30 649.03 650.86 438.38 603 227
4 15 0.042 450.33 455.37 825.51 836.06 455.37 700 3.35
5 0.076 449.62 444.46 651.21 656.02 444.46 600 2.15
6 20 0.036 451.50 468.01 844.71 861.78 468.01 700 2.92
7 25 0.069 450.22 450.55 656.34 665.31 450.55 600 2.05
8 i 0.029 453.02 484.61 877.48 902.16 485.57 700 220
9 3.0 0.064 450.78 457.06 665.47 681.77 457.06 600 1.90
10 35 0.058 451.37 463.90 677.09 702.97 463.90 600 1.74

4.3. Structure Optimization

In the present design of the WLLC blanket, the PbLi flow channels are formed by the
two CPs, and the channel width is equally spaced. The typical results (see Section 4.1)
indicate that the hotspot would occur at the upper location due to the existing vortices
(Figure 6), and this has a negative effect on increasing the outlet temperature. Therefore,
the structure optimization is investigated by adjusting the width ratio of PbLi channels
in order to change the flow field, then further optimize the temperature field. As shown
in Figure 17, the total radial length remains the same, and the other three structures are
designed on the basis of the standard model using three ratios, namely, 0.5:1:1.5, 0.5:1.5:1,
and 1:0.5:1. Thermal hydraulic analyses are carried out for these optimization designs,
and all the boundary conditions remain the same as in the typical case discussed in the
previous sections.

The temperature contour with streamlines is shown in Figure 18, and the detailed
thermal hydraulic results are summarized in Table 6. In general, compared with Design 1#,
the structural optimizations (Design 2# and 3#) have slight effects on the peak temperature
of materials, but Design 1# presents larger poloidal temperature differences and lower
outlet temperatures, which causes more vortices in the channels. On the contrary, because
the flow velocity in Channel 1 is twice as large, the streamline is smoother, and there
are no obvious vortices. However, the flow in Designs 2# and 3# will rotate around CP2,
which causes a pressure drop of about 27.8% larger than Design 1. Meanwhile, keeping
the width of Channel 1 unchanged, yet reducing the width of Channel 2 by half, there is
no large difference of the material temperatures, except for the lower outlet temperature,
which is adverse for achieving high power conversion efficiency. From this point of view,
although Design 1 has a lower outlet temperature, it still presents better thermal hydraulic
performances than the other designs due to the significantly reduced pressure drop.
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Figure 18. Temperature field combined with streamline (a) 1:1:1; (b) 0.5:1:1.5; (c) 0.5:1.5:1; (d)1:0.5:1.
Table 6. Results summary of the four designs.
Max. T (°C) Outlet T. AP
# o
Tungsten  RAFM SiC PbLi Interface (W) (kPa)

1 451.82 468.83 704.89 740.95 468.83 612.85 1.79

2 452.27 479.96 723.76 733.7 485.75 662.94 2.31

3 452.25 481.65 722.40 732.52 487.50 663.73 2.34

4 449.82 472.95 712.94 740.85 472.95 609.74 1.70

5. Conclusions

The Water Lead Lithium Cooled (WLLC) blanket that adopts pressurized water
(15.5 MPa, 285/325 °C) cooling the structural components, liquid PbLi as breeder and
coolant, and SiC as thermal insulator between PbLi and the structures is being under
development for the Chinese Fusion Engineering Test Reactor. In the present work, the
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thermal hydraulic analysis based on a poloidal-radial slice model is performed for this
WLLC blanket design. The analyses results show that the present design can achieve high
outlet temperature in the range of 600-700 °C without material temperatures exceeding
the upper limits, which is beneficial for high power conversion efficiency.

A series of sensitivity analyses are conducted with regard to the flow inlet velocity and
thermal conductivity of the SiC insulator. Results indicate that the thermal conductivity of
SiC has a significant influence on the temperature field, streamlines, and pressure drop.
It shows that lower TC of SiC can maintain the temperature of PbLi at high level, yet
induce unfavorably an increased number of vortices in the liquid PbLi flow as well as a
larger pressure drop. On this basis, the joint effects of the TC of SiC and inlet velocity
on the performance of blanket thermal hydraulics are analyzed. Then, using the TC of
SiC-velocity value pairs corresponding to the outlet temperature of upper and lower target
values as boundary points, a so-called “attainable region” is proposed, where the possible
combination of the PbLi velocity and TC of SiC are easily identified to ensure the outlet
temperature within the design target range.

The structure optimization is further performed by decreasing the width of the front
channel to reduce the buoyancy effects at the upper location. Four cases with the width ratio
of the three channels being 1:1:1, 0.5:1:1.5, 0.5:1.5:1, and 1:0.5:1.5, are studied. Compared
with the 1:1:1 design, although Design 2# and 3# can make the temperature field more
evenly distributed and reduce obvious local vortices, the flow rotation emerging in these
two designs around CP2 would cause a pressure drop that is 27.8% larger than the 1:1:1
design. Therefore, the present design of the WLLC blanket is still the most reasonable.
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Abstract: As one of the tasks of the Comprehensive Research Facility for Fusion Technology (CRAFT),
a High Heat Flux (HHF) testing device will be built to test the blanket and divertor of Chinese Fusion
Engineering Testing Reactor (CFETR). The water loop is a key system of the HHF testing device. The
main objective of the water loop is to provide deionized water at specific temperature, pressure, and
flow rate for different testing experiments of the water-cooled blanket and water-cooled divertor
components. The design of the water loop has been through three major steps. Firstly, the water
cooled blanket and divertor were designed and analyzed, in detail, for CFETR. Secondly, thermal
hydraulic features of the prototypes were abstracted from the analyses results. Then, the experiment
plan was made so that the preliminary design of the water loop was carried out. The third step was
the engineering design, which was conducted through cooperation with an industrial enterprise
with certifications. At present, the water loop is ready for fabrication and construction. The water
loop will be completed, for commissioning operation, by August 2022, as scheduled. After that, the
experiments will be carried out step by step and provide solid technical base to CFETR.

Keywords: CFETR; CRAFT; blanket and divertor; experiment plan; water loop design

1. Introduction

Fusion energy is an environment-friendly new energy, which is a promising way to
solve the increasingly serious energy crisis and global warming. According to the roadmap
for Chinese magnetic confinement fusion development, China will independently design
and build the Chinese Fusion Engineering Testing Reactor (CFETR). The goal of CFETR
is to achieve stable operation, tritium self-sufficiency, and, finally, to realize commercial
operation and power generation [1].

Blanket and divertor are two crucial components in CFETR and future fusion DEMO.
The main functions of the blanket are to realize tritium self-sufficiency, convert fusion
energy for electricity production, and provide shielding. The divertor is used for removing
the impurities and helium ashes in the plasma. Besides, the divertor needs to resist
extremely high heat flux from the plasma. For CFETR, the blanket and the divertor both
have water-cooled [2,3] and helium-cooled concepts [4,5]. Experiments are indispensable
to verify and validate the design and performance of the blanket and divertor.

Comprehensive Research Facility for Fusion Technology (CRAFT) is one of the national
big science and technology facilities in China. Its objectives are to explore and master crucial
technologies of key components and systems, to establish standards of manufacture, to
build key prototype systems, and to validate the technologies for the successful construction
of CFETR. The construction of CRAFT started on 20 September 2019 in Hefei, Anhui
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Province, and it will last for 5 years and 8 months with joint funds from central and
local governments.

CRAFT consists of 20 different facilities that address most of the key technologies and
systems of CFETR. Thereinto, a High Heat Flux (HHF) testing facility will be built to test
the blanket and divertor of CFETR. This test device is equipped with two Electron Beam
Guns (EBGs), water loop, helium loop, and vacuum chamber. It is constructed to:

e  provide a testing environment of high thermal radiation loads, thermal hydraulics for
water-cooled and helium-cooled divertor, and blanket of CFETR;
test prototype components to verify their heat-resisting and thermal hydraulic performances;
evaluate the manufacturing technologies to determine the standards and criteria for
design and manufacture.

The main objective of the water loop is to provide deionized water at specific temper-
ature, pressure and flow rate for testing water-cooled blanket, and water-cooled divertor
components towards CFETR. Based on the design and analyses of the CFETR proto-
type, the main parameters and functions of the water loop were determined. In favor
of the experiment performance, the water loop consists of high pressure water loop and
low pressure water loop. The operation condition of the high pressure water loop is
4~16.5 MPa/70~340 °C. The low pressure water loop is capable of two-phase flow experi-
ments under atmospheric pressure.

In this paper, Section 2 introduces the design features and analyses results of the
CFETR water-cooled blanket and divertor. Based on that, the experiment plan is introduced
in Section 3. Then, the water loop design is indicated in Sections 4 and 5. At last, is the
discussion and conclusion.

2. Water Cooled Blanket and Water-Cooled Divertor of CFETR

The engineering design of CFETR started in December 2017. Last year, the water-
cooled blanket and water-cooled divertor basically completed the design. The water-cooled
blanket uses the design scheme of multi-module segment [2]. The water coolant operates
under the pressure of 15.5 MPa, and the inlet/outlet temperature of the blanket module is
285 °C /325 °C. Square channels with a cross section of 8 x 8 mm? are embedded in the
First Wall (FW) in which the coolant flows along the radial-toroidal-radial direction. The
breeding zones are filled with a mixed pebble bed of Li; TiO3 and Be;,Ti, which is cooled
by the cooling tubes with multiple bends. The water-cooled blanket is able to withstand
steady state heat flux of 0.5 MW/ m? and transient heat flux of 1 MW /m? [6,7]. As for the
divertor, the maximum inlet pressure of water coolant is 5 MPa. Inlet temperature is 140 °C,
and the temperature rise is below 40 °C [8]. From the perspective of thermal hydraulics,
the divertor is required to resist steady state heat flux of 10 MW/m? and transient heat flux
of 20 MW/m?. The prototype of the water-cooled blanket and the water-cooled divertor
for CFETR is shown in Figure 1. Although the water-cooled blanket and the water-cooled
divertor are different in functions, they still have some common grounds:

e facing one-side high heat flux

e  using high pressure and high temperature water coolant

e having complex coolant channels

e  operating in high vacuum environment

The operation events of CFETR can be classified into five categories referring to ITER,
as shown in Table 1 [9]. Events in Category I and II are taken into account for the test
condition of water coolant due to the high frequency. Besides, the capability and safety of
the experimental water loop should also be considered. In Category I, the plasma pulse
operation is defined as normal operating condition due to the pulsed nature of fusion
plasma so far. As for Category II, the event description still refers to ITER for lack of
detailed frequency data sources for CFETR [10]. The events of the blanket and divertor
system in Category II are listed in Table 2.
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Figure 1. Water-cooled blanket and water-cooled divertor of CFETR.

Table 1. Event categories of CFETR.

Category Event Frequency/yr CFETR Plant Condition
I >1 Normal operation
I 1072-1 Incident
I 107*-1072 )
v 10-6_104 Accident
v <10 Hypothetical

Table 2. Events in Category II for the blanket and divertor system.

No. Description of Event

Loss of flow in a blanket coolant circuit due to pump trip
Loss of flow in a blanket coolant channel
Ex-vessel coolant leakage due to small rupture of blanket
coolant circuit pipe inside TCWS ! vault
Small blanket in-vessel coolant leakage-equivalent break size: a few cm
Loss of flow in a divertor coolant circuit due to pump trip
Ex-vessel coolant leakage due to small rupture of
divertor cooling circuit inside TCWS vault

TCWS !: Tokamak Cooling Water System.

2

ks W N

6

Those selected events were analyzed to obtain the enveloping test condition for the
water loop. Moreover, key phenomena were captured, and will be validated, in experiments.
For normal operation in Category I, the thermal hydraulic parameters of the coolant also
have pulsed characteristics due to pulsed heating loads. Taking the base case of the blanket
system as an example [6], the pressure range is 15.38-16.0 MPa, and the inlet temperature
range is 273-285 °C during the pulse operation. The two-phase flow does not occur during
the whole process.

In category II, the ex-vessel small rupture of the blanket coolant circuit pipe is ex-
plained as an example. The RELAP5 model can be found in a previous report [11]. Main
results are shown in Figure 2. In this case, no mitigation method is applied. Therefore, the

151



Energies 2021, 14, 7354

coolant continues to leak until all the coolant runs out. Then, the coolant pressure declines
continuously. As the decay heat decreases with time, after plasma shutdown, the coolant
temperature decreases too. However, the two-phase flow occurs for lack of cooling. Due to
the parallel structure of blanket modules and sectors, the flow instability is observed. From
the results, it is clear that the thermal hydraulic parameters of the coolant can decrease to a
much lower level, even without human intervention, at 1000 s after the event. Therefore,
we pay more attention to the period of 0-1000 s. During this period, the pressure is in the
range of 8-15.5 MPa, and the temperature is in the range of 292-325 °C. The maximum
void fraction is 0.68.
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Figure 2. Ex-vessel small rupture of water-cooled blanket coolant circuit pipe: (a) pressurizer pressure and water level;
(b) coolant temperature; (c) void fraction of coolant; (d) mass flow of coolant.

It should be noted that all events herein are caused by single fault, and only the most
serious period of each event is considered. For the water-cooled divertor, most attention is
focused on the manufacturing technology and the heat-resisting capability for one-side high
heat flux. Besides, the operating temperature and pressure of the water-cooled divertor
is below that of the water-cooled blanket [3,8]. Therefore, the operation condition of the
water-cooled blanket is considered as enveloping test condition. According to the analyses
of events in Category I and II [6,11,12], it can be concluded that:

e  the mass flow is 40-110% of the steady state level;

e the temperature is in the range of 70-180 °C for divertor and 227-337 °C for blanket;
L]

(]

the pressure is in the range of 4.0-5.0 MPa for divertor and 8.0-16.5 MPa for blanket;
the maximum void fraction is 68%.
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3. Experiment Plan

The experiment plan for the water loop of CRAFT was made according to the de-
sign and analyses results of the water-cooled blanket and divertor of CFETR. Primary
experiments are introduced below.

3.1. Experiment of Critical Heat Flux

The FW of the blanket faces the one-side heat flux from plasma. The average steady
state heat flux is assumed to be 0.5 MW /m?2. However, the heat flux might be uneven and
much higher at certain positions [13,14], which may damage the structures. At the same
time, there is nuclear heat induced by fast neutrons. To remove the heat, 95 channels, with
the cross section of 8§ x 8 mm?, are embedded in the FW. Every two channels are set up as
one group and flows in the opposite direction. The purposes of this experiment are to:

e verify the heat removal capability of the FW;
e  obtain the Critical Heat Flux (CHF) to prevent burn up of the FW.

There are 4 parallel channels abstracted as typical experiment units, namely 2 groups
of square channels with opposite flow directions. The schematic view of the test section
is shown in Figure 3. The manifolds and inlet/outlet channels provide similar fully-
developed flow conditions. Since the nuclear heat of the manifold and inlet/outlet channel
occupies only ~6% of the FW total heat load, only the plasma facing section is going to
be heated in the experiment [15,16]. Specifically, the heated section will be heated by two
separate Direct-Current (DC) power supplies, which represent the nuclear heat and the heat
flux, respectively. The maximum heat flux required is ~5 MW /m?. Inconel 625 is selected
as the structural material to facilitate the DC heating. The flow area remains 8 x 8 mm?
in each channel, and the flow path keeps the same as the prototype. Since the nuclear
heat decreases along the radial direction, the heated Inconel structure needs equivalent
cross section design to reproduce that feature [17]. The detailed structure design of the test
section is under development.

Heated section

Outlet
channel

Inlet |
channel

Manifolds
% E > |
DP TS 01A DP- TS O1a
DP YMV- TS 01 MV-TS-02/( DP\

/

T N /‘%\/\Qzﬁﬂ

Connections to the high pressure water loop

Figure 3. Schematic view of the CHF test section.
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3.2. Experiment of One-Side Thermal Radiation by EBGs

The water-cooled blanket and divertor will use Reduced Activated Ferritic Martensitic
(RAFM) steel. Tungsten is coated on the plasma facing side. In this experiment, the test
sections will use the exact same structure and material with the prototype. The test section
will be put into the vacuum chamber, and the two EBGs will be employed to generate
one-side steady state and transient heat flux [18], as shown in Figure 4. The purposes of
this experiment are to:

e  verify the steady state and transient heat-resisting capability of the water-cooled
blanket and divertor;
e  verify the material performance and manufacturing techniques.

30°

. EBGs
___Prototype test sections _ = 60 kW &

800 kW

Vacuum
chamber

Figure 4. Schematic view of the one-side thermal radiation by EBGs.

3.3. Experiment of Flow Instability

The blanket system has many parallel structures. Specifically, the 95 channels in the
FW of one blanket module, the 27 blanket modules in one blanket sector, and 16 blanket
sectors in the tokamak machine are all in parallel from different levels. Uneven heat flux or
hot spots may result in two-phase flow in the FW. Besides, two-phase flow may also appear
in the coolant system during abnormal operation events, such as small rupture of cooling
circuit pipes. Then, the flow instability may occur [19], which will damage the system and
is not expected to happen. Therefore, the purposes of this experiment are to:

clarify the mechanism of flow instability from different parallel levels;
obtain the critical void fraction for flow instability to occur and prevent damage of
the system.

Flow instability between different blanket modules in one sub-sector will use equiva-
lent modules in the experiment. Each equivalent module shall keep the structure character-
istics, including inclination, altitude, and heat source distribution, as shown in Figure 5.
Detailed structure design of the test section is ongoing.

3.4. Experiment of Flow Distribution

As mentioned in Section 3.3, the blanket system has many parallel structures from dif-
ferent levels. The visualization of the flow distribution, among parallel channels/modules/
sectors, is going to be carried out under atmospheric pressure and temperature for the
safety concern in the experiment. The test section will use Acrylic in favor of observation.
The air will be used as the gas phase instead of steam. Apart from the flow distribution,
many other important phenomena can also be observed through this experiment, including
the void fraction distribution, the two-phase flow pattern, the pressure drop etc. The
detailed structure design of the test section is underway.
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4. Water Loop Design

The functions and main parameters of the water loop are determined based on the
operating condition of each experiment. The water loop mainly consists of four sub-
systems, namely the high pressure water loop, the low pressure water loop, the component
cooling water system, and the water charging system.

4.1. High Pressure Water Loop

The function of the high pressure water loop is to support high pressure experiments in
Sections 3.1-3.3, while keeping stable operation. The high pressure water loop is composed
of high temperature and high pressure canned pump, electric heating pressurizer (PZR),
preheater, test section, high pressure mixer, 1# heat exchanger (HX), 2# HX, flow meters,
control valves, related pipelines, and valve components. Besides, there is a discharge tank
related to the PZR. The main function of the discharge tank is to collect water and steam,
discharged through the Pressure Safety Valve (PSV) of the PZR and the test section. The
scheme of the high pressure water loop is shown in Figure 6.

During the normal operation of the high pressure water loop, the canned pump
provides a stable flow rate. Then, the deionized water enters the preheater after passing
through the control valve and flow meter. After that, the water is heated further in the test
section. The high temperature liquid, or two-phase flow at the outlet of the test section, is
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mixed with the lower temperature fluid from the bypass. Subsequently, the water is cooled
by the 1# HX or the 2# HX and finally returns to the inlet of the canned pump.
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Figure 6. Scheme of the high pressure water loop.

The PZR surge line is connected to the canned pump inlet pipe for the pressure
stability. The internal pressure of the PZR can be set manually, so the inlet pressure of the
canned pump can be stabilized at any value between 3.5 MPa and 16.5 MPa, according
to experiment requirements. The pressure control method refers to that of the primary
heat transfer system of the water-cooled blanket [11]. Three sets of control valve and flow
meters are arranged in front of the preheater, which can accurately adjust the inlet flow
of the test section. Only one set is put into service at each experiment condition. The
power of the preheater can be adjusted precisely to ensure that the inlet temperature of
the test section is stable at the set value. The use of the mixer is to prevent the two-phase
flow at the outlet of the test section from directly entering the HXs and causing damage.
Thus, 1# HX and 2# HX are in parallel. When the total heating power of the test section
and the preheater is less than 400 kW, the 2# HX is used for heat transfer. When the total
heating power of the test section and the preheater is higher than 400 kW, the 1# HX is
used. The HX power can be adjusted by regulating the control valves at the outlets of the
two HXs and the control valve on the bypass of the HXs to maintain the stability of the
inlet temperature of the canned pump. Main design parameters of the high pressure water
loop are listed in Table 3.

4.2. Low Pressure Water Loop

The low pressure water loop consists of three parts, namely the air supply line, the
water supply line, and the air-water mixing and separation line as shown in Figure 7. The
air supply line mainly includes air compression, air tank, Pressure Reducing Valve (PRV),
air flow meters, control valves, as well as related pipelines and valves. The main function
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of the air supply line is to provide air with stable pressure and adjustable flow rate for the
low pressure mixer. At the same time, the compressed air stored in the air tank is used as
the driving air source of pneumatic valves at the inlets and outlets of the high pressure test
sections for emergency isolation.

Table 3. Design parameters of the high pressure water loop.

Item Value Unit
Design pressure 17.5 MPa
Design temperature 355 °C
Volume of the PZR 0.96 m?
PZR electric heater power 60 kW
1# heat exchanger capacity 2600 kW
2# heat exchanger capacity 415 kW
Flow rate of the main pump 25 m3/h
Electric preheater power 200 kW
Volume of discharge tank 3.8 m3
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@
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Figure 7. Scheme of the low pressure water loop.

The water supply line mainly includes the centrifugal pump, filters, water flow meters,
control valves, related pipelines and valves. The main function of the water supply line is
to provide water with stable pressure and adjustable flow rate for the low pressure mixer.

The air-water mixing and separation line is composed of low pressure mixer, air-water
separator, test sections, related pipelines, and valves. The volume of the air-water separator
is big enough and it is also used as the water tank for the centrifugal pump. The main
function is to mix air and deionized water to provide a two-phase flow for the low-pressure
test section, then separate air and water through the air-water separator, so the deionized
water can be reused. Main parameters of the low pressure loop are listed in Table 4.
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4.3. Component Cooling Water System

The component cooling water system is composed of circulating cooling water pump,
plate heat exchanger, cooling water tank, filter, related pipeline, and valves, as shown in
Figure 8. The main function is to provide cooling water for 1# HX, 2# HX, canned pump,
air compression, DC power supply and vacuum chamber with stable temperature and flow
rate. Main parameters of the component cooling water system are listed in Table 5.

Table 4. Design parameters of the low pressure water loop.

Item Value Unit
Design pressure of air supply line 1.0 MPa
Design pressure of water supply line 1.2 MPa
Design temperature 80 °C
Flow rate of air compressor 2-90 m3/h
Flow rate of centrifugal pump 10-160 m3/h
Volume of air tank 3.3 m>
Volume of air water separator 16.2 m?3

Deionized water

From components
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Plate o ,
HX T Water Tank

@
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Recirculating water |$ I ; :

Centrifugal pump

Figure 8. Scheme of the component cooling water system.

Table 5. Design parameters of the component cooling water system.

«

P

To components

Item Value Unit

Design pressure 0.8 MPa
Design temperature 80 °C

Design flow rate 280 m3/h
Cooling capacity 3500 kW

4.4. Water Charging System

The water charging system mainly includes deionized water tank, plunger pump,
metering pump, filter, related pipelines and valves as shown in Figure 9. The main function
is to supply water for the high pressure water loop and the low pressure water loop using
the plunger pump. Then, the metering pump is used for increasing the pressure of the high
pressure water loop. The deionized water tank is equipped with an electric heater and a
nitrogen sealing system, which can deoxygenate the water and prevent corrosion of the
system pipelines and the test sections. Main parameters are listed in Table 6.
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Figure 9. Scheme of the water charging system.

Table 6. Design parameters of the water charging system.

Item Value Unit

Outlet pressure of plunger pump 6 MPa

Flow rate of plunger pump 5 m3/h

Outlet pressure of metering pump 20 MPa

Flow rate of metering pump 0.4 m3/h
Volume of air tank 24 m3

5. Layout of the Water Loop

Based on the process design in Section 4, the engineering design of the water loop was
completed by cooperation with an industrial enterprise with certifications. The 3D layout
of the water loop in the CRAFT plant is shown in Figure 10. The water loop covers an area
of 10 x 12 m2. To accelerate the construction and ensure the quality, the water loop adopts
modular design, consisting of 9 blocks. The 9 blocks can be fabricated at the same time in
the factory so as to save time and reduce onsite assembling and inspection work. Block 1-4
are located on the first floor at the elevation of 0.0 m. Block 5-8 are located on the second
floor at the elevation of +5.0 m. Block 9 and the control cabinet are located on the third
flow at the elevation of +10.0 m. Since the high pressure water loop and the low pressure
loop are independent, they are arranged separately on different blocks. Block 1, 5, 7, and
9 belong to the high pressure water loop, which are located on the west side of the steel
platform. Block 2 and 6 belong to the low pressure water loop, which are located at the
south-east side of the steel platform. The other blocks are for auxiliary components. Except
the test section for “experiment of one-side thermal radiation by EBGs” which will be put
inside a vacuum chamber, test sections for other experiments will be connected to the water
loop from the north side. On every block, there are respective instrument junction boxes
and electrical junction boxes, so each block can realize independent functions. Then, the
control signals are collected to the control cabinet through cable. After that, the signals
are transmitted from the onsite cabinet to the control room though optical fiber. Main
information of each block is summarized in Table 7.
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Figure 10. A 3D layout of the water loop in plant of CRAFT.

Table 7. Information of Block 1-9 of the water loop.

No. Components Functions
Canned pump, preheater, high pressure High pressure water pumping, flow
Block 1 . .
water flow meters and control valves control and measuring, preheating
Block 2 Centrifugal pump of low pressure Air-water separating, low
water loop, air-water separator pressure water pumping
Block 3 Centrifugal pump of cgmponent cooling water §ystem, plunger Water pumping
pump and metering pump of water charging system
Block 4 Water tank of component cooling water system, air compressor Comp oner}t cooling wa ter
storage, air compressing
Block 5 High pressure mixer, 1# HX, 2# HX Mixing, heat exchanging
Air tank, air flow meters and control valves, water flow meters . ..
Block 6 . Air and water supply and mixing
and control valves, low pressure mixer
Block 7 Discharge tank Water and steam discharge
Block 8 Water tank of water charging system, air dryer Deionized water storage, air drying
Block 9 PZR Pressure control

6. Discussion and Conclusions

With the financial support from the CRAFT project, a water loop will be constructed
for testing the water-cooled blanket and water-cooled divertor components of CFETR
in the frame of a HHF testing facility. This paper introduces the process of the water
loop design. It started from the design and analyses of the water-cooled blanket and the
water-cooled divertor prototypes of CFETR. Events in Category I and II were selected to
obtain enveloping thermal hydraulic parameters for the water loop design. The experiment
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plan was set out by abstracting features of the prototypes from analyses results. Then,
the function of the water loop was determined to fulfill experiment requirements. The
conceptual design, preliminary design, and engineering design of the water loop were
carried out step by step. Until now, the design of the water loop has been completed. The
fabrication and construction of the water loop is about to start. According to the schedule,
the water loop will be ready for commissioning by August 2022. The experiments will
provide an important technical base for CFETR.
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Abstract: According to the most recently revised European design strategy for DEMO breeding
blankets, mature concepts have been identified that require a reduced technological extrapolation
towards DEMO and will be tested in ITER. In order to optimize and finalize the design of test blanket
modules, a number of issues have to be better understood that are related to the magnetohydro-
dynamic (MHD) interactions of the liquid breeder with the strong magnetic field that confines the
fusion plasma. The aim of the present paper is to describe the state of the art of the study of MHD
effects coupled with other physical phenomena, such as tritium transport, corrosion and heat transfer.
Both numerical and experimental approaches are discussed, as well as future requirements to achieve
a reliable prediction of these processes in liquid metal blankets.

Keywords: liquid metal blankets; magnetohydrodynamics (MHD); tritium; corrosion; convection;
turbulence; WCLL blanket; DCLL blanket

1. Introduction

As stated in the most recent European roadmap for a DEMO reactor [1,2], one of
the candidate driver blankets that will be investigated in ITER is the Water Cooled Lead
Lithium (WCLL) blanket concept. It uses water as a coolant at typical pressurized water
reactor conditions (290-325 °C, 15.5 MPa) and lead lithium PbLi in eutectic composition as
tritium breeder, neutron multiplier and tritium carrier. Other concepts, such as the Helium
Cooled Lead Lithium (HCLL) and the Dual Coolant Lead Lithium (DCLL) blankets, are
still being considered, in limited R&D activities, as potential long-term options.

In liquid metal (LM) blankets, the electrically conducting PbLi moves in the system
under the action of the intense magnetic field that confines the fusion plasma.

It is well known that electromagnetic forces induced by the interaction of magnetic
field and velocity significantly modify liquid metal flow behavior compared to hydrody-
namic conditions [3]. The peculiar magnetohydrodynamic (MHD) flow distribution affects
all phenomena that depend on the near-wall velocity profile, such as transport of tritium
and corrosion products, and heat transfer. In addition, significant temperature gradients
are present in breeding blankets, giving rise to buoyancy forces.

Recently, a review paper has been published aiming to identify the main MHD issues
related to the design of liquid metal blankets and to present the state of the art of the
study of some fundamental MHD phenomena that occur in these complex systems [4].
In the present paper, we want to provide a complementary description of multiphysics
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MHD phenomena, focusing on recent progress and fusion-relevant applications. For
instance, tritium transport and corrosion in hydrodynamic LM systems have been studied
extensively for different cases and operating conditions. However, those processes in MHD
flows have been investigated only in a few publications. Since transport processes depend
on the velocity distribution, the MHD flow that results from the interaction of the moving
LM with the external magnetic field has to be used as input for their analysis. Features to be
taken into account are, e.g., increased velocity at electrically conducting walls aligned with
the magnetic field, turbulence anisotropy, reversed flows caused by magneto-convection
and electromagnetic coupling.

Models have been proposed to integrate into the analysis of MHD flows corrosion
and tritium transfer across material interfaces, permeation through structural materials
and into the coolant. In order to identify the fundamental steps for a long-term strategy
aimed at implementing and validating accurate and robust modeling tools for application
to fusion technology, it is first required to outline the actual state of the art of the different
R&D topics. Therefore, a review of modelling approaches, validation experiments and
future requirements for analyses of coupled MHD phenomena is presented in this paper.
Another important step towards a better understanding of multiphysics MHD flows in
complex systems is the development of system codes. The main features, advantages and
limitations of these predictive tools are discussed as well.

2. Problem Description

We consider in the following the general equations governing the magneto-convective
flow of an electrically conducting fluid in a magnetic field B. They describe the conservation
of momentum and mass:

o
P(al; + (v-V)v) = —Vp+pvV*0 — pB(T —Ty)g+j*xB,V-v =0, )

where v denotes the velocity, p is the deviation of pressure from isothermal hydrostatic
conditions at the reference temperature T, g stands for gravitational acceleration, and j x B
is the electromagnetic Lorentz force induced by the interaction of imposed magnetic field B
and electric current density j. The latter is determined via Ohm's law j = ¢(—V¢ +v x B)
that, combined with the condition for charge conservation, V - j = 0, results in a Poisson
equation for the electric potential ¢:

V.V =V-(vxB). @)

Density changes due to temperature variations in the liquid metal are described by
the Boussinesq approximation. The physical properties of the fluid, density p, kinematic
viscosity v, volumetric thermal expansion coefficient 8, and electric conductivity ¢ are
taken at the reference temperature Tj.

The temperature distribution in the fluid is given by the energy balance equation

pcp<%—€+(v-V)T> =kV2T+Q 3)

where ¢, is the specific heat of the fluid at constant pressure, k the thermal conductivity
and Q a volumetric thermal source.

The flow can be characterized by three dimensionless groups, the Hartmann number
Ha, the Reynolds number Re and the Grashof number Gr,

3
Ha=1B, |7, Re= "L ¢, = SPLAT )
ov v

1%

The former one gives a nondimensional measure for the strength B of the imposed
magnetic field and its square quantifies the ratio between electromagnetic and viscous
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forces. The second expresses the ratio of inertia to viscous forces. Alternatively, the
interaction parameter N = Ha?/Re can be used to weigh the relative importance of
electromagnetic and inertia forces. The Grashof number characterizes the intensity of
buoyancy. The quantities L and u are a typical size and mean velocity in the considered
geometry. A characteristic temperature difference AT can be defined for instance through
the volumetric heat as AT = QL2 /k.

Equations (1)—(3) are solved in the fluid and Equations (2) and (3) also in electrically
and thermally conducting solid structures, by applying appropriate boundary conditions.
The fluid velocity vanishes at walls (no-slip condition) and continuity of wall-normal cur-
rents and electric potential is assumed at interfaces (perfect electrical contact between fluid
and solid material). At external surfaces towards an electrically insulating environment,
wall-normal currents vanish. At the entrance to the computational domain, the flow is
prescribed and often assumed as being fully developed, while at the exit an advective
outflow condition can be applied.

3. Theoretical Description of MHD Flows

The design of test blanket modules (TBMs) for ITER and breeding blankets for DEMO
requires accurate and reliable predictive tools. Depending on the application, the type of
information required, and the level of detail, different methods can be employed to study
theoretically MHD flows under fusion-relevant conditions.

In the following, we discuss the advantages, limitations, development progress, and
application examples of various approaches, such as Computational Fluid Dynamics (CFD)
simulations, asymptotic analysis and system codes.

3.1. Numerical Simulations

CFD codes provide a detailed description of flow features, since the domain discretiza-
tion is highly refined. Moreover, they may be used to simulate turbulent flows, heat transfer
and other coupled MHD phenomena.

Preliminary numerical simulations prior to the start of an experimental campaign can
serve to determine which system’s parameters need the highest measurement accuracy.
This type of information is very useful during the experiment’s conceptual phase, since
it helps to select the type of sensors based on their accuracy when recording the desired
quantity and hence it increases the consistency of experimental and numerical results.
Simulations can provide indications for a suitable arrangement and for the needed number
of sensors in specific zones of interest in the system. Numerical simulations can also be
used to analyze the sensitivity of a model to the variation of given parameters.

The simplicity of the electromagnetic part of the governing Equations (1)-(3) can
be misleading. In fact, accurate numerical simulation of flows at blanket-relevant high
values of Ha is a computationally challenging task, significantly more than in the case
of hydrodynamic flows at the same Re and Gr. The key reason is the numerical stiffness
of the problem, which manifests itself as thin boundary and internal shear layers and
the very large ratio between the largest and smallest typical time and length scales (see
Section 3.4 as well as [3,5] for a more detailed discussion). One significant consequence
of the stiffness is that high-Ha flows, especially those with unsteady behavior, are not
directly amenable to analysis by general-purpose CFD codes based on finite-volume or
finite-element discretization on unstructured grids. A review of numerical methods and
outstanding questions can be found, e.g., in [3].

Another important factor in analyses of unsteady flows is the availability of effective,
accurate and well parallelizable solvers for elliptic equations. A time steep in a numerical
solution of the system (1)—(3) inevitably requires solving two such equations, one for electric
potential (2) and one for pressure (here we assume that a projection method is used to
satisfy incompressibility). The typically very small Prandtl number, Pr = pvc, /k, of liquid
metals means that the heat conduction term in the energy Equation (3) has to be treated
implicitly in order to avoid severe limitations on the size of the time step, so another elliptic
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equation for temperature must be solved. Implicit treatment of viscous terms in (1) is also
often applied, which implies another three elliptic equations for velocity components. It
is not uncommon that over 90% of the computational time in an analysis of an unsteady
high-Ha flow is spent on the solution of elliptic equations. High-performance computing
based on massive parallelization becomes necessary in many cases (see, e.g., [6]).

In recent years, considerable advances have been made in the numerical prediction of
coupled MHD-heat transfer phenomena in complex blanket-relevant geometries and under
fusion conditions [7,8]. However, even when relatively small computational domains are
considered, large computing resources are needed, which results in long simulation time.
The latter can be reduced by introducing some assumptions in the flow modelling, as
described in the following section for the asymptotic numerical approach.

3.2. Asymptotic Analysis

While the study of MHD flows under very strong magnetic fields represents a consider-
able challenge for numerical simulations, asymptotic analyses benefit from flow conditions
that are typical for fusion applications. From a mathematical point of view, steady-state
flows in strong magnetic fields constitute a singular perturbation problem. One may ne-
glect inertia and viscous forces in comparison with the strong Lorentz and pressure forces
(which largely balance each other) in the core of the flow domain if N — co and Ha > 1.
Viscous effects at walls can be taken into account by a boundary layer analysis, which
allows satisfying the no-slip condition at fluid-solid interfaces. Asymptotic analyses can
be used to study fully developed flows in long straight pipes and ducts (see, e.g., [9,10]).
However, the method has been also applied to some 3D flows such as those in ducts with
variable cross-section [11] or in non-uniform magnetic fields [12]. For the latter case a good
agreement with experiments has been achieved for Ha > 1.

The initial idea of an asymptotic description of general 3D flows, which dates back to
Kulikovskii [13], has been reformulated in tensor notation, extended by a boundary layer
analysis, and developed to treat walls of arbitrary electric conductivity [14]. The latter
approach takes advantage of the fact that variations of all flow quantities along magnetic
field lines are analytically known, which allows for a kind of “projection” of the 3D problem
onto the duct walls, where the remaining 2D equations for pressure and electric potential
are numerically solved using boundary-fitted coordinates. In a final step, the entire 3D flow
is reconstructed by analytical means. The method allows for fast computations (seconds
to minutes) on standard PCs, even for relatively complex geometries. On very coarse
grids, one already achieves a good approximation of flow quantities, as shown by the
example of a 3D flow in a fringing magnetic field displayed in Figure 1. The validity of
the method has been verified by comparison with analytical solutions, full 3D simulations,
and experiment [12,15]. The general formulation of the code allows calculations for quite
complex domains, as illustrated by the examples in Figure 2, which shows the entrance and
exit flows of a DCLL blanket sector, or in a model geometry of a DCLL blanket module.

While asymptotic methods give accurate results with almost negligible numerical
effort, they are unable to predict the influence of inertia on MHD flows. Even if the core
flow remains almost inertialess for N >> 1, inertia at sharp corners or in high-velocity
boundary layers may lead to local flow separation or instabilities that cannot be predicted
by the latter method. If such phenomena are expected to occur, one has to perform full 3D
time-dependent numerical simulations.
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Figure 1. MHD flow in a circular pipe in a fringing magnetic field B(x) as used in [12]. In the
figure, B(x) is normalized by the value By in the center of the magnet. Axial pressure gradients
dp/0ox are calculated at the top and side of the circular pipe for Ha = 6600. Results displayed for
various numerical resolutions 7, and 7, in x and z directions highlight the rapid convergence of the
asymptotic method.
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Figure 2. Examples of application of asymptotic methods for the study of pressure-driven MHD
flows in (a) a DCLL geometry proposed in [16] and in (b) a model geometry for a modular DCLL, as
shown in [17]; contours of electric potential are plotted on the fluid-wall interfaces.

3.3. System Codes

System thermal-hydraulics (SYS-TH) codes are a class of numerical tools developed
since the 1970s in the framework of nuclear reactor safety technology for fission reactors [18].
SYS-TH codes aim to represent with sufficient accuracy all the main phenomena occurring
in a nuclear reactor during operational and accidental transients and, as such, are used
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to perform deterministic safety analyses for licensing purposes. A SYS-TH model is
created through a process called “nodalization” that subdivides the reactor into control
volumes in which a set of linearized algebraic equations, derived by variants of the finite
volume and difference methods, are solved to obtain the distribution of physical properties
(temperature, velocity, pressure, etc.) in a set of nodes. The key features of SYS-TH
codes are the quite coarse spatial resolution and the reliance on closure laws derived
empirically to model complex phenomena. Modelling choices are available to represent
reactor components with an increasing level of fidelity from lumped (0D) or 1D modules
to simulate flow in primary and secondary loops, up to fully 3D to recreate the phenomena
occurring in the reactor core. Notable examples of SYS-TH codes are, among others,
RELAP5, TRAC/TRACE, ATHLET and CATHARE.

SYS-TH codes are often described as multiphysics, best-estimate, safety and industrial
computational tools [18]:

e  Multiphysics: to include all relevant phenomena encountered in a nuclear reactor
from two-phase thermal-hydraulics to neutron kinetics diffusion equations and fuel
thermomechanics.

e  Best-estimate: to provide an accurate prediction of selected figures of merit and to be
as close as possible to the physical reality that one aims to simulate.

e  Safety: suitable to demonstrate the reactor safety for licensing purposes, namely
developed according to a clearly defined quality assurance (QA) methodology, accom-
panied by uncertainty quantification (UQ), extensively verified and validated to prove
the code scalability.

e Industrial: i.e., robust and computationally inexpensive to allow simulations on a
wide test matrix for sensitivity analysis and UQ in a reasonable timeframe.

In the past two decades, SYS-TH codes have been further developed to make them
able to represent dominant characteristic phenomena in fast breeder reactors (FBR) and
other innovative Generation IV fission reactor concepts [19]. The development of a DEMO
design has also motivated lines of research aimed at improving the capability of SYS-TH
codes to deal with fusion reactor environment for both liquid metal and solid breeder
blankets [20,21]. Despite the progress achieved, SYS-TH codes for fusion applications are
still far from an acceptable maturity. In particular, the prediction of MHD effects in liquid
metal blanket systems is still very challenging due to the limited availability of closure
laws to describe them [22,23]. This is in stark contrast with the advancements made in
recent years in the field of CFD analysis, where both commercial and open-source codes
are nowadays able to simulate liquid metal MHD flows at reactor-relevant magnetic field
intensity and at blanket scale [24].

Relying on closure laws to ensure accurate representation of physical reality is not
necessarily associated with a lack of accuracy, and, in fact, the experience of the nuclear
industry has clearly demonstrated that SYS-TH codes can provide reliable results for reactor
safety and design if closure laws of sufficient quality are available [18]. The possibility of
performing system-scale coupled thermal-hydraulics/MHD analyses at largely reduced
computational cost is attractive for performing sensitivity and uncertainty analyses even
when mature CFD codes for fusion modelling are available. The critical point is to develop
closure laws for MHD effects, such as MHD pressure drop, electromagnetic coupling and
heat transfer, based on current knowledge, as discussed in the next section, and to define
future R&D steps for their improvement.

3.3.1. MHD Pressure Loss, Electromagnetic Coupling and Heat Transfer

Among the various MHD effects that influence liquid metal blanket performance,
pressure losses and modified heat transfer coefficients are often considered the most critical
ones [25]. Therefore, it is reasonable that they should be prioritized for implementation in
SYS-TH codes.

Regarding MHD pressure losses, SYS-TH codes must be able to predict distributed
(2D) and concentrated (3D) losses and how they are impacted by electromagnetic coupling,
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buoyancy and Q2D turbulence. Pressure losses in fully developed flows at fusion-relevant
parameters are well characterized by theoretical and experimental works and scaling laws
are available for both circular pipes and rectangular ducts [4,26,27].

The prediction of 3D MHD losses is more demanding due to the wider range of
governing parameters involved and the need to take into account the effects of inertia
and viscous forces. Moreover, they are caused by many scenarios, such as the presence
of fringing magnetic fields of general orientation, discontinuous wall conductivity, and
complex geometry (bends, cross-section variation, etc.) [26]. Therefore, it is difficult to
develop a scaling law that has universal validity. The needed coefficients have to be chosen
by experienced analysts, from detailed numerical simulations or dedicated experiments
in representative and specific conditions. A recent review of theoretical and experimental
works on 3D MHD losses may be found in [4].

While 2D and many 3D phenomena in MHD duct flows are reasonably well un-
derstood and ready for implementation in SYS-TH codes by adaption of friction factors,
other phenomena that do not occur in hydrodynamic flows make their implementation in
SYS-TH codes challenging. One example is the electromagnetic coupling caused by leak-
age currents between parallel channels that share electrically conductive walls. Its effect
depends on the number of coupled channels, their orientation with respect to the magnetic
field, the conductivity of the walls, etc. [4]. Analytical solutions exist only for very special
electrical boundary conditions [28] so that for applications in complex blanket geometries
only coupled 2D or 3D simulations can provide the relevant friction coefficients when gen-
eral scaling laws do not exist [29-31]. The problem becomes even more complex for flows
in multiple coupled bends, where the coupling can be responsible for strongly increased
flow in external ducts, while the flow in the central channels is significantly reduced, as
predicted by Madarame et al. [32] and shown in experiments by Stieglitz et al. [33].

Another phenomenon that is difficult to implement in SYS-TH codes is the buoyancy
force that aid or hamper the forced flow circulation if directed upward or downward,
respectively [26]. While it is straightforward to take changes of cross-section averaged
density into account in modified correlations for friction coefficients, strong temperature
gradients across channels may lead to flow separation and the formation of vortices (pref-
erentially Q2D in strong magnetic fields) with unexpected impact on pressure distribution
and heat transfer [34].

The development of closure laws for heat transfer modelling in liquid metals is still
a topic under active research for advanced SYS-TH codes for fusion reactor applications.
Since these fluids are characterized by a small Prandtl number, Pr < 1, the Nusselt number,
Nu, cannot be predicted by correlations originally developed for air and water. For forced
convection, we have in general Nu = Nu(Pe, Pr), where Pe = pugcpL/k is the Peclet
number [35]. For applications in fusion blankets, in which the flow is subject to strong
magnetic fields, heat transfer in terms of the Nusselt number depends in addition on MHD
parameters, Nu = Nu(Pe, Pr, Ha, N). For N > 1 and Ha > 1, the magnetic field is expected
to dampen velocity oscillations in the flow and revert it to a laminar state, thus degrading
the heat transfer [27,36]. Nevertheless, experiments have demonstrated that MHD velocity
profiles can promote a higher heat transfer than hydrodynamic flows. This is partially
attributable to thin MHD boundary layers. Likewise important are the high-amplitude
large-scale flow structures (vortices and jets) that develop in flows with intense magnetic
field and other strong forcing. Such structures often significantly increase rates of mixing
and local heat transfer (see the recent review [5] and references therein). An important
example of this general phenomenon is flow in ducts with electrically conducting walls,
where high-velocity jets at the sidewalls may become unstable and locally enhance the heat
transfer [37,38]. Heat transfer in turbulent pipe flow at moderate Hartmann numbers has
been studied in [39] and summarized in a correlation Nu(Pe, Ha). Despite these findings, the
knowledge accrued has yet to be consolidated in scaling laws that can be then implemented
in SYS-TH codes.
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3.3.2. State-of-the-Art of MHD Modelling in SYS-TH Codes

To the best of our knowledge, there are five SYS-TH codes that feature some MHD
modelling capabilities for liquid metal blanket systems: RELAP5 [40], MARS-FR [41],
MELCOR [42], MHD-SYS [43] and GETTHEM [44]. They are listed in Table 1 with regard
to their capacity to predict MHD pressure losses, electromagnetic coupling, and heat
transfer. RELAP5-3D is the only code that provides MHD modelling capabilities out-of-
the-box, whereas all the others have been modified with custom models for this purpose.
MHD-SYS has been developed specifically to simulate MHD effects.

Table 1. SYS-TH capabilities for MHD modelling.

Code 2D Loss 3D Loss Coupling Heat Transfer
RELAP5-3D [40] Yes Only for fringing No No
magnetic field

RELAP5/MOD3.3 [23] Yes Yes No No
MARS-FR [45] Yes No No No
MELCOR 1.8.5/1.8.6 [46] Yes No No No

MHD-SYS [43] Yes Estimated .through Based on e}nalytlcal Based on e}nalytlcal

coupling relations relations

GETTHEM [47] Yes Yes No No

Prediction of MHD pressure losses for fully developed flows (2D loss) is implemented
in all the codes with a similar approach, i.e., the modification of the friction loss coefficient.
Different implementations are instead adopted for 3D losses, and it should be highlighted
that no SYS-TH code is currently able to cover all the scenarios that can cause these
additional pressure drops. MARS-FR and MELCOR do not provide any support for this
feature, whereas RELAP5-3D uses an ad hoc treatment only for the special case of a
fringing magnetic field. MHD-SYS is unable to directly calculate 3D losses, but it supplies
boundary conditions to a coupled CFD tool (the mhdFoam solver of OpenFOAM) to
estimate them. A more general modelling of 3D losses is used by RELAP5/MOD3.3
that supports the automatic calculation of 3D loss coefficients through the specification of
geometrical parameters in reserved words within the input deck, e.g., due to the presence of
bends, cross-section variation and discontinuous electrical insulation. GETTHEM follows
a similar approach for bends, whereas cross-section changes are represented with a fixed
loss coefficient. No support is provided for insulation discontinuities, while a preliminary
model for pressure penalty due to obstacles is available.

Electromagnetic coupling and heat transfer modelling are features present only in
MHD-SYS. The used models rely exclusively on analytical solutions for very special
combinations of wall conductivity and orientation of the magnetic field so that their
generalization to blanket relevant applications is not possible.

3.3.3. A Validation Exercise for SYS-TH Code MHD Modelling: HCLL TBM Mock-Up

To illustrate the capability of a SYS-TH code including MHD effects, the custom mod-
ule for RELAP5/MOD3.3 developed at Sapienza University of Rome is used to reproduce
pressure distribution measured in a scaled mock-up of a HCLL TBM [48]. The experimen-
tal campaign predicts the global isothermal flow distribution in the considered blanket
concept. This experimental data can be regarded as a good approximation of an integral
effect test (IET) to validate the developed module. A full description of the validation
exercise and the models implemented can be found in [23].

Figure 3a depicts a poloidal-radial view of the mock-up, pressure taps (A-E), and
the liquid metal (NaK) flow path: feeding pipe (A), inlet manifold (B,C), inflow in BU1
(D,E) and outflow in BU2 (FG), outlet manifold (H,I). The liquid metal flow path consists
of numerous bends and cross-section variations, which introduce significant 3D MHD
pressure losses, and features electromagnetic coupling of neighboring fluid domains, since
the walls are electrically conducting.
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Figure 3. (a) Poloidal-radial sketch of the TBM geometry. The flow path (A-I) is depicted with
colored lines; (b) Numerical results (stars) and experimental data (dots) for nondimensional pressure
drop vs. normalized length of the flow path (Ha = 3000, Re = 3360).

In Figure 3b, the comparison between the experimental and RELAP5/MOD3.3 results
for nondimensional pressure drop is shown for Ha = 3000 and Re = 3360. As scaling
parameters we choose the toroidal half-length of a BU, L = 0.045 m, and the pressure scale
Po = cupLB?. The reference pressure value is imposed at location A. The code shows an
excellent agreement with the experimental data in terms of total pressure loss and local
values (—1% < € < +14%), even without a model to represent electromagnetic coupling.
The latter does not affect the overall pressure loss estimate due to the low contribution
from BUs. On the contrary, the system code is not able to reproduce the flow distribution
in the BUs, since it is significantly influenced by coupling [49]. Further model development
is required to provide accurate predictions of flow distribution in Bus, in particular when
heat transfer has to be quantified.

3.4. Requirements for Theoretical Analysis under Fusion Conditions

Common to all analysis methods discussed in Section 3, is the need for a database con-
taining experimental data for validation of implemented models. Some of the experimental
results that can be used for such a purpose are discussed in Section 4.

Various types of benchmark experiments have to be planned depending on validation
purposes, e.g., tests to validate specific models or to improve the accuracy of parameters
that are required for calculations. Both single effect and integrated multiple effect exper-
iments have to be foreseen. The latter ones are also referred to as mock-up experiments.
They include all essential features of a blanket concept with the aim to improve and finalize
the design.

In the following section, we present some of the requirements for a proper theoretical
investigation of fusion-relevant problems both by means of CFD and by using system codes.

3.4.1. Grid Generation

One of the most challenging aspects of numerical simulation of MHD flows in a strong
magnetic field is the resolution of very thin boundary and internal layers, which form
along walls and in the fluid at electrical or geometrical discontinuities of the wall. In
order to properly resolve these layers, a minimum number of grid points is required [3].
For this purpose, non-uniform meshes that are coarser in the core regions and refined
towards the layers have to be employed. MHD boundary layers are best resolved by using
a prism layer. In general, structured grids, i.e., orthogonal and with non-skewed cells,
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lead to better performance. However, when studying MHD flows in complex geometries
related to fusion blankets, hybrid unstructured meshes seem more suitable to meet the
resolution requirements without excessive computational costs. This type of grid has
some advantages compared to structured meshes, since it facilitates re-meshing and local
refinement due to the possibility of clustering nodes in selected zones. For the study of
MHD flows in complex geometries, as present in fusion reactors, the meshing tool should
allow an automatic generation of the computational grid starting from a CAD model
and permit effective control of local refinement in shear layers and regions of interest. In
Section 3.4.2 an example of the influence of grid topology on the accuracy of the solution
is discussed.

An option to be taken into account is the use of an adaptive mesh refinement (AMR)
technique to adjust the accuracy of the solution within certain sensitive regions of the
simulation domain by refining the mesh during runtime dynamically and locally according
to given criteria [50].

Due to the very large number of nodes expected to be required to discretize a blanket
related geometry, high-performance parallel computing is essential to reduce the computa-
tional time. However, simulation of MHD flows in an intense magnetic field, coupled with
mass and heat transport phenomena, in realistic blanket models, remains a challenging
time- and resource-consuming procedure.

3.4.2. Numerical Schemes

When simulating MHD flows at large Hartmann numbers, there exists a strong
dependency of numerical errors in the solution on the grid topology. If unstructured meshes
are used, discretization corrections are required, which account for non-orthogonality and
skewness of the cells. A significant source of error can also originate from the numerical
diffusion that arises from the truncation error. By using second-order discretization schemes
and mesh refinement, the effects of numerical diffusion on the solution are reduced.

Discretization schemes with good conservation properties (conservation of mass,
momentum, internal and kinetic energy, and, critically, electric charge) appear to be a
preferable choice for flows at high Ha [6-8]. For instance, Ni et al. [51,52] developed an
algorithm, which retains the conservative properties of the current density field, by using a
proper interpolation procedure of current fluxes from cell-faces to cell-centers. Numerical
errors can also derive from the computation of the electric current via Ohm’s law in flow
regions where j is very small. This is because the two terms V¢ and v x B are of nearly the
same magnitude but with opposite signs. The computation of gradients of electric potential
requires appropriate numerical schemes, such as Least-Squares (LS) or skew-corrected
Green-Gauss (GGeoyr) [53].

As an example to show the influence of grid topology on the prediction of MHD
flows and the need for suitable corrections for the discretization of the potential gradient
when using unstructured meshes, the MHD flow in an electrically insulating pipe at
Ha = 1000 has been calculated. Two types of grids have been considered. The former one
represents a block-structured mesh, a so-called O-grid, which consists of a central square
block surrounded by four blocks that adapt to the curved pipe wall (see Figure 4a). The grid
corners of the inner block, highlighted by red circles, represent discontinuities in the mesh
structure that can introduce numerical errors in the solution. The second mesh, created
by using the software STAR-CCM+, consists of polygonal cells in the duct cross-section
(Figure 4b). In both grids, boundary layers are resolved by hexahedral elements with
adequate grading in wall-normal direction. In Figure 4 only the core grid is visualized.
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Figure 4. Influence of discretization schemes on MHD flow in an insulating pipe at Ha = 1000 [54].
Axial velocity profile along the diagonal marked in red in the sketch in (a), for two grid types, O-grid
(a) and polyhedral mesh (b), and various discretization schemes for the electric potential gradient:
Least-Squares (LS), skew-corrected Green-Gauss (GGcor), uncorrected Green—-Gauss (GGypcorr)- Verti-
cal dashed lines indicate the boundary of the core grid. The black dashed curve shows the asymptotic
solution according to Chang and Lundgren [55].

Simulations have been performed by changing the discretization scheme used for the
calculation of the electric potential gradient. The results displayed in red in Figure 4 have
been obtained by using the Green—Gauss scheme without skewness correction (GGuscorr),
the blue curve by Green-Gauss combined with a linear interpolation for the correction
(GGcorr), and the green profile by a least square (LS) scheme. For insulating walls, the
determination of the electric potential gradient by means of GG,corr introduces an error
whose magnitude depends on the mesh topology, and this scheme is very sensitive to grid
irregularities. Applying either corrected GG, or LS for the electric potential gradient
leads to a significant improvement of the solution. Skewness-related perturbations are
minimized so that errors are caused mainly by the grid cell size and not by the mesh
type. However, for very large Ha (fusion conditions) the most accurate results for MHD
flow in circular pipe have been obtained by using a grid with a structured core, a layer of
hexahedral elements to resolve the boundary layers, and an unstructured mesh to connect
both of them, together with LS scheme for electric potential gradient discretization [56].

3.4.3. Suitable Closing Laws for SYS-TH Codes

In SYS-TH codes the main issue is the absence of closure laws able to describe the
effects of electromagnetic coupling and MHD velocity modifications which affect heat
and mass transfer. In addition, the coefficients to be used for scaling laws to estimate 3D
MHD losses have to be determined. Experimental and numerical data available in the
literature must be expanded for these purposes. On the same note, it is challenging to
demonstrate the code’s scalability since no past experimental work qualifies as IET and
among planned ones, only the ITER campaign will satisfy all requirements (cf. Section 4
and [57]). Therefore, it would be highly desirable to plan separate effect tests to obtain
experimental data for the development of SYS-TH models, which can be integrated with
numerical activities performed with validated CFD tools. Moreover, there is the need for
at least one IET to provide support for SYS-TH code validation before the experimental
campaigns in ITER.

4. Experiments

Despite the great progress of computational tools, made possible by the increased
availability of high-performance computing, numerical codes are not yet able to simulate all
types of 3D MHD flows at fusion-relevant parameters in blanket geometries with enough
reliability and accuracy. Empirical research remains, therefore, the principal method for
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advancing the knowledge of complex blanket flows, and experiments are necessary for the
validation of computational tools.

MHD flow in an outboard blanket module in ITER for a typical magnetic field
B =4T,length L = 0.1 m, ugp = 0.1 m/s and for PbLi properties as shown in Table 2,
is characterized by a Hartmann number close to Ha = 9000. Experimental reproduction of
such numbers is challenging for several reasons. In laboratory experiments, the strength of
the magnetic field is limited to about B,y < 2 T when normal conducting copper magnets
are used. Moreover, the available space in the magnets reduces the typical length scale
for mock-up experiments by at least a factor of two (see, e.g., [58]), i.e., Lexp < 0.05 m.
If thermal insulation is required, Leyy could become even smaller. Therefore, Hartmann
numbers in PbLi mock-up experiments are limited to Ha < 1000-2000. Higher values of Ha
are possible only in superconducting solenoids, where, however, the length of channels
with transverse magnetic field is limited by the size of the magnet bore [59]. In addition to
this, MHD experiments with PbLi have to be performed at high temperatures. This results
in thermoelectric disturbances of signals of the measured induced electric potential and
difficulties in operating the flow meters and pressure transducers.

Table 2. Thermophysical properties of PbLi at 400 °C and examples of possible model fluids that allow experimentation

at room temperature. Nondimensional parameters have been evaluated for experimental conditions with Bey, =2 T,
Lexp = 0.05 m and up = 0.1 m/s. For the Grashof number Gr a wall heat flux of 10 W/cm? is assumed.

p v x 108 o x 1076 k B x 10°
kg/m3 m?2/s 1/Q/m Wim/K 1/K Re Ha Gr
PbLi 400 -C 9719 0.161 0.849 24 0122 29,585 273 12 x10°
Hg 5 °c 13,546 0115 1.04 8.72 0.181 43,478 2584 9.6 x 10°
GalnSn 9 -¢ 6353 0.340 332 24 0122 14,706 3920 27 x 108
NaK 9-c 868 1.06 2.87 218 0.29 4717 5585 7.3 x 10

Given the problems associated with the high-temperature operation of PbLi loops,
one may consider using model fluids, such as mercury, Hg [60], alloys such as gallium
indium tin, GaInSn [61,62], or sodium potassium, NaK [63-65], which allow for MHD
experiments at room temperature. As shown in Table 2, Hg is a preferred choice for
studying mixed magneto-convection since its usage leads to Gr values one or two orders of
magnitude higher than other liquid metals in the same conditions. The highest Hartmann
numbers may be reached by using NaK. The drawback of using Hg is toxicity and for NaK
is its chemical reactivity with oxygen or water, so that special precautions are required
during preparation and conduction of experiments. NaK has the advantage that good
electrical contact between fluid and wall is established after wetting, and corrosion issues
do not exist in the temperature range of operation. Reasonable Hartmann numbers can be
reached also with GalnSn, but electrical contact at the interfaces suffers from poor wetting
capability. This requires special manual treatment of all surfaces exposed to the alloy in
MHD experiments, since contact resistance by residual oxide layers influences the flow
behavior in terms of pressure drop, velocity and potential distribution [66].

MHD experiments with model fluids fall into two major categories: fundamental or
applied research. The first group includes experiments in generic geometries such as pipes,
ducts, expansions and bends, for investigations of stability of laminar flows, transition to
turbulence, heat transfer and buoyant flows. The results from these experiments constitute
a valuable database for the validation of numerical tools [3,4].

The other type of experiment aims at demonstrating the feasibility of technological
aspects, such as a reduction in pressure drop by electrically insulating coatings or flow
channel inserts [67,68], or at studying complex electrically coupled MHD flows in scaled
mock-ups of entire blanket modules.

Before discussing some examples of MHD experiments, it is worth mentioning a few
aspects concerning measuring techniques for MHD flows at high Hartmann numbers.
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Measurements of flow rate, pressure differences, and electric potential are straightfor-
ward, at least for model fluids. In experiments performed, e.g., in the MEKKA facility at
KIT [64], it is possible to determine flow rates up to 25 m?3/h, differential pressure between
30 pressure taps, and distribution of potential by up to 600 sensors on the wall or at the
fluid-wall interface. The latter ones are of particular importance, since for Ha > 1, poten-
tial is constant along magnetic field lines and hence, the wall data give a good picture of
the values inside the core of the fluid. Moreover, it is possible to calculate from Ohm’s law
the components of velocity in the plane perpendicular to the magnetic field according to

1
V] = =5 —V(])XB—% ,

B2
~——
~0
where for flows in insulating or thin-wall ducts, the current density (or pressure gradient)
is negligible compared to potential gradients. Therefore, the potential ¢ may be interpreted
as an approximate stream function of the flow and we can determine the velocity field
from wall potential measurements, i.e., u ~ B ’1841/ dz and w ~ —B’lacp /0x. As an
example, Figure 5 shows the distribution of axial velocity determined from wall potential
measurements in a circular pipe flow in a spatially varying magnetic field B(x) = B(x)
for Ha = 5485 and Re = 10,043. The strength of the transverse magnetic field is displayed in
nondimensional form as Ha(x). For further details, see [69].
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Figure 5. Pipe flow in an axially increasing magnetic field (Ha = 5485 and Re = 10,043). Colored
contours of axial velocity on the pipe symmetry plane, displayed in the upper plot, have been
obtained from potential measurements at the electrically conducting wall.

Using the same principles, i.e., measuring potential differences A¢ between tips of
local traversable probes at distance Az, allows for the investigation of time-resolved velocity
profiles u ~ B™1A¢/Az in the core of duct flows and even across field-aligned parallel
layers. These probes, called Liquid metal Electromagnetic Velocity Instruments (LEVI) [70]
or conduction anemometers, can be used to study the stability of laminar flows or to
quantify turbulent properties. Slight asymmetries in measured velocity profiles, observed
among others, e.g., in [70], can be explained by the formation of internal field-aligned
layers tangential to the probe shaft, which partially blocks a fraction of the duct cross-
section [71]. The latter reference further shows that higher accuracy may be obtained by
proper calibration of the probe.

Another example of MHD experiments is the study of magneto-convection in a
geometry relevant to the WCLL blanket concept. It addresses the topic of magneto-buoyant
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flow in a liquid metal filled box with internal obstacles. Due to the presence of cooling
pipes generating large thermal gradients in the breeding zone and the slow circulation
of the liquid metal, the major flow in a WCLL blanket is expected to result from the
balance of buoyancy and electromagnetic forces. To examine generic buoyancy-driven
MHD flows, a simplified rectangular model geometry has been considered in which two
parallel pipes are inserted (Figure 6b). Both pipes are kept at constant temperature Tq
and T; > T to generate the horizontal temperature gradient driving the flow. To provide
clear boundary conditions, the pipes were made of copper to ensure that their temperature
is as uniform and constant as possible. Their outer surface is coated with a very thin
electrically insulating layer to prohibit induced currents from closing into their walls and
to avoid parasitic thermoelectric effects that could occur in contact with the model fluid
GaInSn. The box is made of PEEK plastic and thermally insulated to provide adiabatic
conditions before being inserted in the MEKKA magnet that produces a vertical magnetic
field (Figure 6a). Temperature and electric potential were recorded with high-accuracy
instrumentation at the most pertinent locations identified by preliminary simulations [72].
As an example of the data collected, nondimensional temperature profiles measured at
the center of the cavity for hydrodynamic flows (Ha = 0) and various Gr are presented
in Figure 6¢. A convection cell forms in the center of the cavity, between the two pipes,
and the buoyant flow results in a thermal stratification with the hot fluid staying on the
top and the cold fluid on the bottom. Experiments have been performed for a variety of
temperature differences (Gr) and magnetic field strengths up to Ha = 3000.
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Figure 6. (a) Magneto-convection test section in front of the magnet during installation. For thermal insulation the box
is surrounded from all sides by Styrofoam. The top insulation has been removed to obtain a view of the box and of the
instrumentation. (b) Design; (c) nondimensional temperature profiles measured at the center of the cavity for several Gr

and Ha = 0.

As mentioned above, a second class of experiments exists for the investigation of
MHD flows in scaled mock-ups of entire TBMs. As an example, the results of potential
measured on the surface of a mock-up for a HCLL TBM are shown in Figure 7. The test
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section consists of eight breeder units (BUs) which are fed and drained by a system of
manifolds. From the experimental results (symbols) of the potential measurements in
the middle of the module, it can be seen that higher gradients exist in external BU pairs,
i.e.,, BU1-BU2 and BU7-BUS, while the values in the central ones are considerably smaller.
Since potential gradients may be interpreted as an approximation of core velocities, it
is obvious that there is a flow imbalance between external and central pairs of BUs. A
numerical simulation of eight electrically coupled BUs agrees well with the experimental
data on the middle plane of the mock-up and additionally yields details of the velocity
profile, including flow in field-aligned boundary layers that cannot be detected from
potential measurements on the Hartmann wall [73]. In this sense, numerical simulations
and experiments are complementary.
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Figure 7. Sketch of liquid metal flow paths in an experimental MHD mock-up of a HCLL TBM
for ITER. Nondimensional results for measured electric potential ¢ (symbols) along the upper wall
(dashed line) are compared with numerical simulations (solid line).

The observation that external BUs receive more flow than the central ones is confirmed
by measurements of pressure drop along typical flow paths in manifolds and BUs. This
behavior originates from the design of manifolds whose cross-sections do not adjust to the
changing flow rates when the fluid is distributed and collected along the poloidal direction.

More recently, the trend towards the development of PbLi MHD facilities gathers
speed with the purpose of promoting integrated experiments and supporting TBM de-
velopment. Related PbLi activities have been reported from China [74,75], India [76],
Japan [77], Korea [78], Russia [79], Europe [80] and the USA, which operated the MaPLE
facility [81]. The latter, initially built by the University of California Los Angeles, has
been upgraded by a joint EU-US collaboration. It has been transferred to Europe and it is
currently being reassembled at KIT, where it will contribute to the EUROfusion blanket
program. MaPLE will provide experimental data on MHD heat transfer in blanket-typical
geometries allowing different inclinations of the test section with respect to gravity and
various orientations of the magnetic gap (horizontal, inclined, vertical). The ability to lift
and tilt the 20-ton magnet to any desired position is a unique feature of this installation
compared to other existing liquid metal facilities (see Figure 8). In MaPLE it is further
planned to test measuring techniques to record pressure, flow rate and electric potential
at reactor-relevant temperature and to gain experience in long-term operation of a PbLi
MHD facility.
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Figure 8. MaPLE PbLi loop and magnet during installation at KIT.

5. MHD Phenomena and Coupling with Heat and Mass Transfer

The occurrence of MHD effects can give rise to counterintuitive phenomena that can
affect blanket performance. This is the case for flows in parallel electrically conducting
ducts, in which electromagnetic forces induced by currents leaking across common walls
modify flows in individual channels. Other examples are so-called coupled MHD phe-
nomena, i.e., heat and mass transport in MHD flows. When multiple factors, such as
induced currents and thermal gradients, determine the velocity distribution, the action of
the resulting flow on material corrosion and tritium transfer is significantly different than
in case of isothermal hydrodynamic conditions.

5.1. Electromagnetic Flow Coupling

When a LM moves in electrically coupled channels flow imbalance, reversal and
recirculation may occur, which can cause the formation of regions of stagnant flow [25]. The
latter is a primary concern for reactor safety, since it can lead to the accumulation of tritium
and increased permeation towards coolant and structures, or to the formation of hotspots,
in which the temperature exceeds the maximum allowable value of the structural materials.

5.1.1. Flow Distribution in Electromagnetically Coupled Parallel Channels

In Figure 9 an example of velocity distribution in five stacked electrically coupled
ducts is depicted, where « is the angle between the horizontal coordinate x and the imposed
magnetic field. In general, any inclination angle is possible between the two following
limiting cases where:

e  Channels are stacked along magnetic field direction, & = 0° (Hartmann wall coupling);
e  Channels are stacked transverse to the magnetic field, o = 90° (sidewall coupling).

Let us consider the case of an array of channels where the flow in each duct is driven
by the same imposed pressure head.

For o = 0°, mean velocity is predicted to increase in central channels [28]. Figure 9a
shows qualitatively the variation of the flow rate depending on the duct number. Exper-
iments conducted at the Efremov Institute [65] confirm the predicted effect and find a
13% increase in flow rate for the central duct in an array of three subchannels coupled at
Hartmann walls.

For o = 90°, the velocity in each core is almost the same and sidewall jets in the
boundary layers along the internal walls are suppressed. Because high-velocity layers,
which are still present at external sidewalls, are able to carry a significant amount of flux,
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the flow rates in these external channels are increased compared to the inner ducts [82].
This effect is also qualitatively shown in Figure 9a.

(a) r a =90°

/l
p
Up
® ® ® ® ®
1 2 3 4 5)

1 5
o
v B (5
/"
> X Ky 4 R
m m_ .
-4 u, Uy 2 3 4 S
0] ® ® ® ®
1 2 3 4 5

Figure 9. Qualitative representation of flow rate imbalance in parallel ducts due to electromagnetic
coupling (Ha = 10,000). (a) Coupling between channels with equal mean velocity through Hartmann
wall (x = 0°) and side walls (« = 90°). (b) Coupling between channels with large difference in mean
velocity and « = 90°. Channel no. 1 collects and returns all the flow rate incoming from no. 2 to no. 5
and Iy represents the mean flux in ducts 2-5 assuming uniform flow distribution.

Flow imbalance can also be observed when counter-flowing channels with different
mean velocity are coupled through sidewalls (x = 90°). An example is found in the Lead
Lithium Ceramic Breeder (LLCB) in which a number of ascending poloidal channels
are electrically coupled with a descending return duct that carries their combined flow
rates [83]. A qualitative representation of a similar case is displayed in Figure 9b. The high
mean velocity in the return channel (no. 1) induces strong electric currents that leak in the
adjacent duct and generate Lorentz forces. The latter ones draw more than double the flow
rate into that channel from the manifold compared with the other ducts.

In general, in the breeding zone of a blanket, none of both limiting coupling modes
exists. Solutions for 0° < « < 90° cannot be obtained just by superimposing the ideal cases
described above. Only numerical simulations with a correct inclination of the magnetic
field may reveal the complex physics determined by the electromagnetic flow coupling
at common conducting walls, characterized by the spreading of internal layers along
magnetic field lines [84]. When internal layers originating from singularities (e.g., corners)
in one duct hit a common wall, the electromagnetic disturbance in potential and currents is
transferred to the neighboring channel, in which the layer continues developing along field
lines. This effect may even cause unexpected local flow reversal in parts of the neighboring
channels depending on the driving pressure gradients. An example of flows coupled
at common conducting walls and exposed to an inclined magnetic field (x = 67.5°) is
displayed in Figure 10. Here, velocity contours are plotted on the cross-section of the
channels together with the velocity profile along the central line of the duct array. Internal
layers divide fluid regions inti cores with a uniform velocity that spans across the walls.
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Figure 10. MHD flow in three electrically coupled ducts exposed to an inclined magnetic field,
o =67.5°, for Ha = 2500 and conductance parameter ¢ = cL/(cty) = 0.038. Velocity is plotted along
the central line of the duct array and contours on the horizontal midplane.

5.1.2. Coupled Flow in Manifolds of LM Blankets

Due to the complex geometry of fusion blankets and the fact that the major pressure
drop arises from manifolds, it is not guaranteed that the driving pressure heads in all par-
allel channels of BUs are equal. The influence of manifolds on the flow in eight electrically
coupled BUs of a HCLL blanket has been investigated experimentally and the electric
potential measurements show that the BUs at the mock-up extremities are characterized by
higher flow rates compared with central BUs (see Figure 7). The velocity profiles deduced
from electric potential data are consistent with coupling through sidewalls and the strong
difference in flow rates is linked to significantly different pressure heads driving the flow
in individual BUs [73] (see also Section 4).

Electromagnetic coupling can also cause the appearance of flow reversals. This
phenomenon is an issue in the breeding zone but particularly in the outflow manifold,
where one wishes to avoid stagnation of the tritium-rich breeder. Coupling-mediated
flow reversals may appear in co-flowing manifold channels of HCLL [85] or WCLL [30]
blankets. They are associated with different flow rates or pressure heads between adjacent
channels that, in turn, lead to an imbalance in mean flow velocity and leaking currents. For
instance, the co-flowing feeding and draining manifolds in the WCLL TBM, in which flow
rates reduce and increase, respectively, along the poloidal direction, are coupled through
common conducting Hartmann walls [30]. At the top and bottom of the TBM, the mean
velocity difference between manifold channels is the highest and currents leaking into the
duct with the lower velocity tend to drive its core. The pressure build-up there leads to a
reversed flow in the side layers that can reach a significant fraction of the flow rate.

As an example of a different manifold concept, we discuss the case of the co-axial
manifold proposed for the WCLL blanket [31,86], where a reverse flow was observed even
for equal imposed flow rate in the two concentric channels due to the higher mean velocity
in the internal duct [31]. The flows in the two channels are along z, isothermal, steady and
fully developed, and a uniform toroidal magnetic field is imposed in x-direction. The liquid
metal enters the blanket through the external duct and exits it through the internal one.
As a result, the external channel flow rate (T';,) decreases, moving towards the top of the
blanket, while the internal duct flow rate (I'pt) increases. Local flow reversals caused by
electromagnetic coupling can be observed in Figure 11. In general, it is advisable to tailor
the manifold configuration to ensure that all the channels have a similar mean velocity
along their length in order to avoid coupling-mediated flow reversals.
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Figure 11. Coupling-mediated flow reversal in a concentric co-axial manifold. Numerical results
for Ha = 2000 for half channel (symmetry with respect to x = 0). (a) Sketch of flow rate distribution
along poloidal coordinate (I'j, + oyt = I'to¢) and qualitative representation of regions where the
flow is expected to recirculate in inflow and outflow manifolds. Velocity distribution in the manifold
channel (b) at the first cell (T, = 0, T'j;; = Ttot), (c) at the equatorial plane (I'oy¢ = T'jy; = T'to¢/2), and
(d) at the last cell (Toy = I'to¢). Crossed circles ® mark flow reversal regions.

5.2. Turbulence and Heat Transfer

Turbulent fluctuations in a flow of an electrically conducting fluid are suppressed
by an imposed magnetic field via conversion of their kinetic energy into heat by Joule
dissipation of induced electric currents. As a result, MHD flows are found in a laminar or
transitional state at much higher Reynolds and Grashof numbers than their hydrodynamic
counterparts. For example, transition to turbulence in isothermal flows in ducts and pipes
with electrically insulating walls and an imposed transverse magnetic field occurs at Re
growing with Ha so that Re/Ha remains in the range between 200 and 400 [87]. Even
when turbulence occurs, it is transformed into an anisotropic state with suppressed flow
gradients in the direction of the magnetic field lines [88-90].

Practically, the suppression of turbulent fluctuations by a magnetic field implies that
conventional (three-dimensional, albeit anisotropic) turbulence can occur in typical blanket
conditions only if poorly electrically conducting fluids, such as the molten salts FLiNaK
or FLiBe, are used as working liquids. In that case, turbulent flows with high Re and
moderate Hartmann number, Ha~100, are anticipated. The properties of such flows include
decreased fluctuation amplitude, anisotropy, reduced rate of energy transfer to small length
scales and the corresponding (steeper slope) transformation of the energy power spectrum.
Moreover, reduced rates of turbulent transport, and development of flow regimes with
localized turbulent zones and large-scale spatio-temporal intermittency are observed (see,
e.g., [5,6,90-94]). Modeling of such flows can be accomplished by LES or RANS methods,
but models have to be adapted for the peculiar nature of MHD turbulence (see, e.g., [5]
and references therein for a discussion of this interesting topic). The models commonly
applied in conventional hydrodynamics (for example, the k — e model in RANS or the
classical Smagorinsky model in LES) do not produce accurate results due to their excessive
dissipation and inability to reproduce anisotropy and intermittency effects.

In the case of strongly electrically conducting fluids, such as PbLi, Ha~10* typical
for blanket conditions implies that 3D turbulence cannot occur. This does not mean
that the flow necessarily becomes laminar and steady-state. From the general physical
perspective, it is evident that even a very strong magnetic field cannot prevent the growth of
hydrodynamically unstable perturbations, if the perturbations are quasi-two-dimensional
(with nearly zero velocity gradients along the magnetic field outside the boundary layers)
and, therefore, do not generate significant Joule dissipation. The physical nature of such
instability may vary. For example, growth of perturbations has been demonstrated for
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shear-flow instability of the Kelvin—-Helmholtz type, thermal convection, or a combination
of the two (see, e.g., [95-102] or the review [5] for further examples).

The growth occurs in the absence of conventional turbulent mixing, in the conditions
of quasi-two-dimensionality, and, typically, at high values of control parameters, such as
Re or Gr. The often-observed outcome is an ultimate flow state in the form of unsteady
regimes with strong inertia effects. The flows can be characterized as experiencing quasi-
two-dimensional turbulence with friction imposed on the flow at walls perpendicular to
the magnetic field. More important than this classification is that the properties of such
flows are very different from the ones predicted at the same parameters by models based on
assumptions of a steady-state and laminar or inertialess behavior. The flows are dominated
by large-scale quasi-two-dimensional vortices and jets. Temperature oscillations of high
amplitude (up to 50 K) and low frequency have been observed in experiments and obtained
in calculations at moderately high Gr and Ha achievable in a laboratory [5]. The state of
the flows at higher Gr and Ha typical for blanket conditions is debatable, but there are
strong indications that fluctuations of even higher amplitude are to be expected [98,102].
Should such high-amplitude low-frequency fluctuations occur in components of a liquid
metal blanket, potentially serious consequences include a substantial increase in the rates
of transport of heat and tritium, the modification of balances controlling corrosion, and
strong unsteady thermal stresses in the walls.

5.3. Tritium Transport

Tritium consumption for a 2000 MW fusion power reactor is about 112 kg per full
power year, which is an enormous amount when compared with the actual worldwide
availability, estimated as 20-30 kg [103]. Even if tritium can be produced from lithium,
the bred tritium has to be almost completely recovered for subsequent use as fuel. This
means that tritium self-sufficiency represents one of the most challenging issues for future
deployment of fusion electricity. Therefore, an efficient characterization of processes and
technical solutions to manage and control tritium transfer and release is mandatory.

For the development of liquid metal breeding blankets, the assessment of fusion
reactor safety and the ability to breed tritium, it is necessary to accurately predict how
tritium transport is affected by complex phenomena such as diffusion, surface reactions,
MHD effects and heat transfer. Therefore, mathematical models and computational codes
have to be developed to quantify tritium distribution, inventory, retention in PbLi and
structural materials, and permeation losses from PbLi to the coolant, to the reactor building
and the environment. Among the different phenomena affecting tritium inventories and
losses, one should mention Sieverts” law describing solubility in metals, but also surface
reactions and the possibility of tritium becoming trapped in the structure.

Hydrogen isotope solubility in PbLi (Sieverts” solubility constants), including that
of tritium, suffers from uncertainties of up to three orders of magnitude depending on
the adopted measurement technique (absorption or desorption). The huge difference
between the two techniques needs to be better understood. For these reasons, experimental
campaigns are being conducted in Europe in order to re-evaluate PbLi properties including
crosschecking of data from different laboratories under controlled conditions of PbLi
manufacturing and chemical composition.

For the determination of tritium inventory and flux in different materials, which are
in contact, it is necessary to define suitable interface conditions. Tritium concentration ¢t
(mol m~3) at a certain interface is linked to tritium partial pressure pr through Sieverts’
law [104]

cr = ks\/pt, ()

where ks (mol m~3 Pa=%?) is the Sieverts’ constant. At the interface between liquid metal
and steel, the continuity of pr is assumed,

PTis = PTsls (6)
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where the subscripts Is and sl indicate the liquid phase at a steel interface and steel at
an interface to a liquid, respectively. Substituting Equation (5) into Equation (6) yields a
concentration discontinuity related to the ratio of Sieverts” constants of liquid metal and
steel, kg 1/ ks s, called the partition coefficient

s _ kst @)

CT sl ks,s

As a result, the uncertainty in the PbLi solubility directly translates into a lack of
confidence in tritium permeation rate and inventories. To deal with these uncertainties in a
conservative way, most of the tritium models use the lowest available solubility values,
which provide the highest permeation rates from PbLi to the coolant.

Tritium permeation rate across interfaces of different materials is affected by surface
conditions. Oxidized or clean walls have different properties, e.g., absorption, desorption,
and recombination constants, with consequences on tritium permeation fluxes, especially
at lower tritium partial pressures, i.e., when the limiting process characterizing the perme-

ation is due to surface effects. The recombination constant, ok, [m4 mol ! s’l] is related

to the Sieverts’ constant as kg = oky/0kyp, where okq {mol m_zs’lPa_l] is the dissociation
constant and ¢ the sticking probability [105]. The recombination constant is strictly de-
pendent on the condition of the material surface and therefore its value suffers from huge
uncertainties. In addition, up to now consolidate reference values for transport properties
in Eurofer are still lacking and properties of Optifer-IV steel are typically used instead.

In addition to the aforementioned uncertainty of physical parameters, trititum trapping
in solid structures, which can result from impurities and material defects or neutron
irradiation damages, can considerably affect tritium inventory and losses. The density of
trap sites increases with the damage induced by neutron irradiation. Tritium implantation
depends on the ion flux density and energy, and the peak implantation usually occurs at
few nanometers under the surface of the metal. Permeation, therefore, depends on surface
conditions of plasma-facing components and on defect traps, hence it can increase on
contaminated surfaces.

Recent calculations with system-level codes for WCLL blankets estimate a total tritium
release to the coolant without any mitigation strategy of 38 g/d, which is about 11.7% of
the total tritium generated. This implies high tritium inventories retained in the water
circuits, surpassing the safety limit in few days of operation [106]. Therefore, the reduction
of tritium permeation is a primary issue for the licensing of a DEMO reactor [107].

In order to mitigate tritium release to the coolant two main strategies are foreseen. The
first one concerns the adoption of efficient tritium extraction systems able to guarantee low
inventories reducing the gradients of concentration, which are responsible for permeation
phenomena. Among the different technologies, the most promising ones [12] are the Gas-
Liquid Contactor (GLC), which is the reference technology for ITER, the Permeator Against
Vacuum (PAV) and the Vacuum-Liquid Contactor (VLC). It must be kept in mind that
the scalability of these tritium extraction units from ITER to DEMO has to be addressed
from the point of view of technological feasibility and costs. A second approach to reduce
tritium losses is the use of anti-permeation barriers (APB) [108]. This strategy appears
to be required when considering practical and economic limits on the size and hence the
efficiency of tritium extraction systems. The APB performance in terms of permeation
flux reduction is quantitatively assessed by the Permeation Reduction Factor (PRF), which
quantifies the ability to reduce the permeation of hydrogen isotopes. The PRF is defined as
the ratio of tritium permeation fluxes through an uncoated wall (j%z”“’md) to that across a

coated one (j%g“t“d ),
PRE = j%;lcaated /j%cz'a[EdA (8)

Several coatings have been proposed over the years [109], among which the most
promising ones in terms of PRF are Er,O3, ZrN, Al-Cr-O, Al,O3. These coatings may
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guarantee PRF higher than 1000 in the range 400-700 °C. Alumina Al,Oj3 serves also to
mitigate corrosion of Eurofer steel and represents the reference coating for DEMO [107].
Additional research is necessary in order to ensure high adhesive strength of coatings,
compatibility with complex shapes, and good performance in a radiation environment.

5.3.1. Tritium Analysis Methods, Transport Modeling and Coupling with MHD

Tritium transport in blankets is complex, since it includes many different phenomena
and involves a large number of physical properties and parameters, many of which have
not yet been determined with an adequate level of accuracy. Moreover, simplified models,
which use empirical coefficients and are employed to obtain a first estimate of tritium
inventory, have often limited applicability in terms of operating conditions. Therefore,
they are less relevant for DEMO applications. The physics included in modelling tools
for investigation of tritium cycle in fusion blankets should have a sufficient complexity, in
order to support the design of TBMs and the definition of the experimental program for
ITER. Additionally, models should allow exploiting experimental data from ITER and to
extrapolate them to DEMO conditions. A four-step structure of the development strategy
for tritium transport modeling tool is presented in [110]. It is proposed to keep a modular
structure of the predictive tool, starting from the description of single components and
by including progressively subsystems, such as TBM and ancillary systems, up to the
complete test blanket system.

Tritium analyses can be performed either by employing system-level models for com-
puting the global performance of blankets and ancillary systems, or by detailed 3D models
and numerical simulations for spatially limited domains and critical regions. System-level
models, which are discussed in more detail in Section 3.3, consider at most 1D equa-
tions [111]. Flowing PbLi is taken into account via imposing a mass transfer coefficient at
interfaces between liquid metal and walls. This is the case of TMAP7 [112], FUS-TPC [113],
EcosimPro or mHIT [114], which have been used for estimating tritium transport and
inventory in different blanket concepts and divertors, and performing parametric sweeps.
Exercises of verification of these codes against analytical solutions, validation against
experimental data and benchmarking between them have been performed [112,114]. Most
of the validation procedures are performed in solid systems and are devoted to validat-
ing processes such as diffusion, surface recombination, chemistry reactions, trapping, etc.
System-level codes present important limitations when dealing with MHD coupling, since
correlations between the Sherwood, Reynolds and Hartmann numbers are not known
in blanket conditions. The Sherwood number Sh describes the ratio of effective mass
transfer to the rate of diffusive mass transport. Therefore, these codes use either classical
hydrodynamic correlations or an analogy with heat transfer. However, the latter type of
correlations has been derived for relatively low Hartmann numbers (Ha < 375 [39]) and
they are not applicable to blanket conditions.

Regarding detailed models, various finite volume and finite elements models have
been developed for simulating tritium transport coupled with MHD effects. Several
academic codes typically use the outputs of available MHD solvers as input for the ve-
locity field in the calculations of mass transfer. This includes, for example, the case of
CATRYS [115], which solves the equations for tritium transport and uses the velocity field
from the MHD HIMAG code as input. Other tritium transport codes have been developed
with an integrated MHD solver (e.g., [116]).

Another category comprises 3D simulations with commercial multiphysics codes,
such as ANSYS-Fluent and COMSOL-Multiphysics. These simulation platforms include
customization capabilities, where MHD modules can be integrated into available fluid
dynamic solvers. For validation of non-MHD mass transfer in these codes, there are few
facilities available where hydrogen isotopes are dissolved in flowing PbLi, as described
in [117] or the recently constructed CLIPPER loop [118] at CIEMAT. At ENEA Brasimone,
the TRIEX-II facility is able to qualify GLC, PAV and VLC technologies at different temper-
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atures, PbLi mass flow rates and hydrogen isotopes concentrations [119]. Unfortunately, in
none of the existing facilities can a magnetic field be applied on a section of the flow path.

Because of this experimental limitation, tritium transport codes have been validated
using experiments under hydrodynamic conditions or verified against analytical solu-
tions [120-122]. These exercises do not ensure code validation in MHD flows, but once the
hydrodynamic transport of dissolved species has been verified, there is high confidence
that the transport equations for passive scalars are implemented in a correct way, taking
into account all relevant physical phenomena and applying them to MHD velocity distribu-
tions as well. The degree of uncertainty in numerical modeling, due to a lack of validation
against MHD experiments, seems far less compared to the poor knowledge of physical
parameters (orders of magnitude differences) required for the simulations.

5.3.2. Tritium Transport under Fusion-Relevant Conditions

WCLL DEMO blanket. A number of studies have been performed to address the ef-
fect of MHD on tritium transport for the WCLL blanket concept for DEMO reactor [123,124].
In particular, flow in a portion of the breeding unit, as shown in Figure 12 on the top, has
been simulated adopting a novel coupling strategy for the physics involved, and differ-
ences between pure hydrodynamic (Gr = 4.78 x 10'°, Ha = 0) and magnetohydrodynamic
(Gr=4.78 x 100, B =4 T, Ha ~ 11,000) conditions have been highlighted. In both models,
the system has been assumed to be operated at steady-state conditions. Buoyancy effects
have been introduced using the Boussinesq approximation. The radial profile of the volu-
metric nuclear heating on the equatorial midplane has been determined by means of the
MCNP Monte Carlo code.
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Figure 12. On the top the investigated geometry and the used mesh are shown. Contours of PbLi velocity for (a)
hydrodynamic (Ha =0, Gr =4.78 x 10'%) and (b) magnetohydrodynamic (Ha = 10,830, Gr = 4.78 x 1010) cases [124,125] are
displayed on a radial poloidal plane in the middle of the central submodule.

Figure 12 shows the comparison between the velocity field on a radial-poloidal plane
in the middle of the central submodule of the BU for the two cases. The presence of the
magnetic field changes completely the velocity distribution and its magnitude. Near the
piping region, the PbLi is quasi-stagnant in the hydrodynamic case in Figure 12a, whereas
in the MHD case (Figure 12b), jets are found near the electrically conducting walls parallel
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to the toroidal magnetic field and a fast recirculating zone, driven by buoyancy forces,
occurs between the pipes.

The MHD velocity distribution has, as expected, a significant effect on tritium trans-
port. In the performed analysis, the Sieverts’ constant of tritium in PbLi is the one proposed
by Reiter [126]. In Figure 13, the steady-state tritium concentrations in the PbLi and Eurofer
domains are shown for the hydrodynamic and MHD cases. In the former one, most of
the tritium is found in the zone between the first wall and the first pipe column, reaching
values greater than 0.7 mol/m3. By applying a toroidal magnetic field, the concentration
is much more evenly distributed between the first wall and the edge of the stiffening
plate, and the maximum value is smaller than 0.4 mol/ mS3. Nevertheless, the presence of
recirculation zones increments the tritium mean permanence time in the breeder unit, and
the tritium concentration decreases rapidly with the radial coordinate.

Edge of the
stiffening plate

(a) (b)

Figure 13. Tritium concentration in LiPb and Eurofer for (a) hydrodynamic (Ha = 0, Gr = 4.78 x 1010)
and (b) MHD (Ha = 10830, Gr = 4.78 x 10'°) cases.

The major effect caused by the different velocity fields is on the distribution of the
tritium fluxes out of the blanket. In Figure 14, the comparison between the tritium that
leaves the BU in the PbLi (Out) and the tritium that permeates through the piping system
into the water (Permeation) is shown. As evident, MHD has a beneficial effect, and the
permeation rate is reduced by around 60%.
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Figure 14. Steady-state molar flux exiting from the BU in PbLi (Out) and permeated through the
piping system into the water (permeation) for the two cases.

Concerning tritium inventories in PbLi, Eurofer and water, there is no significant
difference between hydrodynamic and MHD cases. Only a slight reduction in water has
been found in case of MHD flow.

DCLL breeding blanket. The DCLL blanket concept is characterized by relatively
high PbLi velocities compared to the WCLL blanket. The MHD pressure drop is reduced
by electrically decoupling the PbLi flow from the metallic structure by using insulating
Flow Channel Inserts (FCI) [127]. In the case of the European DCLL blanket design [128], a
sandwich-type insert is proposed, which consists of a thin alumina layer protected by two
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Eurofer sheets. The FCI divides the flow into two regions: the core flow and the gap flow
between insert and wall.

From the tritium transport perspective, the latter is probably the most critical region in
the DCLL blanket. This is due to the fact that, since alumina is a very effective permeation
barrier, only the tritium generated in the gap is suitable to permeate into the coolant.
Assuming that the alumina is a perfect electrical insulator, fully developed models of the
gap flow can be applied independently from the flow in the core. This kind of simulation
has been launched using the ANSYS-Fluent MHD solver.

In Figure 15 (left) the velocity profile in the gap is shown for the pressure-driven
MHD flow at Ha = 7630 and dp/dx = 1740 Pa/m representative for the frontal channel of
the central outboard module. The resulting flow is characterized by quasi-stagnant PbLi
regions in the gaps perpendicular to the magnetic field (Hartmann gaps), while most of
the flow goes through the gaps parallel to the magnetic field (side gaps). The obtained
velocity profile has been used as input for a 3D tritium transport model of the complete
annular channel between external wall and FCI. This model considers an exponentially
decreasing volumetric tritium generation along the radial direction and constant transport
properties [129].

Hartmann Gap

Side Gap

Figure 15. Left: fully developed velocity profile in the gap of a central outboard poloidal channel of a DCLL blanket for
Ha = 7630 and dp/dx = 1740 Pa/m. Right: tritium concentration contours in the middle section of the PbLi channel,
including PbLi gap, Eurofer walls and external Eurofer layer of the FCI.

Figure 15 (right) displays concentration contours in the midsection of the channel. In
spite of the volumetric generation being maximal next to the FW, the high-velocity jets in the
side gaps are able to effectively transport most of the tritium to the channel outlet. In steady-
state, this results in low tritium concentrations in the parallel gaps and larger concentrations
in the quasi-stagnant Hartmann gaps. Inside these gaps, the concentration decreases with
the radial direction. This is a consequence of the exponential shape of the tritium source.
Analogous conclusions are described in [115], showing the causal connection between very
low velocities in the Hartmann gaps and larger tritium concentration.

In Figure 15 (right) the concentration discontinuity due to the different solubilities of
PbLi and Eurofer can be observed at both PbLi/wall and PbLi/FCI interfaces. There is one
order of magnitude of difference in tritium concentration in side and Hartmann gaps. The
steady-state permeation rate, from the gap flow into the helium channels, is around six
times higher than the value predicted by a system-level model that considers an evenly
distributed flow rate through the gaps [129]. This comparison highlights the need for 3D
transport models to predict tritium distribution in liquid metal blankets in order to reduce
uncertainties and inaccuracy caused by assumptions, geometrical approximations and
simplifications of the physics, as used in system models. In particular, the MHD velocity
distribution and the complexity of the blanket configuration have a noticeable influence on
the results.

In [130] parametric studies have been carried out to quantify the major factors that
govern tritium transport and permeation in the DCLL blanket. Tritium solubility signifi-
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cantly affects these phenomena, since it directly influences tritium partial pressure. The
parameters that determine the velocity distribution in the liquid metal gap between FCI
and wall, such as Hartmann number, FCI and wall electrical conductivity, also have a
strong impact on the tritium permeation rate.

5.4. Corrosion

In the frame of blanket engineering for DEMO and ITER, the chemical compatibility of
Reduced Activation Ferritic-Martensitic (RAFM) steel Eurofer in contact with the corrosive
flowing liquid PbLi represents a serious problem for fusion blanket development. Along
with the possible wall thinning in the hotter part of the liquid metal loop that could lead to
a deterioration of the mechanical integrity of the blanket structure, critical safety issues are
related to the transport of corrosion products in the PbLi loop [131]. They can be activated
by the intense neutron flux giving rise to local accumulation of activated materials in the
liquid metal system. Moreover, their precipitation in its cold section results in the potential
plugging of the loop.

Corrosion in heavy liquid metals originates from physical-chemical phenomena in-
volving the dissolution of the alloying elements, their transport, chemical reactions with
dissolved non-metallic impurities (oxygen, nitrogen, etc.), and the formation of intermetal-
lic compounds with the liquid metal and/or other dissolved metal impurities [132].

In PbLi environment, RAFM steels experience degradation phenomena mainly related
to solution-based mechanisms [133-135]. In particular, almost-uniform dissolution of
the main alloying elements (Fe, Cr) is observed on the exposed surface, and subsequent
penetration of PbLi along grain boundaries. The higher diffusion rate of Cr in PbLi and its
slower diffusivity in the steel matrix result in a selective leaching up to some um of depth
at the interface, with consequent surface enrichment of the low-solubility elements (e.g., W
in Eurofer) [134,135]. Porous Cr-poor ferrite with PbLi penetration is then formed at the
surface. Interactions with dissolved impurities such as O and N have not been reported.

Corrosion experiments carried out over the last two decades on RAFM steels have
shown that corrosion occurs in two steps [136]. The first one consists of the non-uniform
dissolution of the native oxide layer on the steel surface. This process occurs during the
“incubation time”, whose duration depends on PbLi temperature and flow. The second step
is the dissolution of the bulk via leaching of Fe and Cr. According to some experiments, the
incubation time for RAFM steels in flowing PbLi is shorter than under stagnant conditions
and is reported to be 500 h at 550 °C [137] and it can last up to 1000 h at 480 °C [138].

Besides the effect on the incubation time, PbLi temperature and fluid-dynamic condi-
tions are the main parameters that influence the rate of corrosion of RAFM
materials [133,137,138]. Larger temperature enhances the dissolution effect because of
the increased solubility and diffusivity of the alloying elements in the liquid metal. The
increased flow rate and the transition from laminar to turbulent regime raise the mass
transfer in boundary layers. Finally, erosive effects, such as the spall-off of the porous
Cr-poor ferrite layer, are inherent to flowing conditions. This is shown by experimen-
tal studies that found a corrosion rate for Eurofer steel at 550 °C of about 400 um/yr at
22 ecm/s [137],220 um at 10 cm/s [133], and 18 pm in static PbLi [135]. The strong impact
of elevated temperature becomes obvious when corrosion rates are compared with results
for lower temperatures for which, e.g., at 480 °C, rates of only 90 um/yr at 22 cm/s are
observed [138].

Dissolved corrosion products and impurities are reported to have an influence on the
corrosion of the materials in PbLi in isothermal systems, since they reduce the corrosion rate
of steel in comparison with “fresh” melt [139]. However, dissolved corrosion products are
expected to participate in re-crystallization and deposition phenomena in colder sections
of non-isothermal dynamic systems, such as PbLi loops. Crystallized particles may move
with the melt flow or be deposited on colder surfaces where plugging may occur in the
narrow sections, affecting PbLi circulation.
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5.4.1. Modelling of Steel Corrosion in PbLi

Although the PbLi loop piping will be internally coated by alumina ceramics to
face the high corrosiveness of PbLi and to reduce tritium permeation to the coolant and
environment [109], theoretical predictions are needed to assess the feasibility and safe
operation of breeding blankets for DEMO and ITER. Modelling tools have to be validated
against experimental data [140]. Several experimental campaigns have been performed
to study the corrosion of RAFM steels in flowing PbLi. Some of the most relevant recent
results are reported in Table 3 and briefly described in the following.

The PICOLO loop at KIT (Germany) was extensively used to perform long-term
exposure of different RAFM steels (Manet I, F82H-mod, Optifer IVa, CLAM), Eurofer and
ODS-Eurofer at 480 and 550 °C in turbulent flowing conditions (10 and 22 cm/s) up to
12,000 h [133,137,141,142]. The loop has a “figure-of-eight” configuration, with a cold leg
equipped with magnetic trap, electromagnetic pump, and magnetic flow meter.

LIFUS-2 loop at ENEA (Italy) was used to test Eurofer steel at 480 °C in laminar
flowing conditions (1 cm/s) up to 4500 h [143]. In the “figure-of-eight” loop PbLi flow
rate was ensured by a mechanical pump in the cold leg. An upgraded configuration
was recently proposed to study the effect of the dissolved impurities, including cold-trap,
sampling system for PbLi chemical analysis and the use of a coating on the internal piping
of the loop [144].

DRAGON PbLi loop series at INEST-CAS (China) are foreseen to study PbLi corrosion
in both thermal and forced convection conditions [75]. The DRAGON-1V loop was also
constructed to investigate the corrosion behavior at high temperature (480-800 °C) with
flow up to 1 m/s under magnetic field (B = 2 T) and stress-applied conditions in PbLi.

An Indian loop was also recently put in operation at IPR (India) to study PbLi corrosion.
An experimental campaign on IN-RAFM steel was conducted in flowing PbLi at 465 °C,
10 cm/s up to 5000 h [136].

Table 3. Most relevant corrosion data of RAFM steels in flowing PbLi.

Thot Tcold Velocity  Corrosion

Material Loop °oC sC m/s um/year Reference
IN-RAFM Indian 465 400 0.10 31-44 [136]
Eurofer LIFUS 2 480 400 0.01 40 [143]

Manet I, F82H-mod,
Optifer IVa, Eurofer PICOLO 480 350-400 0.22 90 [138]
CLAM, Eurofer, ey
ODS-Eurofer PICOLO 550 400 0.10 200-220  [141,142]

Eurofer PICOLO 550 400 0.22 400 [137]

During experimental campaigns, correlations have been identified in order to explain
the experimental results from loop facilities and to extrapolate data to other operating
conditions. For instance, Sannier’s correlation serves to calculate the metal loss of steels at
a given temperature and PbLi flow rate in turbulent/mixed regime [145]. Good agreement
between experimental results was found for data obtained from PICOLO and the Indian
loop on Eurofer and RAFM steels [133,136], but no consistency was found for data in the
laminar regime, which exhibit some scattering.

Since corrosion in fusion blankets is a complex phenomenon that includes kinetics of
solution and deposition mass transfer and interaction with impurities, the development
and validation of modelling tools is necessary for predictive design input data. To date, the
code MATLIM found validation against corrosion data of RAFM steels in turbulent/mixed
regime [140,146], but validation still needs to be performed in laminar conditions, as
expected in BUs of WCLL blankets, where the PbLi velocity is few mm/s. Hence, experi-
mental campaign in relevant conditions of flow and thermal gradients should be performed
for code validation, also considering the effect of magnetic field and applied stress.
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For reliable application of predictive tools, values for solubility and diffusivity of dis-
solved species have to be known with better accuracy. These properties are very important
for the implementation of models as they reflect the mass transfer coefficients [140,145].
Solubility values of Fe in PbLi were obtained experimentally by various authors, but they
differ by orders of magnitude [147]. The solubility value of Cr is completely missing. In
addition, in most of the experimental campaigns no monitoring of impurity levels, e.g.,
of dissolved metals and non-metal impurities, has been performed [140]. The presence
of dissolved corrosion products and the formation of precipitates affect the evaluation of
corrosion rates during the tests. Moreover, the influence of impurities, such as H, O, N, on
the corrosion of structural materials has never been investigated experimentally.

5.4.2. Corrosion with Magnetic Field

A review of possible effects of a magnetic field on corrosion and deposition in flowing
PbLi is given in [148]. The major influence of the magnetic field on corrosion processes is
related to the change in the velocity profile due to the action of the induced electromagnetic
forces, which results in steeper velocity gradients in the near-wall region and modified
transport properties in the flow. Depending on the electric characteristics of the wall
material, the flow rate inside the boundary layers at the walls parallel to the magnetic field
can reach very large values. The thickness of the boundary layers reduces with increasing
magnetic field strength; hence, the diffusion layer becomes thinner. Moreover, MHD flow
in electrically coupled ducts can be characterized by flow reversals (cf. Section 5.1), and
turbulent MHD flow is typically anisotropic with formation of Q2D turbulent structures
(see Section 5.2). All these aspects determine the velocity distribution close to the fluid—
solid interface, which controls mass transfer phenomena. In addition to that, the effect
of the magnetic field on chemical reactions at the material surface should be taken into
account, together with an electrodissolution mechanism due to induced currents entering
the walls, as discussed in [149] for the corrosion of Hartmann walls.

Only a few experimental investigations are available in the literature in which the in-
fluence of a magnetic field on steel corrosion is studied, as required for fusion applications.

The compatibility of PbLi with austenitic (316 L) and martensitic (1.4914) steel under
the influence of an imposed magnetic field (1.4 T) perpendicular to the module axis has
been analyzed in the devices CELIMENE and ALCESTE [150,151]. The liquid metal (PbLi)
was filled in a 30 mm annular space between a hot and a cold tube. In the former loop,
the weak flow was due only to natural convection; in the second one, equipped with an
electromagnetic pump for PbLi circulation, the mean velocity in a section was about 1
mm/s. It was observed that by applying a magnetic field, the corrosion rates of the two
types of steel in semi-stagnant LM increase by about 50% for 316 L steel and 30% for
1.4914 steel compared to hydrodynamic conditions. The corrosion process is mainly due to
dissolution of iron in the liquid metal. Concerning the deposition rate, it was found to be
larger in the direction parallel to the magnetic field.

At IPUL (Latvia) experiments with samples of both P-91 steel [152,153] and Euro-
fer [154] have been carried out to study the influence of a magnetic field on corrosion
phenomena in flowing PbLi. The loop consists of a cold and a hot part. The test section
with samples is located partly in the magnetic field and partly outside, so that corrosion
rates in hydrodynamic and MHD flows can be compared.

In this loop, non-isothermal corrosion of Eurofer steel has been investigated in a PbLi
flow with a mean velocity of (5 & 0.5) cm/s, a maximum operating temperature of 550 °C
and a magnetic field of 1.7 T [154]. During a 2000 h experimental session, an intensification
of corrosion processes was observed due to the presence of the magnetic field. Mass losses
for the samples in the magnetic field were 1.5 - 2 times higher than for the ones in the region
with B = 0. It was also observed that samples in hydrodynamic conditions had a rather
smooth surface, while those in MHD flow had a regular wavy pattern on the Hartmann
walls, in the form of grooves oriented in the PbLi flow direction [155,156]. A more detailed
observation of the sample surfaces revealed that, differently than in hydrodynamic flow,
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where corrosion takes place predominantly at grain boundaries, when applying a magnetic
field, the bulk is also involved in the process due to a deeper dissolution. The diffusion of
elements (e.g., Fe and Cr) from Eurofer into the liquid metal is enhanced by the magnetic
field (faster erosion) [156]. Experimental results have also shown that the Eurofer corrosion
rate is significantly affected by the temperature of the melt.

Experimental corrosion data of FM steels in flowing PbLi, in the presence of a magnetic
field, are summarized in Table 4. When available, the results for hydrodynamic conditions
with the same parameters are also indicated for a direct comparison.

Table 4. Experimental corrosion data of FM steels in flowing PbLi with magnetic field.

. Thot Teo1d Velocity B Exposure Corrosion
Material Loop oC °oC m/s T h umiyear Ref.
P-91 steel IPUL/Riga 550 370-430 0.15-0.3 1.7 1000-2700 320-360 [152,153]
0.15-0.3 Entrance 1000-2700 200-226 [152,153]
0.15-0.3 Exit 1000-2700 100-218 [152,153]
Eurofer 0.05 1.7 1000 [156]
0.05 1.7 2000 +50 + 100% [154]
550 350 0.05 1.8 1000 +80 +140% [155]
515 350 0.05 1.8 2500 +80 + 180% [155]
thermal
316 L CELIMENE gradient +50%
1.4914 ALCESTE DT = 40K, 0.001 and 0 14 +30% [151]
convection
Corrosion rate in quasi-
stagnant conditions is larger
CELIMENE thermal Cgf:ﬁ‘%n on average than with B =0
316 L annular . vectt 1.4 Magnetic field results in [150]
gradient move- .
geometry ments dissymmetry between

dissolution and deposition
rates in directions L or 6 to B

A small number of theoretical investigations have been carried out to predict corrosion
of Eurofer in PbLi exposed to a magnetic field. Data related to the diffusion coefficients
of metallic elements in liquid PbLi are very limited; for instance, values of diffusivity and
saturation concentrations of iron in PbLi exhibit a large scattering. The latter parameter is
one of the most important in corrosion models, such as the one developed by Smolentsev
et al. [147]. The code called TRANSMAG uses a fully developed 2D MHD flow model
and solves in 3D mass and heat transfer equations. In [147], in order to improve the
available data on the saturation concentration of iron, the values for this property are
reconstructed from experimental results in turbulent hydrodynamic flow by solving an
inverse problem. The obtained data are approximated by a new correlation, which is
employed to predict corrosion in laminar MHD flow in rectangular channels. The results
confirm the experimental observations: the corrosion rate increases when imposing a
magnetic field, the appearance of the corroded surface depends on the orientation of the
wall with respect to B, and a larger mass loss occurs at the sidewalls (2-3 times stronger
corrosion rates if compared to the Hartmann wall). These studies highlight the need for
further experimental campaigns to increase the amount and the accuracy of corrosion
data in MHD flows. Moreover, the method used to achieve improved correlations for the
properties needed for corrosion modelling by matching calculated and experimental data,
represents a valid procedure to obtain reliable predictions of corrosion rates in MHD flows.

Numerical investigations of corrosion have been also carried out in MHD turbulent
flows [157,158]. Since the magnetic field tends to suppress turbulent motions, smaller
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corrosion rates were found compared to the case B = 0, in contrast with observations in
MHD laminar regime. The reduction of the corrosion rate depends on the orientation of
the magnetic field with respect to the flow direction, due to the anisotropic action of Joule
dissipation, and on the intensity of the field. A magnetic field perpendicular to duct walls
leads to the largest reduction in the corrosion rate [157].

6. Conclusions and Future R&D

The development of engineering designs for liquid metal TBMs for ITER and blankets
for a DEMO reactor requires profound knowledge about magnetohydrodynamics coupled
with multiphysics phenomena such as heat transfer, neutron physics, tritium breeding and
transport, and the corrosion of wall material.

The progress in the numerical modelling of MHD flows combined with the availability
of high-performance computing makes it possible to attain detailed insights into flow prop-
erties (pressure, velocity, temperature, electric potential) for various types of geometries
and parameters close to those in fusion applications. There exists good confidence in the
validity and accuracy of predictions, since numerical codes have been carefully validated
against analytical solutions and model experiments. Often experiments and theoretical
analyses are complementary since measured data are required for code validation or
derivation of design correlations, and numerical results may support the interpretation of
experimental observations.

The complexity of engineering designs represents a challenge for the numerical predic-
tion of MHD flows in blanket-relevant geometries, since it implies special requirements for
grid generation and for the employed numerical schemes. The computational meshes have
to provide reasonable resolution of boundary layers, but, unlike in hydrodynamics, they
also have to account for thin internal layers that spread along field lines from wall singular-
ities and electrical discontinuities. Future research should find strategies for automatic grid
generation that consider these particular needs. Discretization algorithms have to preserve
conservation of mass, momentum, internal and kinetic energy, and electric charge.

Numerical investigation of coupled MHD effects in liquid metal blankets by means of
CFD codes has achieved remarkable progress in recent years in terms of prediction accuracy
and the complexity of the geometry and physics that can be modelled. However, even
by using HPCs, simulations of large problems are still very time-consuming. Therefore,
the use of SYS-TH codes for fusion applications represents a valuable option that should
be significantly promoted. As pointed out, the prediction of MHD effects in liquid metal
blanket systems by means of SYS-TH codes is still very challenging and far from suitably
mature. Pressure drops in blanket components and heat transfer can be well described
by friction coefficients and Nusselt number correlations. On the other hand, further
effort should be put into the determination of reliable closure laws for the description of
coupled MHD phenomena, such as electromagnetic coupling and mass transport, and
for the prediction of blanket accidental transients. A number of studies are available in
the literature on coupled system/CFD codes for thermal-hydraulics and safety analyses
for nuclear reactors. Methods of coupling, of data transfer processing between CFD and
system codes, as well as validation procedures have been reviewed in [159] and they may
also be applied in fusion engineering.

Apart from heat transfer, where buoyancy may directly affect the flow, all other
coupled phenomena may be considered as convective diffusive transport problems of
passive scalars, i.e., dissolved tritium or corrosion products. The inventory and flux of
dissolved species can be described by a convection—diffusion equation and the solution is
straightforward as in hydrodynamics, once the PbLi velocity is known from MHD analysis.
The major drawback in these analyses is the low precision of thermophysical properties
such as solubility and diffusivity, since their reported values in the literature differ by orders
of magnitude, as well as unknown kinetics of reactions at interfaces. As a result, the major
uncertainties in theoretical predictions derive from scattering in the temperature-dependent
thermophysical properties of PbLi required for the analyses. Smolentsev et al. [147] showed
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the importance of exploiting the synergy between experiments and simulations in order
to obtain more reliable correlations for parameters used, for instance, in the numerical
studies of corrosion in MHD flows. As long as precise input data for numerical simulations
are not available, sensitivity studies by varying the uncertain quantities in a wide range
may be used to achieve preliminary conservative estimates for corrosion rates or tritium
permeation losses.

Once a precise measurement of material properties is available, target-oriented bench-
mark experiments have to be performed to validate models for tritium and corrosion
transport in MHD flows. For instance, models for tritium transfer analysis are validated
only against hydrodynamic experiments, and validation of the implemented coupled phe-
nomena is missing. Therefore, experimental data are essential to increase the reliability of
these models.
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Abstract: The Water Cooled Lithium Lead (WCLL) breeding blanket is one of the driver blanket
concepts under development for the European Demonstration Reactor (DEMO). The majority of
the blanket volume is occupied by flowing PbLi at eutectic composition. This liquid metal flow
is subdued to high fluxes of particles coming from the plasma which are translated into a high
non-homogeneous heat volumetric source inside the fluid. The heat is removed from the PbLi thanks
to several water tubes immersed in the metal. The dynamics of the PbLi is heavily affected by the
heat source and by the position of the tubes. Moreover, the conducting fluid is electrically coupled
with the intense magnetic field used for the plasma confinement. As a result, the PbLi flow is strongly
affected by the Magnetohydrodynamics (MHD) forces. In the WCLL, the MHD and convective
interactions are expected to be comparable. Therefore, the PbLi dynamics and consequently the heat
transfer between the liquid metal and the water coolant will be ruled by the magneto-convective
phenomenon. This work presents 3D computational analyses of the PbLi flow in the frontal region
of the WCLL design. The simulations include the combined effect of MHD forces caused by the
magnetic field and the buoyancy interaction created by the temperature distribution. The latter is
determined by the PbLi dynamics, the volumetric heat source and the position of the water tubes.
Simulations have allowed computing the heat transfer between the PbLi and the water tubes. Nusselt
and Grashof numbers have been obtained in the different regions of the system.

Keywords: magneto-convection; Magnetohydrodynamics; heat transfer; WCLL

1. Introduction

Breeding blankets are crucial systems projected in future nuclear fusion reactors
by magnetic confinement whose main purpose is to regenerate the tritium burnt in the
plasma. They are designed to absorb the energetic neutrons created in the fusion reactions
(D + T —* He + n). In the core of the blanket, the neutrons produce tritium by transmuting
the lithium contained in the blanket. The amount of tritium bred this way has to be
extracted from the reactor for being processed, stored and eventually injected in the plasma.
When including a neutron multiplier in the blanket, the tritium bred in the blanket can be
higher than the tritium burnt in the plasma which allows maintaining the desired tritium
self-sufficiency of the plant.

Within the framework of the EUROfusion blanket project [1,2], the WCLL blanket
concept [3] has been selected as one of the two candidates for driver blanket of the European
DEMO. This concept is based on an eutectic alloy of PbLi (Pb acting as neutron multiplier
and Li acting as breeder) flowing at low velocities. The blanket is directly exposed to highly
energetic particle fluxes coming from the blanket. For this reason, liquid water pressurized
at 155 bar is used for cooling both the PbLi and the steel structures. A network of water
tubes immersed in the liquid metal is included in the design for this purpose.

The PbLi is a good electrical conductor immersed in the strong magnetic field used
for the plasma confinement. Therefore, electric currents will be induced inside the flow
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producing Lorentz forces that alter its dynamics. This interaction known as Magneto-
hydrodynamics (MHD) is dominant in most of the WCLL PbLi flowpath. Nevertheless,
in the regions closer to the first wall (FW), the high particle fluxes from the plasma are
very energetic which are translated into a very high non-homogeneous heat source. This
together with the arrangement of the cold water tubes immersed in the PbLi flow can
produce temperature differences inside the bulk of the fluid of hundreds of degrees. In
these areas, the buoyancy forces are expected to be comparable or even higher than the
Lorentz ones.

In this work, magneto-convective simulations of the WCLL blanket are presented.
Those are focused on a very particular region of the design: the frontal part of the central
outboard elementary cell (Figure 1). This region is located very close to the plasma and it is
characterized by a very high heat flux and a consequent dense arrangement of water tubes.
This location is of the special interest from the blanket design perspective since it presents
a very high tritium production. In its vicinity, it is expected that buoyancy forces play a
very important role on PbLi dynamics.

poloidal

radial

Qutboard
segment

T

Toroidal B field

=

\ FW cooling

channels
dial "
PbLi entrance >T poloidal
3% pow of tubes toroidal

1*trow of tubes 284 row of tubes

Figure 1. Detailed view of the WCLL blanket design: WCLL segments (left), elementary cell (top-right), frontal region

(bottom-right).

The WCLL elementary cell is composed of six parallel circuits along the toroidal
direction. Each of them is fed by a rear PbLi manifold and presents a U-shape flowpath
along the radial direction. The analyses of this work are focused on the frontal part of one
of the six parallel circuits; in the area where the flow describes a 180° turn, close to the
FW of the blanket. It is worth noting that there is not a physical separation in between the
frontal regions of the six parallel circuits. Therefore, in a central circuit, such as the one
considered in this analysis, the lateral radial-poloidal walls only cover the rear part of the
domain (the so-called radial channels Figure 2).
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Toroidal B field

Top plate

PbLi inlet
34 row of tubes —_— afﬂe plate L qial poloidal
=
Radial Channels Bottom plate >T

toroidal
Figure 2. Geometry considered in the magneto-convective simulations.

The numerically analyzed geometry has been simplified. In particular, the shape of the
third row of tubes has been straightened, making them completely toroidaly oriented . This
way, the studied geometry presents a good symmetry along the toroidal direction which
allows using structured meshes in the analyses. Indeed, structured meshes provide better
stability in MHD simulations. In the ANSYS-Fluent MHD solver, unstructured meshes can
lead to violations of charge conservation forcing extremely small time steps which would
rise the computational cost.

The simplification performed does not affect the first and second rows of tubes which
have the same shape and position than in the WCLL design. These tubes are closer to the
FW where buoyancy forces are expected to be stronger. The square section FW cooling
channels are not directly included in the computational domain. It only covers the part of
the FW in between the cooling channels and the PbLi.

2. Numerical Model

In the present analyses, the dynamics of the PbLi flow is ruled by the Navier-Stokes
equation in which the Lorentz and buoyancy terms are added as a volumetric sources:

—

Jii - " ~ < B 3
po(5, + (- Vi) = Vi = Vp + ] x By +p(T)g @

where the PbLi density and dynamic viscosity are denoted by p and 7, respectively. The
vector field if is the velocity of the fluid. The Lorentz force is the cross product of the
current density (7) and the external magnetic field (Eo) which is assumed to be constant. §
represents the gravity vector field and T the temperature field.

Under the inductionless approximation (the magnetic field created by the induced
currents is negligible in comparison with the external one), the electric potential (¢) is well
defined and the generalized Ohm’s law can be written as follows:

j=0(~V¢+i x By) )

where 0 is the electrical conductivity of the media. The MHD problem can be closed by
applying the divergence to (2) and assuming charge conservation (V] = 0). Therefore,
a Poisson’s equation for the electric potential has to be solved coupled with (1). This
equation is solved also in the solid domains. The electric potential and electric currents are
continuous across the solid-fluid interfaces.
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Q(r)steet {T

Concerning the buoyancy forces in the fluid, they are treated using the Boussinesq
approximation:

o(T) ~ po(1=B(T = Tp)) ®)

where Tj is the characteristic temperature of the problem, p is the PbLi density at that
temperature and f is the thermal expansion coefficient. The rest of the fluid and solid
properties are assumed to be constant.

The temperature field evolves following the energy conservation equation:

oT ; ;
pocp(g + M]a]'T) = Ka]'a]T +Q (4)

where c, is the specific heat capacity of the material and « its thermal conductivity. The
volumetric heat source Q represents the effect of the neutrons and photons (nuclear heating).
As a first approximation, this source only depends on the radial coordinate. The shape of
this kind of functions are derived from the neutronics analyses performed for the WCLL
(e.g., [4]). In this work, the following piecewise functions have been used. These functions
provide a steeper power density in the region close to the FW in comparison with the
exponential functions used in previous studies which are only accurate in the tail of the
curve (e.g., [5,6]).

Qs MW] 98.962r + 9.5968 r> —0.05 )
PbLi| "3 | = 1365.35¢% + 44.313 + 21572 + 54.376r + 6.8797 r < —0.05
9185.7r — 221.25 r> —0.025

] = 483.1r + 576.96r% 4 85.61r + 5.88 —0.025 > r > —0.075 (6)
253.5r* +296.81r3 + 142.7212 + 35.2r 4+ 3.95 r < —0.075

The origin of the radial coordinate is located in the contact plane between the FW and
the PbLi. The r coordinate decreases towards the PbLi inlet and grows towards the FW.
The shape of the volumetric heat source is plotted in Figure 3.

12

PbLi/EURFOER
10

g N i\ 1;; row of tubes
} \ 2 row of tubes
E I | | ——Pbli
N \ } 3% row of tubes
! Nfﬂe platetip —=—Eurofer
— —
! e

Volumetric Heating [MW/m?]

005 0.03 0 -0.03-0.05-0.08 -0.10 —-0.13 -0.15 -0.18 —0.20 —0.23 -0.25
r

Figure 3. Volumetric heat source used in the computations.

The magnitude of the nuclear heating is of the order of MW/m?3. The Ohmic or Joule
heating (~j?/0) is expected to be several orders of magnitude smaller than the nuclear
heating. Indeed, in the WCLL conditions: u ~ mm/s, By ~ T and o ~ 105 (Q- m)_l,
which means that: j ~ guBy ~ 10> A/m?. Thus, the Joule heating (~10~! W/m?) has
been neglected in the present analysis.

In a dimensionless analysis of (1), the square of the Hartmann number (Ha) represents
the ratio between Lorentz forces and Viscous forces:

(o
Ha :=aBy,/— 7
a ﬂo,/;7 (7)
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where a is the channel semilength along the field direction (toroidal direction). In the
central outboard WCLL conditions, the Hartmann number in the frontal part of the blanket
is estimated to be approximately 8800. This means that viscous forces will be strongly
suppressed by the magnetic field.

Complementary, the Grashof number (Gr) represents the ratio between the buoyancy
and viscous forces:

Gr:= gi‘BATlf’pz
7’

where b is the characteristic length of the heat transfer process, AT is the characteristic
temperature difference and g is the gravitational acceleration. Estimating Gr in the different
regions of the WCLL is not a straightforward task. Indeed, the heat source is extended along
the complete computational domain (in a non-homogeneous way) and there are multiple
cooling regions. Therefore, both the characteristic length and the temperature difference
are not known before performing an specific thermal calculation. It is sometimes found in

®)

the literature (e.g., [7,8]) an estimation of the characteristic temperature as AT = Qsz, using
the semilength along the radial direction as the characteristic length. In the case of study,
this strategy would provide an unrealistic temperature difference of several thousands of
degrees and Gr ~ 10'2 or more. This assumption is only valid (although very conservative)
when the cooling comes from the sides of the system (e.g., a cooling plate of the Dual
Coolant Lithium Lead blanket (DCLL)). Indeed, the expression does not take into account
the cooling effect of the internal tubes which will keep temperatures differences in more
moderate values, reducing Gr as well. More realistic estimations can be made with this
formula considering only the PbLi volume contained in between two rows of tubes. With
this strategy, AT ~ 102K and Gr ~ 108.

In purely natural or free magneto-convection problems, buoyant forces are balanced
with Lorentz forces. The characteristic velocity scale is given by the ratio between the
Gr and Ha?: Uy = ;ﬁ% [9]. Alternatively, in mixed-convection problems, the velocity
scale is given by the characteristic velocity scale of the pressure driven flow (Up). In these
scenarios, the ratio between Gr and (Re - Ha%) weights the relation between buoyant and
Lorentz forces [10]. Indeed, normalizing B, i, [ f, §and T by By, Uy, (TB(%LUO, oBoUy, |§|
and ATy, respectively, Equation (1) can be written as follows:

&(% Gr
Ha? " ot ReHa?

where the symbol " represents a normalized variable (e.g., 1 = ii/Up). Inertial effects are

1 . R
+(ﬁ-V)ﬁ)=@v2uvp+]xBo+ T¢ )

2
weighted to the Lorentz forces with the usual interaction parameter (N = %) or by the

square of the so-called Lykoudis number (Ly) in natural convection problems: Ly* = HG—”;;.

In such problems, only for Gr of the order of Ha?, inertial effects are significant.

In natural convection situations, the Péclet number (Pe = Re - Pr) can be related also
with Gr and Ha: Pe = %Pr. Therefore, the advective heat transfer is strongly suppressed
by the magnetic field. This effect is also true on mixed-convection problems although a
sufficiently high Re can as usual make advection a significant heat transfer mechanism.

Both natural and mixed-convection scenarios have been studied in the past for dif-
ferent combinations of Ha, Re and Gr under the influence of a transversal magnetic field.
MHD flows in vertical channels with a non-homogeneous heat source and insulated walls
have been studied within the framework of the DCLL blanket [11,12]. Above a critical
value of Ha, the magnetic field is able to stabilize both the buoyancy-assisted (upward)
flow [13] and buoyancy-opposed (downward) flow [14]. The latter requires more intense
magnetic fields for the stabilization.

In the case of horizontal ducts, both natural convection [15] and mixed-convection
scenarios [10] have been studied considering heated surfaces. Volumetric heat sources in
horizontal channels have been studied for natural-convection regimes within the frame-
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work of the Helium Cooled Lithium Lead (HCLL) blanket concept analyses [16]. In this
case, the cooling plates and the spatially varying heat source originate the flow movement.
More recently, studies dedicated to the WCLL blanket show that the presence of the cooling
tubes immersed in the PbLi also plays an important role on determining the buoyant
recirculation patterns [17,18].

The strong magnetic field and heat source present in the frontal part of the WCLL
blanket implies a very challenging problem from the computational point of view. Being
able to resolve the MHD boundary layers while capturing the dynamics of the buoyant
vortexes requires very small mesh sizes and very small time steps in a complex geometry.
To relax the computational requirements, this work considers reduced Ha values. The final
objective would be to gradually increase Ha until reproducing the real blanket conditions.
In this paper, two different situations are compared: Ha = 1000 and Ha = 2000. In each
case, the external magnetic field has been tuned accordingly.

To keep the ratio between Lorentz and buoyant forces as similar as possible to the
WCLL conditions, the gravity field has been reduced as well keeping the ratio between Gr
and Ha? constant. For this purpose, the reduced gravity field (g,) and reduced magnetic
field (By) follow the following scaling rule:

B.\2
8 _ (J) (10)
80 By
Equation (10) will only keep the ratio -2, constant if the characteristic temperature
difference of the reduced case (AT;) is equal to real AT. Since the heat source is the same,

this is expected to be approximately true. Results obtained in Section 3 for different values
of B, and g, are consistent with this approximation.

Simulation Conditions

The material properties of the PbLi [19] and the steel (EUROFER [20]) at Ty = 600 K
are exposed in Table 1.

Table 1. PbLi and EUROFER properties at Ty = 600 K.

PbLi EUROFER
o (kg/m3) 9806 7674
cp (J/kg-K) 189.5 565
x (W/m- K) 20.93 29.74
o (@t m™ 7.82 x 10° 1.07 x 10°
B (K 1.21 x 1074 —
7 (Pa-s) 1.93 x 1073 —

Additionally, the geometrical inputs taken from the WCLL frontal region are exposed
in Figure 4. The toroidal length of the domain is 243 mm.

Regarding the boundary conditions, convective ones (§ = (T — Tf)) have been used
in the internal surfaces of the tubes and in the external side of the FW to represent the
cooling effect of the water. The water stream temperatures (Ty) of both circuits are assumed
at 311.5 °C. This value is the average temperature of the water thermal cycle [18]. The heat
transfer coefficients (h) are 11,175 W/ m? K for the tubes and 22,012 W/m? K for the FW.
The values are obtained using the Dittus-Boelter correlation taking into account the design
water velocities of both circuits. Electrically insulated boundary conditions (9,,¢ = 0)
are applied in these surfaces as well. In the inlet channel, the PbLi enters at a constant
temperature T = 650 K and with a constant velocity Uy = 0.2 mm/s.
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Figure 4. Geometrical input data.

Periodic boundary conditions are applied in the top and bottom steel plates to repro-
duce the presence of an analogous WCLL cell at the top and at the bottom of the studied
one (translational symmetry). Likewise, periodic boundary conditions are applied in the
lateral radial-poloidal surfaces since the PbLi parallel circuits stacked along the toroidal
direction are supposed to be thermally similar and circulations between parallel circuits
are expected to be negligible.

In the internal PbLi/steel surfaces, continuity of the temperature, heat flux, electric
potential and electric currents are considered.

Concerning the initial conditions, a pure conductive heat transfer model (treating the
PbLi as a solid material) has been used to obtain an initial temperature map. Using this map
as the initial condition reduces the time needed to reach relevant conditions, which reduces
significantly the computational time. This map is exposed in Figure 5. In agreement with
previous studies [21], the hottest region is located at the end of the radial channels while
the cooling tubes keep the frontal region at moderate temperatures (600-700 K).

Temperature K]

0 > S A D S N O %
TS LL PSS

Figure 5. Initial temperature field obtained with a pure conductive model.

As mentioned in Section 1, the geometry has been simplified in order to employ a
structured mesh. A multi-block structured mesh has been designed for this purpose using
ICEM-CFD. O-grid structures are included in the vicinity of the tubes. After some testing,
it was preferred to extend the radial elements of the tube walls towards the fluid domain
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in order to ensure good resolution in the boundary layers close to the tubes. For the same
reasons, a hyperbolic clustering of cells has been applied towards the walls. Figure 6
depicts a zoomed view of the computational mesh used for the Ha = 1000 case.

Tube walls Walls

Radial cells in the
boundary layer

Skewed cells

Baffle Plate

Figure 6. Detailed view of the computational mesh used for the Ha = 1000 case.

3. Computational Results

Transient magneto-convective simulations have been performed using the MHD solver
integrated in the ANSYS-Fluent platform. This solver has been tested against the experi-
mental results in a NaK loop [22] under pure MHD conditions. Moreover, a benchmarking
exercise with another 4 MHD codes was successfully conducted under magneto-convective
conditions [23].

Results are presented for the Ha = 1000 case and for the Ha = 2000 case after 200 s and
100 s, respectively. The gravity field has been scaled according with (10). In both cases, the
3D solutions obtained present a quite good symmetry along the toroidal direction. This
is expected not only because of the toroidal symmetry of the geometry but also because
the magnetic field tends to align the convective vortexes along its direction. This kind of
behavior is called quasi-two-dimensional (Q2D) turbulence [24]. For simplicity, results are
presented only in the central radial-poloidal plane. Small deviation from these results can
be found in other radial-poloidal planes but they are not significant. Weak temperature
toroidal dependence has been found as well in hydrodynamics works in the regions where
the tubes are toroidally oriented [21,25].

Figure 7 depicts a comparison between the temperature distribution of the purely
conducting model (or the initial condition) and the results for Ha = 1000 and Ha = 2000 cases
in the frontal part of the domain. Convective heat-transfer distorts the conductive tempera-
ture map. However, the effect is quite moderate which points to a heat transfer scenario
dominated by conduction.

In any case, the flow motion boosts heat transfer near the cooling tubes decreasing
peak and average temperatures. High temperature regions are slightly displaced towards
the upper part of the domain due to the buoyancy force. There are relatively small but
appreciable differences between both magneto convective cases. This indicates that even
when keeping the overall ratio between buoyancy and Lorentz forces, local effects play a
role on heat transfer. For example, higher velocity jets are developed next to the conducting
walls at higher Ha numbers.
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Figure 7. Comparison between the temperature distribution of the conducting and the magneto-convection model close to

the FW.

The computed velocity vector field is exposed in Figure 8. In the first and second row
of tubes, medium sized vortexes, (size comparable with the tube diameter) appear at both
sides of each tube. Similar structures also appear next to the FW as a result of being the
only cooled wall of the system. The vector field is qualitatively rather similar in both cases.
Quantitatively, the velocity scale is of the order of ~1073 m/s (Re ~ 10%) in both cases as
well. However, peak velocities are higher (factor 2) in the Ha = 2000 case as a result of the
electrical interaction between the fluid and conducting tube walls.

Ha =1000

Velocity

Figure 8. Velocity vector field in the central radial-poloidal plane for the Ha = 1000 case (top) and
Ha = 2000 case (bottom).

Results also show a weak connection between the pressure driven flow in the radial
channels and the rest of the domain. Indeed, a big recirculation region is developed in
between the third row of tubes and the radial channels blocking the flow. As a result,
the majority of the flow that comes from the inlet channel goes to the outlet channel
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through a narrow region close to the tip of the baffle plate. This effect was observed in
pure MHD flows in simpler geometries that consider no tubes [26]. Recirculations regions
are also observed in both the inlet and outlet radial channels. To confirm their apparation,
the recirculation in the radial channels needs to be further investigated. In the present
analyses, the proximity of the PbLi inlet and outlet faces might be introducing unrealistic
effects. Other studies of the WCLL [17] predict recirculations in the radial channels as
well. However, those seem to be less pronounced. The dissimilarities might be caused by
differences in the heat source or the geometrical approximations employed in both works.
Recirculations in the radial channels have been also computed for the HCLL TBM [16].
Nevertheless, the latter work considers a natural magneto-convection flow influenced by
the HCLL horizontal cooling plates. These conditions are significantly different than in the
WCLL radial channels.

Figure 9 depicts the electric potential distribution in both cases. Electric potential
differences arises at both sides of the tubes. Comparing the potential contours with the
vector velocity field, it is observed that local maxima and minima of potential are located in
the center of the vortical structures. The vortexes extend along the whole toroidal direction
of the computational domain. The alignment of the vortexes with the magnetic field
direction is a characteristic of Q2D flows. In this flows, the contours of the electric potential
coincide approximately with the stream lines of the flow. Indeed, assuming that the flow
can be described in 2D, the electric potential is proportional to the stream function (¢):

V3p¢ = Vap(ii x By) = Bo(dxity — dyitx) = —BoVipy 11)

Ha =1000
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Figure 9. Electric potential in the central radial-poloidal plane for the Ha = 1000 case (top) and
Ha = 2000 case (bottom).

3D potential iso-surfaces are exposed in Figure 10. The iso-surfaces are a good repre-
sentation of the Q2D flow whose vortical structures are elongated along the magnetic field
direction. This behavior is allowed and enhanced by symmetry of the geometry along this
direction. This kind of elongated potential isosurfaces and their relation with the velocity
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stream-lines have been also obtained for the former EU-HCLL TBM conditions where the
cooling of the PbLi was made by some radial-toroidal cooling plates [16].

Figure 10. Isosurfaces of the electric potential (£1075 V).

The sizes of the potential isosurfaces are dependent on the ratio -2%. Increasing the

magnetic field while keeping Gr constant is expected to reduce the size of the vortexes [11].

4. Estimation of the Nusselt Number

Estimations of the Nusselt number (Nu) are of great interest for design purposes.
Knowing Nu or the heat transfer coefficient / that appears in its definition allows perform-
ing system level heat transfer analyses. Nu represents the ratio between the convective and
conductive processes in the fluid-solid interface:

et
Tk

Nu: (12)

The heat transfer coefficient can be estimated from the computational results by
evaluating the average heat flux at the surface (g5 [W/m?]) and the superficial temperature
(Ts) of each tube (and the FW) of the system:

__ 4
h= Ts —Teo (13)

The temperature T, is defined as a temperature sufficiently far away from the interface.
Before computing, it is always necessary to specify the way in which the characteristic
length (L) and the temperature far away (Tw) have been defined. In this case, T has been
defined as the average temperature of a cylindrical surface (a plane in the case of the FW)
at a distance 2L from the tube of interest. The tube surface and the cylindrical surface form
a hollow cylinder (a prism in the case of the FW). The characteristic length is defined as the
ratio between the volume and the area of external surfaces (L = V/5).

The distance between the tube and cylindrical surface (2L) has been picked using
the purely conducting model. Indeed, it is defined as the minimum length needed to
obtain Nu = 1 with the conductive model results. This way, the definition is consistent
with the extreme case of purely conductive heat transfer scenario. As a consequence of this
definition, the characteristic length is slightly different for each tube but it is around 10 mm
in every case which is roughly half the distance between tubes.

Table 2 depicts the heat transfer coefficients and Nu computed from the simulations
results. The tubes of the different rows are labeled from the top to the bottom of the WCLL

211



Energies 2021, 14, 6192

cell. This way the tube 1 of the row 1 is the tube located in the top left corner of Figure 4
and tube 4 of row 3 the one located in the bottom right corner.

Table 2. Average heat transfer coefficient and Nu in the fluid-solid interfaces.

Ha = 1000 Ha = 2000
h (W/m? K) Nu I (W/m? K) Nu

FW 4121 1.05 4344 1.10

tube 1 4802 1.02 5221 1.11

1st row of tubes tube 2 4612 1.03 5078 1.14
tube 3 4643 1.05 5213 1.18

tube 1 4332 1.06 4778 1.18

ond row of tubes tube 2 3983 1.04 4418 1.15
tube 3 4273 1.08 4568 1.16

tube 4 3931 1.02 4322 1.12

tube 1 4271 1.23 4735 1.37

3rd row of tub tube 2 3847 1.11 4083 1.18
ow ot tubes tube 3 3845 1.11 4063 1.18
tube 4 3569 1.03 3869 1.12

In agreement with the qualitative conclusions deduced from the obtained temperature
maps (Figure 7), the quantitative analyses confirm that heat transfer is mostly ruled by
conduction in the studied region. Indeed, Nu is very close to unity for all interfaces. There
are small differences between the tubes and it is clear that the third row of tubes is slightly
more affected by convection than the others. The third row of tubes is closer to the radial
channels and therefore it is more influenced by the PbLi flow coming from them. In the
other tubes, the flow is essentially moving by natural or free convection and unaffected by
the flow of the channels.

It can also be deduced that Nu is around 5-10% higher when increasing Ha (and Gr).
This small difference is related with the increase of the velocity jets in the vicinity of the
conducting walls with Ha. In the real blanket conditions (Ha ~ 8800 and the real gravity
field) the heat transfer by convection might play a more important role but it is not expected
to be comparable with the conducting mechanism.

5. Estimation of the Grashof Number

The value of the Grashof number is dependent on the characteristic length (b) and
temperature differences (AT) picked in the definition (8). In the case of study this definition
is not trivial since there are multiple heat sinks (each tube and the cooled FW) and the heat
source is extended along the whole domain in a non-homogeneous way.

A conservative approach is considering the maximum temperature difference inside
the PbLi (approximately 180 K) and the total radial length of the frontal cavity as char-
acteristic length. With this strategy it is obtained that Gr, = 1.59 x 10° in the Ha = 2000
case and Gr = 2.93 x 10'” in WCLL conditions. If the system were ruled by pure natural
convection heat transfer, the Reynolds number would be Re = % = 4 x 10% which is of
the order of the average Re obtained in the simulations.

Alternatively, a local definition can be used based on the temperature differences be-
tween some previously defined toroidal-poloidal planes located at different radial positions.
This definition is motivated by tubes disposition in rows and by the radial dependence of
the heat source.

The planes are defined in the middle of each tube row and in between them. This
means that distances between two adjacent planes are approximately the size of the Q2D
vortexes obtained in the simulations. Multiple values of Gr have been derived considering
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the differences between the planes average temperatures (AT) and the distance (b) between
them. The Gr computed this way are presented in Figure 11 for the Ha = 2000 case.
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Figure 11. Reduced Grashof number for different toroidal-poloidal planes.

The values presented are calculated for a reduced gravity field (10). For obtaining
the results in the real WCLL conditions, Gr has to be multiplied by the square of the ratio
between target Ha (8800) and the reduced Ha (2000), in other words 4.42. After the re-
scaling, the values obtained in the real conditions vary between 10° and 10'%, depending on
the planes considered. Most likely, the most relevant Gr are the ones computed using two
adjacent planes since this is the size of the convective vortexes associated to the problem.
This implies a maximum value of 1.22 x 108 in between the third row of tubes and the
radial channels and a minimum value of 7.13 x 10° in between the FW plane and the first
plane. It is worth noting that the Gr obtained in between two rows of tubes is of the order
of 107 which is one order of magnitude below the initial estimations.

6. Conclusions

This work presents a magneto-convective simulation of the EU-WCLL blanket central
outboard elementary cell. The analyses are focused on the frontal region which is close to
the FW and subjected to a very high volumetric heat source and to a very high magnetic
field. Geometrically, this region is characterized by a group of cooling tubes that crosses
the fluid domain mostly in the perpendicular direction to the flow (parallel to the magnetic
field). Simulations have been implemented using the MHD solver of ANSYS-Fluent.

According to the results, the dynamics of this region is driven mostly by natural
convection. Little influence of the colder radial PbLi flow was found in the frontal region.
Indeed, most of the pressure driven flow goes from the inlet to the outlet channel very
close to the tip of the baffle plate interacting weakly with the rest of the domain. Medium
size vortexes (dimension of the order of the tube diameter) appear in the frontal part of the
domain. Having vortexes isolated in the frontal region can have important implications for

tritium transport since high concentrations can arise in these regions.
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Heat transfer is mostly driven by conduction in the system. Indeed, temperature
profiles are relatively similar to the purely conductive solution used as an initial condition.
Hot spots are a bit distorted and displaced towards the top part of the domain but not in
a strong way. This effect is a consequence of the magnetic field that suppresses the heat
transfer via advection. The suppression of the advective heat transfer mechanism by the
magnetic field was an expected result in agreement with previous experiences. Despite the
conductive nature of the heat transfer, the dense network of water tubes are able to keep
the PbLi and more importantly the structural steel below critical temperatures (550 °C).

Nu numbers and heat transfer coefficients have been computed for each cooling
tube and for the FW. Values very close to unity have been obtained for Nu in every case.
Gr numbers have been also estimated using the simulations outcomes. A global Gr of
~2.93 x 10'° has been obtained from the maximum temperature difference obtained in
the WCLL cell. Local estimations of Gr in between rows of tubes (~size of the vortexes)
provides a value two or three orders of magnitude smaller: Gr ~ 107, 108.

Future developments should be focused on reaching the actual values of the magnetic
field and gravity field in the blanket. Moreover, the influence of the tube curvature should
be evaluated since they will break the toroidal symmetry and possibly the Q2D structures.
In fact, it is expected that curvature of the third row of tubes will break the toroidal
extension of the bigger vortexes next to the baffle plate. Moreover, some of this tubes
penetrate in the PbLi radial channels which will mitigate the hot spot located next to the
end of the baffle plate. The effects could significantly affect the recirculation found in the
radial channels. This circumstance has to be further investigated.

To include the tube curvature, unstructured tetrahedral elements will be most likely
unavoidable. An investigation of the numerical stability of magneto-convective problems
with this kind of meshes should be performed. Finally, different orientations of the gravity
and the magnetic field should be analyzed. This would allow studying other scenarios in
WCLL cells different from the central one. These have variable orientations with respect
to the horizontal plane. Besides, the poloidal component of the magnetic field might play
also a significant role on magneto-convective results.
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Abbreviations

The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
DCLL  Dual Coolant Lithium Lead
DEMO Demonstration Reactor

FwW First Wall

HCLL  Helium Cooled Lithium Lead
MHD MagnetoHydroDynamics

Q2D Quasi-two-dimensional

TBM Test Blanket Module

WCLL  Water Cooled Lithium Lead
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Abstract: Liquid metal breeding blankets are extensively studied in nuclear fusion. In the main pro-
posed systems, the Water Cooled Lithium Lead (WCLL) and the Dual Coolant Lithium Lead (DCLL),
the liquid metal flows under an intense transverse magnetic field, for which a magnetohydrodynamic
(MHD) effect is produced. The result is the alteration of all the flow features and the increase in the
pressure drops. Although the latter issue can be evaluated with system models, 3D MHD codes are
of extreme importance both in the design phase and for safety analyses. To test the reliability of
COMSOL Multiphysics for the development of MHD models, a method for verification and valida-
tion of magnetohydrodynamic codes is followed. The benchmark problems solved regard steady
state, fully developed flows in rectangular ducts, non-isothermal flows, flow in a spatially varying
transverse magnetic field and two different unsteady turbulent problems, quasi-two-dimensional
MHD turbulent flow and 3D turbulent MHD flow entering a magnetic obstacle. The computed
results show good agreement with the reference solutions for all the addressed problems, suggesting
that COMSOL can be used as software to study liquid metal MHD problems under the flow regimes
typical of fusion power reactors.

Keywords: liquid metal blanket; MHD benchmarking; COMSOL multiphysics; magneto-convection;
turbulent MHD; large eddy simulations

1. Introduction

In the nuclear fusion framework, the breeding blanket is a key system devoted to
power extraction, shielding and tritium production. Among the different designs of the
blanket, in the Water-Cooled Lithium-Lead (WCLL) breeding blanket of DEMO [1] and
in the WCLL test blanket module of ITER, the liquid, electrically conducting LiPb is
adopted as working fluid to address the above-mentioned functions. The intense magnetic
field used in fusion reactors to confine the burning plasma has a strong influence on the
flow behavior, producing a magnetohydrodynamic (MHD) effect. In addition, serious
temperature gradients are present in the breeding blanket, giving rise to buoyancy forces.
The presence of the external magnetic field produces an additional MHD pressure drop, and
although rougher MHD studies can predict the Ap [2], other phenomena, such as turbulence
and buoyancy-driven convection, have a drastic impact on blanket performance and require
a deeper analysis. In addition, tritium transport mechanisms [3-5] are influenced by the
magnetic field; therefore, a detailed solution of magnetohydrodynamics is necessary, and it
is obtainable with 3D multiphysics models for the breeding blanket. Smolentsev et al. [6]
proposed activity for verification and validation of MHD codes for fusion applications,
consisting of a series of benchmark problems whose results are known from experimental
data or trusted analytical and numerical solutions. In particular, the five problems cover a
wide range of magnetohydrodynamic flows which are of interest for fusion applications:
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2D fully developed laminar steady flow;

3D laminar, steady developing flow in a nonuniform magnetic field;
Buoyancy-driven flow in a square cavity;

Quasi-two-dimensional (Q2D) turbulent flow;

3D turbulent flow.

Al

In this work, a verification and validation procedure of the developed 3D codes is
performed, taking as reference [6]. Verification and validation activities of MHD codes
were conducted by different authors for 1D codes [7], 3D codes under the COMSOL
environment [8] and other codes [9-12]. Here, in order to further extend the analysis
performed by [8], two benchmark cases involving unsteady flows are solved. The Q2D
turbulence case proposed by Burr [13] was solved by adopting a modified version of the k —
£ model, derived by [14], while the fully 3D turbulent problem was tackled using the Large
Eddy Simulation (LES) Residual Based Variational Multiscale (RBVM) method [15-17]. For
the magnetoconvection case, the problems selected are the ones proposed by Di Piazza and
Buhler [18], which are of particular interest for liquid metal breeding blanket technologies.
In effect, in the first problem, the non-isothermal condition is due to differentially heated
boundaries, while in the second case, temperature gradients are produced by internal
heat generation. Both conditions are typical in breeding blanket systems, where strong
temperature gradients and intense volumetric heat generation are present.

2. Governing Equations

The flow of liquid metal in breeding blanket conditions is characterized by a small
magnetic Reynolds number R, = poLU (—). Here, u (Pas) and o (S m~1) are, respectively,
the dynamic viscosity and the electrical conductivity of the fluid, L (m) and U (m s7h)
are the characteristic length and velocity of the flow. The magnetic Reynolds number
represents the ratio between induction and diffusion of the magnetic field, so, in the low-
Ry approximation, the magnetic field transport can be considered purely diffusive [19]. For
an incompressible fluid under an imposed time-independent magnetic field with R,; <<1
the MHD equations, mass conservation Equation (1), momentum conservation Equation (2),
current conservation Equation (3) and Ohm'’s law Equation (4) are presented.

V=0 )
a; — — = T
p§+p(u.v)u:—w+yvbt+]x3 @
—
V-] =0 3
7=0(7V¢+z><§> @)

where 1/ (m s™1) is the velocity vector, p (Pa) is the pressure, p (kg m~3) is the density of
—

the fluid, i (Pa s) is the dynamic viscosity, 7 (A m~2) is the current density vector, B (T)
is the magnetic flux density, & (S m~1) is the electrical conductivity and ¢ (V m~!) is the
electrostatic potential.

For non-isothermal problems, the buoyancy force contribution must be added to
momentum conservation Equation (2), which, under the Boussinesq hypothesis, becomes:

a% - =
pogy +po(H-V)il = —Vp+ Vi + ] x B+ (po+8p)g 6)

where pg (kg m~3) is the reference density, Ap = p — pq is the density variation with respect
to the reference density pg and § (m s72) is the gravity vector. Ap can be further expressed
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as —poB(T — Tp), where B (T71) is the thermal expansion coefficient and Ty (K) is the
reference temperature. The general heat transfer equation must be solved simultaneously:

ocp (%{ + Jw) +V(=AVT)=Q 6)

where T (K) is the temperature, c; (J kg_1 K1) is the specific heat at constant pressure,
A (W m~1 K1) is the thermal conductivity and Q (W m~3) is the volumetric heat genera-
tion rate.

The MHD flow is characterized, in addition to the magnetic Reynolds number, by
additional nondimensional numbers. Some of the most important is the interaction
parameter:

_ oLB?
=

that expresses the ratio of the Lorentz force to inertia force and the Hartmann number:

@)

Ha = LB(c/u)"? ©))

whose square represents the ratio of the Lorentz force to viscous forces. The Hartmann num-
ber and the interaction parameter are related to the Reynolds number, Re = pLU = Ha?/N.
For the thermal problems, it is interesting to recall the Grashof number that expresses the
square of the ratio between buoyant and viscous forces in the fluid:

_ Lp?pATg

Gr 2

©)

where AT is a characteristic temperature difference, depending on the problem considered.

3. Verification and Validation of COMSOL Code

The procedure proposed by [6] was followed in order to verify the applicability
of COMSOL models, and in the next sections, the benchmark cases are presented, as
well as the results of the computations. The first problem is the 2D fully developed
MHD flow in a rectangular duct analytically addressed by Shercliff [20] and Hunt [21]
(Section 3.1). The second is an experimental case, proposed by Picologlou et al. [22-24],
involving the study of flows under a fringing magnetic field that investigates the transition
from magnetohydrodynamics to ordinary hydrodynamics, presented in Section 3.2. Then,
two non-isothermal flow problems are considered, solved numerically by Di Piazza and
Biihler [18] (Section 3.3). Lastly, two experimental turbulent flow cases [13,25] are resolved,
presented in Sections 3.4 and 3.5, respectively.

The equations introduced in Section 2 were implemented in COMSOL, exploiting the
single-phase flow, heat transfer and electric current modules.

3.1. Two-Dimensional Fully Developed Laminar Steady MHD Flow

The laminar, fully developed, incompressible flow of a conducting fluid driven by a
pressure gradient along a rectangular duct under an imposed transverse magnetic field is
considered. Shercliff [20] and Hunt [21] solved this problem analytically, using different
boundary conditions. Particularly, for Shercliff’s case, the four walls of the duct are
nonconducting, while for Hunt's case, the two walls perpendicular to the magnetic field,

—

called Hartmann walls, are conducting, while the walls parallel to B, called side walls, are
electrically insulated. The wall conductance ratio:

_ Owty
w="7T (10
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expresses the ratio between the electrical conductivity o3, (S m™!) and thickness t;, (m)
of the walls and the electrical conductivity of the fluid and the characteristic length of
the flow. For Shercliff’s case ¢, = 0 for all the four walls, for Hunt’s case ¢, = 0 for
the side walls, while is non-null for the Hartmann walls. As suggested by [6], the wall
conductance ratio considered is ¢, = 0.01. Four values of the Hartmann number were
selected: Ha = 500, 5000, 10,000, 15,000.

The problem was solved in dimensionless form, using a hexahedral, structured mesh,
analog to the one proposed by Sahu et al. [8], shown in Figure 1. To minimize the computa-
tional cost, considering that the solution is symmetric with respect to x and y axis, just a
quarter of the domain is considered, applying proper boundary conditions. Elements are
generated in x and y direction with a geometric distribution, maximizing the number of
cells in the side and Hartmann layers. The mesh, selected following a grid convergence
study [5], consists of 50 elements in the x-direction and 75 in the y-direction for Ha = 500,
64 x 100 for Ha = 5000 and 78 x 125 for Ha = 10,000 and 15, 000; eight cells were always
ensured in the Hartmann and side layers. Although the problem is invariant in z-direction,
one element is generated in the direction of the flow to consider the vector products in-
volving the magnetic field. The velocity boundary conditions adopted in the study are
non-slip at the duct walls and periodic flow conditions at the inlet and outlet of the duct.
The electrical boundary conditions are electrical insulation for the side walls and thin wall

5
condition ] -1 = ¢, V2¢, with 7 unit vector perpendicular to the wall, which represents
conservation of electric charge in the plane of the wall.

Simmetry axis ¥,

x
N
Simmetry axis
By
S
o
=
3 !
2
)
]
%]
Side layer o
&8, o« 1/(Ha)**
Harmann wall (L to B,) Hartmann layer
8o X 1/Ha
b

Figure 1. Example of mesh adopted for Shercliff’s and Hunt's cases, corresponding to Ha = 5000.
The elements are distributed, increasing the cell size moving inward to the duct.

Solutions obtained are compared to those reported by Smolentsev, choosing the
dimensionless flow rate Q as comparison parameter, defined as

~ 4 ' uu
Q=p (—ap/ox) an

where u (m s™1) is the x-component of the velocity vector, b (m) is half the Hartmann wall
length and 9p/dx (Pa m™!) is the imposed pressure gradient in the direction of the flow.
The relative error between COMSOL results and the analytical solutions by Shercliff and
Hunt is evaluated as:

1- £

12
Qan 42

Erel =
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where Q (—) is the COMSOL solution and Qg (—) is the analytical solution. The calcula-
tions are reported in Table 1. The presented table shows good agreement between analytical
and numerical values.

Table 1. Comparison between the results of Shercliff’s case and Hunt’s case for 2D fully developed
laminar steady flow. Results in terms of Q).

Shercliff Case
Ha (-) Analytical Q (—) COMSOL Q (—) £rel (%)
500 7.680 x 1073 7.690 x 1073 0.130
5000 7.902 x 10~4 7.906 x 1074 0.0456
10,000 3.965 x 104 3.946 x 1074 0.478
15,000 2.648 x 1074 2.660 x 1074 0.453
Hunt Case
Ha (-) Analytical Q (—) COMSOL Q () Eret (%)
500 1.405 x 1073 1.406 x 1073 0.0356
5000 1.907 x 1075 1.904 x 1075 0.184
10,000 5.169 x 10~ 5.163 x 107° 0.118
15,000 2.425 x 107 2410 x 107° 0.635

3.2. Three-Dimensional Laminar, Steady Developing MHD Flow in a Nonuniform Magnetic Field

In the second benchmark case, a conducting fluid flows in two different ducts, with
rectangular and circular cross sections, in the presence of a nonuniform magnetic field at
the exit from a magnet. This case was experimentally investigated at the Argonne National
Laboratory on ALEX (Argonne’s Liquid metal EXperiment) facility [22-24]. The system
employed eutectic NaK as a working fluid in a room temperature closed loop.

In this problem, the magnetic field changes in the direction of the flow x, E = B(x)7,
with § unit vector in the y-direction, and this requires, considering the previously analyzed
2D case, the additional discretization of the domain in the x-direction. The velocity bound-
ary conditions adopted in the study are non-slip at the duct walls and imposed average
velocity at the inlet. The electrical boundary condition is a thin wall condition on the walls.

3.2.1. Rectangular Duct

The symmetry of the problem is exploited, and only a quarter of the duct cross section
is considered. The mesh is constituted by a symmetric distribution of elements in the
direction of the flow, maximizing the number of cells in the central region, where the
magnetic field is changing the most. In y and z directions, the mesh is analog to the one
proposed in Section 3.1. The total number of elements is 2.79 x 10°. The equations are
solved in dimensionless form.

The parameters adopted for the study are Ha = 2900, N = 540 and ¢, = 0.07. The
quantity selected for the comparison with the experimental results is the dimensionless
axial pressure difference, that is, the pressure difference developed in the axis of the duct,
scaled by cUB3. The results are presented in Figure 2, where the magnetic field profile
scaled by By and the axial pressure difference obtained by Picologlou et al. [22] are shown
in the present work. Good agreement between the curves can be appreciated. The biggest
discrepancy appears in —5 < x/L < 0, where COMSOL tends to overestimate the pressure
difference. This behavior is also found in work by Sahu [8] and from the HIMAG Code
calculations [26,27]. The difference between the two solutions is calculated using the
integral of the curves with the following relation, called integral error index:

Ji ap(a

X,
it = [1— e (13)
" fx:rin' ApA(x)dx

221



Energies 2021, 14, 5413

where Ap4 (—) and Ap (—) are, respectively, the ALEX experiment and the present work
nondimensional axial pressure difference. The integrals are computed numerically, using
the trapezoidal rule, and the resulting error is 1.10%.

0.07 - ——— . 1
—— AP COMSOL

AY
006 \ AP ALEX
TOSRE RO ""—’J\‘\ - - Bfield {08
0.05 |
ﬁ" \

BB, (-)

x/L (-)

Figure 2. Comparison of the COMSOL code results against ALEX experiment at Argonne National
Laboratory [22], rectangular duct.

3.2.2. Circular Duct

In x-direction the mesh adopted is equivalent to the previous case, whereas, in the y
and z plane, 25 boundary layers are considered, generated from the first layer of thickness
107® m, with a growth rate of 1.3. The total number of elements is 3.03 x 10°.

The parameters adopted for the study are Ha = 6600, N = 10,700 and ¢, = 0.027.
In Figure 3, the results are presented. The curves are matching very well, and the error
is 0.913%.

\  |——APCOMSOL
0.025 - AP ALEX
\ = = B field 10.8

BIB, (-

XL ()

Figure 3. Comparison of the COMSOL code results against ALEX experiment at Argonne National
Laboratory [22], circular duct.
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3.3. Magneto-Convection

The following benchmark cases were developed with the aim to include also represen-
tative cases for the liquid metals breeding blankets, such as the WCLL, being characterized
by non-isothermal conditions and internal volumetric heating.

The flow of an electrically conducting fluid in a long vertical channel of the rectangular
cross section was considered [16]. The flow is promoted by buoyancy forces arising from
non-isothermal conditions; hence, we refer to this as magnetoconvection. With reference
to Figure 4, the imposed magnetic field is B = Bpj and the gravitational acceleration
§ = —g#%, with £ unit vector in x-direction, is aligned with the channel axis. Within this
frame, two cases are considered: a differentially heated duct and a uniformly heated duct,
solved by Di Piazza and Biihler [18] with the CFX commercial code (currently Ansys CEX).
For both the problems, the Hartmann number is Ha = 100.

Figure 4. Geometry sketch for the two benchmark cases related to magneto-convective motion.

The problem is 2D, and the COMSOL solution is obtained for the nondimensional
problem, expressed in depth in [28]. For the cases considered, Gr < Ha*, from which
results that the inertial term of the Navier-Stokes equation became negligible. The mesh
adopted is analog to the one shown in Figure 1, where only one element is generated
in the direction of § The total number of elements for the mesh selected is 5120, with
64 elements in the x-direction and 80 in the y-direction; eight cells were always ensured
in the Hartmann and side layers. The velocity boundary conditions adopted in the study
are non-slip at the duct walls and period flow conditions at the inlet—outlet. The electrical
boundary condition is a thin wall condition on the walls. The temperature boundary
conditions are defined, for the two different cases, in the next sub-sections.

3.3.1. Differentially Heated Duct

The two boundaries placed in the side walls (z = —b and z = +b) are kept at different
temperatures, while the Hartmann walls are thermally insulated, and there is no internal
heat generation.

A sensitivity analysis, with wall conductance ratio c;, as a changing parameter, was
carried out, and the nondimensional velocity profile at y = 0 as a function of z for half duct
is shown in Figure 5 for Ha = 100.
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Figure 5. Numerical solutions of differentially heated duct case from [18] and from the COM-
SOL model.

It is interesting to notice that for the lower values of ¢, the damping effect of magne-
tohydrodynamics is less evident, while in the core region, the solution is still dominated by
buoyancy and Lorentz forces and exhibits a linear behavior, with a slope of ~ Ha for the
perfectly insulating walls case [29]. In the lower conductivity cases, jets are not present.
This is due to the fact that for low values of ¢;, the side layer becomes better conducting
than the side walls, and high current jets are now present in the layers parallel to the side

walls. They are also parallel to E, so they do not interact with the magnetic field; therefore,
the electromagnetic forces in the side layers become negligible, and the dominant effect is
due to viscous dissipation.

For these cases, a comparison was made with respect to the numerical solutions [18]
obtained with the CFX code. The integral of the curves is selected as a comparison parame-
ter, and the relative difference is calculated with the integral error index:

Z
Lo u(0,z)dz

J7mex 45(0,z)dz

Zimin

Eint = 1- (14)

where up(0,z) (—) is [18] x-direction dimensionless velocity profile and (0, z) (—) is the
current work profile, both taken at y = 0. The error comparison is reported in Table 2. As
can be appreciated, for all the cases, the maximum difference is lower than 2%.

Table 2. Comparison between COMSOL code and Di Piazza and Buhler solutions for Ha = 100 .
Results in terms of integral error index.

Differentially Heated Duct Uniformly Heated Duct
Cw (=) Erel (%) Erel (%)
0 0.957 1.50
0.01 0.326 4.78
0.1 1.77 0.585
) 1.36 0.770
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3.3.2. Uniformly Heated Duct

For the internally heated duct case, a volumetric heat generation Q is present, and the
boundary at the side walls is kept at a fixed and equal temperature, while the Hartmann
walls are thermally insulated.

The nondimensional velocity profiles at y = 0 and as a function of z-coordinate, a
result of an analog sensitivity analysis to the one presented for the differentially heated
duct case, are shown in Figure 6 for Ha = 100. For high wall conductivity ratios, the
additional forces damp the velocity profile in the core region, and velocity jets are present
in the side layers. For small values of cy, jets are no more present, and the solution at the
side layers is dominated by viscous effects.

The error comparison is reported in Table 2, where the maximum difference is related
to the analysis with ¢, = 0.01, that, nevertheless, presents a value below 5%. It should
be recalled that in both differentially heated duct and uniformly heated duct cases, the
comparison was addressed on the numerical solutions of the codes.

15 T T . !
10 - i
5 L 4
— 0| s
=
S — ¢, =0 COMSOL ]
¢,=0.01 COMSOL f
10t — cw=D.1 COMSOoL 4
¢, =inf COMSOL
Q© DiPiazza & Buhler
151 il
0 0.2 0.4 0.6 0.8 1

z()
Figure 6. Numerical solutions of uniformly heated duct case from [18] and from the COMSOL model.

3.4. Quasi-Two-Dimensional MHD Turbulent Flow

This case regards a quasi-two-dimensional MHD turbulent flow as proposed in [6].
Burr et al. [13] developed an experimental setup consisting of a rectangular stainless
steel channel of side length 0.04 m and wall thickness 6 mm where the eutectic sodium—
potassium alloy is circulated under the presence of a magnetic field. NaK, with density

=
865 kg m 3 and kinetic viscosity 9.5 x 10~7 m? s~ 1, flows in the x-direction, and B is

oriented in z and can be varied from 0.25 T to 2.5 T. The electric conductivity of the wall is
1.39 x 10° S m~!, whereas the one of the NaK is 2.8 x 10° S m~!, from which it results in
wall conductance ratios of the side and Hartmann walls of ¢, s = 0.0714 and ¢, y = 0.0119,
respectively. The Hartmann numbers investigated are 600, 1200, 2400 and 4800 for Reynolds
numbers between 3.3 x 10% and 1.0 x 10°.

The problem is solved numerically using a RANS k — ¢ turbulence model that includes
two transport equations for the turbulent kinetic energy k (m? s~2) and for the dissipation
of turbulent kinetic energy e (m? s=3). For k — ¢, Equation (2) becomes:

—

0 - =
o5 +p(1-V)il = =Vp+ (u+ ) V3 + ] x Bo (15)
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where ur [Pas] is the eddy viscosity. The two closure equations of the model are:

(;.v)k:v.Kﬁg)w} 4+ Py — pe + S (16)
k
2
p<z~V)€:V[<y+?>V£} +C£1%Pkfcszp%+55 17)
€

Here, P, (W m~3) is a source term, o (=), 0 (—), Ce1 (=) and Cyy (—) are turbulent
model parameters. S ,f (Wm~3) and S (W m~3) are source terms that include the damping
of the turbulent kinetic energy and the dissipation of the turbulent kinetic energy due to
the Lorentz force and were modeled by different authors [30-32]. The relations selected are
the ones proposed by Meng et al. [14], expressed by the following equations:

2V
Bk

_cM /o

SL = —oB%e 1 VP (18)
_cM IRy

Sk— —gB%e Vo (19)

where C{V‘ () is a constant with value 30, and v (m? s7!) is the kinematic viscosity.
In these relations, /o / szv /k is the characteristic turbulence damping time, and
exp (fC{VI \o/pB%v/ k) is the decay rate of the turbulent kinetic energy.

The comparison parameters between Burr and the current study are the mean ve-
locity profiles and turbulent kinetic energy of two-dimensional turbulence kyp (m? s72),
defined as

ko = %(ﬁ+ﬁ) (20)

where /' (m s™!) and @' (m s7!) are the fluctuating term of the velocity for the x-th and
z-th components.

The mesh refinement was carried out until an appropriate wall lift-off in viscous units
5, was obtained. In particular, 6;; = 11.06 for every case analyzed, that is the lower limit
for COMSOL k — ¢ turbulence model [33]. This value corresponds to the dimensionless
wall distance y*, where the viscous sublayer meets the logarithmic layer. The total number
of elements is 1.28 x 10°. The velocity boundary conditions adopted in the study are non-
slip at the duct walls and imposed average velocity at the inlet. The electrical boundary
condition is a thin wall condition on the walls.

The mean velocity in x-direction u, calculated for Ha = 4800 and various Reynolds
numbers, is now compared with Burr results. In Figure 7, the COMSOL solutions and Burr
experimental results are displayed.

The main characteristics of the flow are well expressed, and the influence of the
Reynolds number on the flow is evident. This is a characteristic of turbulent MHD flows,
while the velocity distribution of laminar MHD flows is governed only by Ha. Turbulence
smoothens out velocity peaks in the side walls that are reduced for increasing Reynolds
numbers, and the width of the side layer increases with Re due to turbulent transfer
of momentum.
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Figure 7. Comparison of the numerical results against Burr experiment [13]. Mean velocities at the
midplane y = 0 for Ha = 4800.

In Table 3, the local relative errors between COMSOL and the experimental results,
calculated with the following equation, are presented.

Erel = |1 - M/u"’XF’| (21)

Here, u (—) is the x-direction velocity magnitude calculated with COMSOL code
and ueyp (—) by the experiment, both evaluated at z = 0.45, that is, the closest point
to the side layer, obtained in the experiment. As it can be observed, values agree very
well, with a maximum error of about 3.52%. Comparing the velocity at z = 0, there is a
relative difference of about 12% between the numerical and experimental values. The code
overestimated the bulk velocity, and the same behavior is reported in [14], which uses the
same strategy to model the dissipation of the turbulent kinetic energy due to Lorentz forces.

Table 3. Local error for the quasi-two-dimensional turbulent flow for Ha = 4800 and different Re.
Results in terms of u (—).

Re (—) Experimental u (—) COMSOL u (—) &re1 (%)
3.3-10% 1.638 1.644 0.368%
3.10* 1.547 1.492 3.52%
6-10* 1.442 1.482 3.31%
1-10° 1.405 1.447 2.98%

In Figure 8, the comparison between the distributions of the turbulent kinetic energy
of two-dimensional turbulence kyp reported by Burr [13] and calculated with COMSOL
are presented for Re = 1.0 x 10° and Hartmann numbers between 600 and 4800. The
values are captured along the z-axis at the midplane y = 0. The increase in the turbulent
kinetic energy as Ha increases can be appreciated, proving that turbulence is promoted by
the magnetic field. In both [14] and COMSOL results, turbulence is restrained to the side
layers, decreasing fast moving towards the core region, where, in the experimental results,
the flow, although weakly, remains turbulent. The anisotropicity of the turbulent flow is
particularly evident for the high Hartmann number cases, where kop = k3p.

As shown by the results, the code can tackle quasi-two-dimensional MHD flow prob-
lems, giving reliable results, particularly in the side layer region. Further improvements
are needed to better compute the bulk turbulence that is underestimated by the code.
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Figure 8. Comparison of the numerical results against Burr experiment [13]. Turbulent kinetic energy
of two-dimensional turbulence k,p at the midplane y = 0 for Re = 1.0 x 10°.

3.5. Three-Dimensional Turbulent MHD Flow

The benchmark problem on 3D turbulent MHD flow addressed is the one proposed
by Smolentsev et al. [6]. The eutectic GaInSn, with density 6360 kg m~3, the electrical
conductivity of 3.46 x 107 S> m~! and kinetic viscosity of 3.4 x 1077 m? s 71, flows with a
maximum flow rate of 2 x 1073 m~3 s~ 1 in plexiglass (insulating) rectangular channel of
length 0.5 m and 100 mm x 20 mm cross section, and starting from pure hydrodynamics
conditions, is subjected to a nonuniform magnetic field generated by a magnetic obstacle.
This is an experimental problem addressed by Andreev et al. [25]. The flow direction is
x-oriented, and the magnetic field is in the z-direction. Starting from a zero value, the
magnetic field monotonically increases until it reaches the maximum value of By = 0.504 T
at the center of the duct, corresponding to Ha = 400, then it decreases to zero. The
magnetic field is slightly nonuniform also in the y-direction, but this feature is neglected
in the COMSOL model. Further information on the B profile can be found in [25]. The
Reynolds number selected is Re = 4000; therefore, the interaction parameter is equal to
N = 40.

The problem was solved using the Large Eddy Simulation (LES) model [34,35], as
suggested by Smolentsev et al. [6]. In particular, the Residual Based Multiscale Variational
(RBMV) method [16,34,35] was implemented. In this model, the velocity and pressure
fields are decomposed into resolved and unresolved scales:

—

U=t +4d 22)
P=p+yp (23)

=
where (m s~ 1) and u’ (m s~ 1) are the resolved scale and the unresolved scale velocities,
respectively, and p (Pa) and p’ (Pa) are the resolved scale and the unresolved scale pressures.
In the RBMV method, the unresolved velocity and pressure scales are modeled in terms of
the equation residuals for the resolved scales. Further information on RBMV LES modeling
can be found [33].

To ensure adequate space discretization, the resolution of wall layers was checked
by “%h” < 1, where the left term is the dimensionless wall distance evaluated at the first
mesh cell next to the wall. Here, u; is the friction velocity, h, is the thickness of the first
mesh cell next to the wall, v is the kinematic viscosity. Time discretization was checked
using the relation C = % < 0.5, where C is the Courant number, with U flow velocity
magnitude, At time step and /; mesh size in the streamline direction. The total number
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of elements of the selected mesh is 1.8 x 10°. The velocity boundary conditions adopted
in the study are non-slip at the duct walls and imposed average velocity at the inlet. The
electrical boundary condition is a thin wall condition on the walls.

The selected comparison parameter is the mean velocity profile and the mean electric
potential, evaluated at different distances along the channel. In particular, the selected
locations correspond to the main flow regions, as described by Andreev. In Figure 9,
a comparison between COMSOL and Andreev’s velocity profile at 7 = —5.3, with H
channel height in z-direction, is presented.

2 ; : .

u/uo (-)

0.5
——COMSOL
Andreev
0 : . :
-1 -0.5 0 0.5 1
yiL ()

Figure 9. Comparison of the numerical results against Andreev experiment [25]. Velocity profile at
z/H = 0and x/H = —5/3 (turbulence suppression region).

The profile is referred to as the first region indicated by the author, characterized by
the increasing magnetic field that influences the flow and damps its perturbations, called
“turbulence suppression region”. As evident, the agreement between the curves is good,
and the integral error index is 0.947%. In Figure 10, the electric potential profile, placed at

PR
7 = 0, is shown.
3 T T '
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25 Andreev
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W
1
0.5 \ #
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Figure 10. Comparison of the numerical results against Andreev experiment [25]. Electric potential
profile at z/H = 0 and x/H = 0 (vortical region).
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This region, around the center of the duct where B is maximum, is called “vortical
region”. The magnetic field suppresses the fluctuations in the direction parallel to the
magnetic field, and the flow becomes quasi-two-dimensional. The integral error index
is 4.21%. In Figures 11 and 12, the results for the last region, named “wall jet region”,

are reported.
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Figure 11. Comparison of the numerical results against Andreev experiment [25]. Velocity profile at
z/H = 0and x/H = 3 (wall jet region).

5 T T '
——COMSOL
Andreev
4
~3
= ,
5,| A /
\ /
1
-
0 . . .
-1 -0.5 0 0.5 1
yiL ()

Figure 12. Comparison of the numerical results against Andreev experiment [25]. Velocity profile at

z/H = 0and x/H = 6 (wall jet region).

This region is located on the remaining part of the channel, where the magnetic field
decreases. As observable, the velocity in the middle plane increases greatly, going from
x/H = 3 to x/H = 6 thanks to the drop of the intensity of the magnetic field, and the
quasi-two-dimensional profile stretches to the core of the flow. The agreement between the
velocity fields is quite good, and the relative errors in percentage are 6.72% at x/H = 3
and 7.81% at x/H = 6.

As presented, the code is capable of representing the characteristic regions of the
experimental problem, and the errors obtained are, for every case, well below 10%. The
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results are summarized in Table 4, and they provide confidence in the capabilities of
COMSOL to simulate fully 3D turbulent flows.

Table 4. Comparison between COMSOL code and [25] experiment. Results in terms of integral
error index.

x/H (—) 53 0 3 6
&ret (%) 0.947% 421% 6.72% 7.81%

4. Discussion

In this paper, a verification and validation procedure was followed, as proposed by
Smolentsev et al. [6], and different liquid metal MHD problems were solved, with the aim
of verifying the developed models using the commercial software COMSOL Multiphysics.
For the magnetoconvection case, the considered benchmarks were the ones tackled by Di
Piazza and Biihler [18], presenting the typical conditions that are expected in liquid metal
breeding blankets.

The compared parameters showed great agreement for laminar flow problems, both
isothermal and non-isothermal. As far as the turbulent cases are concerned, Q2D and 3D, a
modified version of the RANS k — € and the LES RBMV models were adopted, respectively,
and the deriving results, in terms of relative errors and the capability of describing the flow
features, are very promising.
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Abstract: Magnetohydrodynamic (MHD) phenomena, due to the interaction between a magnetic
field and a moving electro-conductive fluid, are crucial for the design of magnetic-confinement
fusion reactors and, specifically, for the design of the breeding blanket concepts that adopt liquid
metals (LMs) as working fluids. Computational tools are employed to lead fusion-relevant physical
analysis, but a dedicated MHD code able to simulate all the phenomena involved in a blanket is
still not available and there is a dearth of systems code featuring MHD modelling capabilities. In
this paper, models to predict both 2D and 3D MHD pressure drop, derived by experimental and
numerical works, have been implemented in the thermal-hydraulic system code RELAP5/MOD3.3
(RELAPS5). The verification and validation procedure of the MHD module involves the comparison
of the results obtained by the code with those of direct numerical simulation tools and data obtained
by experimental works. As relevant examples, RELAP5 is used to recreate the results obtained by the
analysis of two test blanket modules: Lithium Lead Ceramic Breeder and Helium-Cooled Lithium
Lead. The novel MHD subroutines are proven reliable in the prediction of the pressure drop for both
simple and complex geometries related to LM circuits at high magnetic field intensity (error range
+10%).

Keywords: magnetohydrodynamics (MHD); MHD pressure drop; system codes; RELAP5; breeding
blanket; liquid metal technology

1. Introduction

The Breeding Blanket (BB) is a crucial component in the project of magnetic-confinement
nuclear fusion reactors. The BB carries out three main functions: it conveys the heat pro-
duced by the plasma to the primary cooling system of the reactor, provides radiation
shielding for personnel and components and produces enough tritium to ensure the fuel
self-sufficiency of the reactor. Several blanket design solutions have been proposed where
liquid metals (LMs), such as Lithium (Li) or Lithium-Lead alloys (Li-Pb), are used as
working fluids [1]. One of the critical issues in the project of a LM blanket is represented
by magnetohydrodynamic (MHD) phenomena that occur in the piping network of the
blanket [2]. MHD effects are due to the interaction between the flowing liquid metal, that
is an electro-conductive material, with the high magnetic field employed to confine the
plasma in the reactor chamber. Electrical currents are induced in the conductive fluid
volume and, in turn, Lorentz forces are generated, altering the flow behaviour compared
with the ordinary hydrodynamic (OHD) case. For instance, MHD phenomena modify the
velocity distribution and mass transport inside the ducts, enhance pressure losses, affect
heat transfer mechanisms, etc. Estimating the impact of all those effects on the component
performance is essential for an efficient project of a liquid metal breeding blanket and, there-
fore, the development of numerical tools able to predict them is extremely desirable [3]. An
extensive overview of MHD phenomena that affect the BB design is available in Ref. [4].
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In this work, the analysis is focused on the additional pressure drops introduced by
the electromagnetic drag. Generally, it is possible to assume that MHD pressure losses are
composed by the sum of two terms [5]:

APypp = APyp + AP3p|[Pa] 1)

In Equation (1), the first right-hand term (AP,p) quantifies the pressure losses due to
Lorentz forces opposite to flow direction, induced by electrical currents that are confined in
a plane perpendicular to fluid velocity. Two-dimensional MHD pressure drop is the only
term driving the head loss in a fully developed flow configuration, i.e., in straight conduits.
The second right-hand term (AP;p) stands for the contribution of not “cross-sectional”
currents (three-dimensional currents) that, interacting with the magnetic field, produce
Lorentz forces in other direction than the stream one. Three-dimensional currents arise
whenever axial electric potentials are induced within the fluid body either due to the
channel complex geometry (cross-section variation, change of stream direction, etc.), or
non-uniform electromagnetic boundary conditions, may that be a discontinuity of wall
conductivity or a strong magnetic field gradient [6]. Formally, the total head loss (AProT)
in a closed system is composed by the sum of the hydrodynamic pressure drop, caused
by distributed and concentrated friction losses, and the overall MHD loss due to the
electromagnetic drag:

APror = APynup + APoup ~ APypp[Pa] (2

Considering the typical magnitude of the magnetic field encountered in fusion reactors
(~4-9 T), it can be demonstrated that the pressure drop due to MHD phenomena are
dominating the other contribution, so that APror ~ APypp. For instance, the MHD
pressure loss in the Li-Pb loop of the European Demonstrator Reactor Water-Cooled
Lithium Lead (EU DEMO WCLL) is estimated at ~1.5 and /2.5 MPa for the outboard and
inboard segment, whereas the OHD loss does not exceed 0.1 MPa [7].

The flow path of the liquid metal in the piping system of a blanket comprises a
multitude of complex elements, such as manifolds and junctions, alongside with straight
ducts. Hence, in the pressure drop assessment in a BB, both contributions of 2D and 3D
MHD pressure loss must be taken into account. Generally, blanket-scale analyses for MHD
phenomena are performed adopting a semi-analytical approach, in which empirical and
semi-empirical correlations are supplemented with data extrapolated by direct numerical
simulations [5,7,8]. This methodology, although effective to a certain degree, happens to
be extremely time-consuming, not flexible in its scope, and with serious limitations in the
achievable spatial and temporal resolution. Several computational fluid dynamic (CFD)
tools have dedicated MHD modules, such as ANSYS-CFX, ANSYS-FLUENT and Open-
FOAM but a comprehensive and mature code able to simulate all the MHD phenomena
in the blanket is not yet available [9]. Unfortunately, reactor-scale analysis is not possible
with CFD codes and, in any case, will be prohibitive in terms of calculation time and
computational effort. Conversely, best-estimate systems thermal-hydraulic (BE SYS-TH)
codes could enable the efficient and quick simulation of the blanket piping network level
but, currently, they have limited or non-existent MHD capability.

This kind of codes are crucial for the assessment of thermal-hydraulics phenomena
occurring within complex nuclear systems. BE codes are mainly developed for the analysis
of incidental or accidental transients but are also employed for the characterization of
operational transients or steady-states configurations [10]. Generally, to compute the
underlying physics in such challenging scenarios, SYS-TH tools use 0-D or 1-D models
derived by the analysis of numerous experimental campaigns. They are often used for
safety demonstration analyses and BE SYS-TH codes are considered the reference numerical
tools for the licensing of fission nuclear power plants [11]. A typical example of SYS-TH
code is RELAPS5 that, despite being initially developed for applications in light water
reactors, has been extended in recent years to employ other fluids (i.e., liquid metals,
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molten salts, etc.). Rudimentary MHD correlations are implemented in RELAP5-3D [12]
and MARS-FR [13] but are limited to straight rectangular/circular ducts and, thus, do not
support any treatment for junctions, manifolds, etc. Basic MHD modelling capabilities have
been implemented in MELCOR 1.8.5 and 1.8.6, which have been modified for the study
of fusion-relevant systems [14-16]. Moreover, pursuing the quest for the realization of a
MHD system-level tool, a novel code called MHD-SYS has been developed that features
models for the simulation of multiple electrical-coupled ducts and heat transfer for basic
layouts, whereas coupling with CFD codes is employed to supply the system code with
reliable input data for the behaviour of the flow in complex geometrical elements [17]. The
coupled approach for component-level analysis, although somewhat effective, nullifies
the main benefit of a stand-alone BE code, hampering its agile functioning. More recently,
basic MHD features have been implemented in GETTHEM, a tool developed specifically
for tokamak fusion reactors, to model pressure drops in the WCLL Li-Pb loop [18,19].

The aim of this work is to present the first phase of the development of a comprehen-
sive and robust numerical tool able to handle all the fundamental MHD effects occurring
in a LM breeding blanket, ranging from pressure loss to mass transport, in order to support
fusion reactor design. It is important to underline that at this early stage, attention will
be focused on MHD features that influence the nominal operation of the reactor and for
which the state of the knowledge is deemed sufficient to support the implementation of a
SYS-TH module. MHD impact on relevant accidental transients for the BB (for instance,
how an anticipated accidental pressure transient is affected by the tokamak magnetic
field) is still under discussion and, as such, it will be taken into account once more data
become available.

The prediction of the MHD pressure drop is one of the main concerns for liquid metal
BB design and has been given priority in the code implementation. In the following, we
discuss the models that, derived by experimental and numerical works, have been included
in the system code RELAP5/MOD3.3. A verification and validation (V&V) procedure
is reported to assess the confidence of our numerical method against the benchmark of
high-quality numerical simulations and experimental data, as suggested by Ref. [20].

2. MHD Formulation

The incompressible electrically conducting fluid flow, under the influence of a mag-
netic field, is properly described by the combination of Navier-Stokes and Maxwell equa-
tions. For liquid metal flows in fusion reactor loops, the induction-less or low magnetic
Reynolds number approximation is allowed, so that the self-induced magnetic field effect
is neglected, and the velocity /magnetic field coupling is simplified reducing the latter to a
boundary condition of the problem [21]. For the scope of this study;, it is useful to focus our
attention on the coupled momentum balance equation in its nondimensional form:

%{%+(V'V)V:|:—VP+HL112V2V+jXB 3)
In Equation (3), vectors v, j and B stand for velocity, current density and magnetic field,
respectively, and p is the pressure. They are made nondimensional by scaling with the mean
velocity vy, jo = 0vgBy and the external magnetic field magnitude By; the nondimensional
pressure p is scaled through the value py = ovpaB3.

Parameter a stands for the typical length scale for the specific case of study (i.e., half-
length of a duct along magnetic field direction), whereas ¢ is the electrical conductivity of
the fluid. The flow is governed by two fundamental parameters: the Hartmann number

(Ha) and the Stuart number, or interaction parameter (N).

(%
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The square of Ha sets the ratio of electromagnetic to viscous forces, whereas N gives the

ratio of electromagnetic to inertial forces. Symbols u and p denote dynamic viscosity

and density of the fluid, respectively. Those parameters may be combined to return the
Reynolds number (Re) in its classical formulation:
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In LM loops for blanket applications, Ha and N reach very high values (=104, [5]), so that
MHD flows can be approximated as viscous-less and inertia-less in most cases. Therefore,
in the core region of fluid domain, the motion is governed by the balance between Lorentz
and pressure force, whereas inertial and viscous effects are confined in thin fluid layers
of thickness O(Ha~1) and O(Ha~1/2) close to solid walls perpendicular or parallel to the
magnetic field direction [21].

Another fundamental nondimensional parameter must be defined to represent the
tendency of the induced currents to close either through the fluid or the bounding walls.
The pipe system that hosts the liquid metal, generally, is itself made of electro-conductive
material. Thus, electric currents arising in the fluid tend to close their path through the
electrically conducting duct walls. Moreover, if different channels have common walls,
they may interact by exchanging electric currents across those walls. This effect is known
as Madarame effect or electromagnetic coupling [22]. The wall conductivity is usually
expressed through the wall conductance ratio, c:
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where 0, and t,, are the electrical conductivity of the duct walls and their thickness.
Magnetohydrodynamic pressure drops in liquid metal circuits depend on all param-
eters discussed above. As already pointed in Section 1, 2D MHD pressure drop can be
considered as the analogue of hydrodynamic friction loss (also referred as distributed
head loss). It is the “electromagnetic drag” that dissipates fluid kinetic energy via Joule
effect. This phenomenon has been studied in-depth hence its characterization can rely on
an exhaustive amount of data. Therefore, extensively validated correlations are available in
the literature for fully developed magneto-hydraulic loss of load [6,23,24]. Nevertheless, it
is crucial to underline that the current version of RELAP5 can model only ducts which are
assumed to be immersed in a dielectric medium, i.e., air. This assumption is not usually
verified in a reactor where, unless the liquid metal is insulated from the structural material
through some technical means, the conduits are in electrical contact with each other. Theo-
retical understanding of electromagnetic coupling is still limited; it is not possible, at this
stage, to develop a suitable system code model to account for its effect (i.e., altered pressure
loss and flow distribution). However, the above-mentioned assumption, although portray-
ing a simplified picture, is still useful to predict pressure loss figures that are representative
of the behaviour of a more realistic system, as it is demonstrated in Section 4.
Three-dimensional pressure losses, instead, can be treated as the MHD analogue of
hydrodynamic localized losses. They are caused by electrical current closing their paths
in stream-wise direction, that arise whenever the flow meets complex geometries (such
as bends, cross-section variations, obstacles), different walls electrical conductivity and
non-uniform magnetic field. All those are common features in the liquid metal piping
network of a fusion reactor. However, data for 3D MHD pressure losses are relatively
scarce compared with these available for fully developed MHD flow. Evaluating those
kinds of losses is much more challenging since they strongly depend on the flow geometry
and governing parameters. For these reasons, only configurations that have been studied
and characterized the most are taken into account: expanding/contracting pipes, bending
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conduits and ducts with discontinuities in the conductance ratio (Flow Channel Inserts). In
other words, the current RELAP5/MOD3.3 implementation for MHD 3D models has been
devised as a readily extendable framework, which is amenable to be improved as soon as
the knowledge progresses in this field. We anticipate revising the code implementation in
the next years to increase its level of detail and accuracy.

3. RELAP5/MOD3.3 Overview and Models

RELAP5/MOD3.3 (referred as RELAPS5 in the following) is a 1D thermo-hydraulic
code, developed in Fortran language, that is based on a non-homogeneous and non-
equilibrium model for the two-phase (liquid-vapour) system that is solved by a partially
implicit numerical scheme to permit fast calculation of system transients. In particular,
for the basic hydrodynamic model, which is solved numerically using a semi-implicit
finite-difference technique, the two-fluid momentum equations are formulated in terms
of volume and time-averaged parameters of the flow. Phenomena that are described by
non-axial gradients, such as friction losses or heat transfer, are modelled in terms of fluids
bulk properties employing empirically-derived transfer coefficient correlations [25].

RELAPS5 has been developed for BE transient simulations of light water reactor coolant
systems during postulated accidents. The code models the coupled behaviour of the reactor
coolant system and the core for loss-of-coolant accidents and operational transients. A
generic modelling approach is used that permits simulating a variety of thermal-hydraulic
systems [25].

As such, RELAPS has been extensively validated for a wide range of fission reactor
applications and it is regarded as the “gold standard” for those activities. For those reasons,
it is considered the best candidate to be improved and modified to become an essential
instrument for fusion reactor design. Magnetohydrodynamic features are not implemented
in the original version of the code since liquid metal MHD is not relevant to the design of
fission reactors.

All the modifications for including magnetohyd